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Force-Velocity Characteristics of Individual
Human Skeletal Muscles: TBClat and TBClong.
Outline of the Method

Stefan Kornecki
Adam Siemienski

Academy of Physical Education, Wroctaw, Poland

The aim of the work is to outline a procedure of finding force-velocity (F-V) characteristics
(F = 1f(V)) of individual skeletal muscles of the human locomotor system. The presentation is
based on an example concerning extensors of the elbow joint: the lateral and long heads of
triceps brachii (TBClat and TBClong). The experimental part of the procedure involves
a natural movement of using the upper extremity to push an external object of variable,
adjustable load, engaging both the elbow and shoulder joint.

Five men aged 23 took part in the experiment. Their task was to push the handle of
a physical pendulum whose moment of inertia could be adjusted within the range of
58 kg m?-450 kg-m? so as to give it maximum angular velocity. During each trial the
movement of the trunk, of the upper extremity and of the pendulum was video recorded and the
force applied with the hand to the handle of the pendulum was measured.

In order to find the F-V characteristics a simulation model SHOULDER was used, which is
capable of solving the synergy problem for muscles of the arm and the shoulder girdle.

It was found that despite considerable dispersion of experimental points the respective
regression lines revealed a clear tendency of decreasing muscle force for increased shortening
velocity of the monoarticular head (TBClat) and of increasing muscle force for increased
lengthening velocity of the biarticular head (TBClong) of the triceps brachii muscle.

force-velocity chracteristics modeling of the locomotor system muscle synergy problem
iteration procedure

1. INTRODUCTION

Modern views on how to formally describe force-velocity (F—V) properties of skeletal
muscle were formed by the famous paper of A.V. Hill published in 1938. It brought
together results of the classical isotonic quick release test with measurement of the
amount of heat released during activation and contraction of the muscle in vitro.
These mechanical and thermodynamical considerations resulted in the formulation of
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the equation describing the relationship between the force produced by maximally
activated muscle F and the velocity of isotonic shortening V at the rest length of
muscle L. This equation corresponds to a hyperbola (its downward convex branch)
and is now known as Hill’'s characteristic equation. Beside his equation, Hill
proposed a macroscopic muscle model containing two elements connected in series as
in its predecessor—the Levin—Wyman model (1927). The first element is a nonlinear
spring with length and stiffness determined by the momentary force developed by the
muscle. The second one, called the contractile element, is responsible for transforming
free chemical energy into mechanical work. The separation of elasticity and contractility
into two phenomenologically different units is thus the specific feature of Hill’s
model. This structure became the most popular and influential model representing
the specific, dynamical properties of skeletal muscle.

The force—velocity characteristics published by Hill (1938) are a branch of the
hyperbola corresponding to positive shortening velocities, that is, to concentric
muscle action. It was complemented with the negative shortening velocity branch,
typical of eccentric muscle action, by Katz (1939), who applied the isotonic quick
release test to frog and turtle muscles. This part of the F = f(V) curve turned out to
be the upward convex branch of a hyperbola, which means that increasing forces
produced by the muscle correspond to increasing lengthening velocities of activated
muscle.

Although, as can be deduced from the review of literature (Winters & Woo [eds.],
1990), the phenomenological Hill model is nowadays generally accepted in bio-
mechanists’ community, at least two important questions remain to be answered.
How faithfully does it represent muscle dynamics in vivo? Is it equally adequate for
all the muscles of the locomotor system? In practical terms, these two questions
reduce to whether Hill’s model is capable of describing adequately force—velocity
properties of muscles as elements of contemporary models of the human locomotor
system. Due to essential differences in construction, static and dynamic models
should be considered separately. Static models of the locomotor system are based on
the assumption that muscular force depends only on muscle excitation level and its
physiological cross sectional area. Supplemented with faithfully reproduced geometry
of the musculoskeletal system, this is quite enough to estimate individual muscle
forces, especially under static conditions. Dynamical models, on the other hand, can
be divided into two categories depending on whether they include internal muscle
dynamics, which seems to correspond physiologically to the rate of Ca?* ions
transfer from the sarcotubular system to the emdoplasma of the muscle fibre. Besides,
any dynamical model must consider the fact that the force produced by a muscle is
determined not only by its physiological cross section and excitation level but also by
its current length and contraction velocity. If, therefore, a simulation model is to be
able to reliably calculate the force exerted by a given muscle on the bone, the
corresponding F-V characteristics should be found experimentally for the same
muscle. For technological and humanitarian reasons, however, this can not be
achieved under natural conditions of human movement. For lack of a better
solution, the F—V characteristics found by A.V. Hill (1938) in vitro for m. sartorius
of the frog are commonly used with the tacit assumption that its general form is
representative for all the skeletal muscles of the vertebrates. Consequently, it is
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assumed that differences between F—V characteristics of different muscles are due
only to the differences between their maximum isometric forces and lengths of the
contractile portions (for maximum contraction velocities depend on these lengths).
The form of the F-V relationship is thus fitted for the muscle under consideration by
an appropriate scaling of one of the branches of a hyperbola, which means that
characteristics are allocated to a muscle for which most probably no Hill type nor
any other characteristics have ever been obtained experimentally.

The question whether Hill’s hyperbola is a faithful representation of the force—
velocity properties of all skeletal muscles of vertebrates should, therefore, be posed
again. The answer appears to be negative both theoretically and experimentally.
Firstly, in Hill’s physical model elastic and contractile properties are treated separately,
which contradicts the generally accepted role of myosin cross bridges as contributing
to both elasticity and contractility. Secondly, it was shown experimentally by Joyce
and Rack (1969) that for some skeletal muscles the hyperbolic relationship between
force and contraction velocity does not hold during isotonic contraction. This all
leads to the conclusion that although the F = f(V) characteristics influence significantly
the reliability of the results obtained by means of dynamical models of the human
musculoskeletal system, their present form cannot be considered satisfactory.

There seems to exist, however, a reasonable way of solving this important
problem of biomechanics. Identification of F-V characteristics of individual skeletal
muscles by solving the muscle force distribution problem using optimisation methods
may help in this respect.

The aim of the work is to illustrate a procedure of obtaining the F = f(V)
characteristics of individual skeletal muscles by an example involving the extensors of
the elbow joint: the lateral head and the long head of the triceps brachii muscle
(TBClat and TBClong). The experiment is based on a natural movement of pushing
an external object with the hand, engaging both the elbow and shoulder joint,
against a variable, adjustable load.

2. MATERIAL AND METHOD

Five healthy male students of physical education aged 23 with body mass and body
length equal to 79.8 + 19.9 kg and 1.84 + 0.12 m, respectively, took part in the
experiment.

The main element of the measuring stand (Figure 1) was a 3.12 m long physical
pendulum, which was treated as a rigid body with one rotational degree of freedom
with respect to immovable basis (1). The moment of inertia of the pendulum could
be made equal to the following five values: 58, 150, 252, 352, and 453 kg -m?

The task of the participant, whose trunk was fixed to the seat back, was to push
(without counter movement) the handle (2) of the pendulum using maximum force in
order to give it highest possible angular velocity. Each participant performed five
trials for each of the five adjustable loads. During each trial the movement of the
trunk and of the upper extremity was recorded and a motion analysis system
VIDANA (Germany) was used to obtain the time histories of the pendulum
deflection angle a and the elbow (f) and shoulder (y) joint angles in sagittal plane.



Downloaded by [185.55.64.226] at 12:11 17 March 2015

78 S. KORNECKI AND A. SIEMIENSKI

Figure 1. Measuring stand: 1—pendulum, 2—handle, 3—dynamometer, 4—potentiometer,
5—additional mass.

Simultaneously, a dynamometer (3) was used to measure the force applied to the
pendulum F,, and a potentiometer (4)—to measure the pendulum’s deflection angle
a. Although the force thus measured does not take into account the influence of
inertia of the forearm and the arm, it seems, however, to properly reflect the load of
the upper extremity, which is due to the negligibility of the masses and moments of
inertia of its segments as compared with the inertial parameters of the pendulum
even at the lowest value of its moment of inertia. Measuring the angle a by both the
VIDANA system and the potentiometer enabled synchronisation of the time courses
of the angles f and y with that of the force F;, (Figures 2 and 3). For each instant of
a given trial source information was obtained which, supplemented with geometrical
and inertial data of the participants, enabled the solution of the muscle force
distribution problem for the muscles of the upper extremity responsible for setting in
motion an external object.

In order to solve the muscle force distribution problem and, consequently, find
the F—V characteristics of m. TBClat and m. TBClong, a simulation package
SHOULDER capable of simulating synergy of 38 muscles of the arm, forearm, and
the shoulder girdle was used (Karlsson & Peterson, 1992). The calculations were
carried out for eight instants around the point in time when the elbow angle equalled
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Figure 2. An example (for 1 participant) of experimental courses of the force F,(t) applied
with the hand to the pendulum handle, of the elbow joint angle f(t) and of the shoulder
Joint angle y(t) for the minimum load (moment of inertia of the pendulum).

Figure 3. An example (for 1 participant) of experimental courses of the force Fo(t) applied
with the hand to the pendulum handle, of the elbow joint angle f(t) and of the shoulder
joint angle y(t) for the maximum load (moment of inertia of the pendulum).
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105° (four instants before and four after), which implied the optimum lengths of the
muscles under consideration (Bober & Hay, 1990). (These eight instants were enough
to calculate contraction velocities of the muscles.)

The solution of the muscle force distribution problem gave lengths and contraction
velocities of the two heads of the triceps muscle for each of those eight instants of
each trial. The method of finite differences of the first order was used to calculate
contraction velocities of those heads and then, by interpolation, a pair of values of
force and velocity (F, V) was found corresponding exactly to the moment when the
elbow angle equalled 105°. In this way 125 pairs (F, V) giving rise to F-V
characteristics were obtained for each of the two heads under consideration. It was
not possible to perform the calculations by using the SHOULDER program in nine
cases, so the real number of points of each characteristic was 116.

3. RESULTS

The identification of the F—V characteristics of individual skeletal muscles, exemplified
by m. TBClat and m. TBClong, was carried out for a natural movement of the upper
extremity consisting in setting an external object in motion. It required simultaneous
engagement of all the major joints of the extremity, and not only a single joint with
mobility reduced to one degree of freedom as it is the case when using an isotonic
(or isokinetic) device. It is thanks to this fact that the muscles actuating the elbow
and shoulder joints worked naturally, that is, some at positive, whereas some at
negative contraction velocities. Moreover, it can be assumed that the muscles under
consideration produced force at a constant, nearly maximum stimulation. The
experiment, aimed at finding the F = f(V) function for the extensors of the elbow
joint, was thus carried out under isotonic conditions implying a negligible influence
of the internal muscle dynamics on the results of the experiment.

The obtained results took the form of two sets containing pairs (F, V) for each of
the trials—the two F—V characteristics. The experimental F—V characteristics for m.
TBClat were approximated by a straight line defined by the equation

F=aV+b,
where, a = —1335.05 [N—“] b = 599.35 [N]
m

The F-V characteristics for m. TBClong were approximated following Pierry-
nowski and Morrison (1985) by a hyperbola defined by the equation

bV
F = a<l = m),

where, a = 175.65 [N], b = 2.94, ¢ = 0.031 [m/s].

Parameters in both equations were fitted by using the least squares method.
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The analysis of the time courses of the lengths of the extensors of the elbow joint
enabled the statement that for each trial at the instant corresponding to the rest
length of the muscles the monoarticular head (m. TBClat) was shortening, whereas
the biarticular head (m. TBClong) was lengthening. That is why the first of the two
F-V characteristics (Figure 4) correspond to the branch of positive contraction
velocities of m. TBClat (concentric work), and the second—to the branch of negative
contraction velocities of m. TBClong (eccentric work, Figure 5).
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Figure 4. Force-velocity characteristics of the TBClat muscle.
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Figure 5. Force—velocity characteristics of the TBClong muscle.
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4. DISCUSSION

The SHOULDER package is a static model. On its basis, forces of individual
muscles were evaluated for appropriately selected instants of a push against an
external object. This was possible thanks to previously video recording the instan-
taneous positions of the upper extremity and the trunk. Strictly speaking, the muscle
force distributions thus obtained should be understood as corresponding to the
positions comprised in the movement under consideration but realised statically, that
is, as if stopped at each position for a while. Thanks to these quasidynamic properties
of the SHOULDER package, the F-V characteristics of individual skeletal muscles
were found, but they should be treated as merely the first approximation of the real
characteristics, although possibly not differing much from them.

Future research will be focused on finding those real F—V characteristics. This
can be accomplished by introducing the first approximation to the SHOULDER
model making it more (but not yet fully) adequate for dynamic conditions. Thus
modified model, containing improved force-velocity characteristics of all the muscles
involved in the movement and not only those considered in this paper, will be used
to calculate the second approximation of the F-V characteristics, which will be again
used to modify the model. This iteration procedure will result in a sequence of models
more and more adequate for work under dynamic conditions and a sequence of F—V
curves more and more faithfully representing the true force—velocity characteristics of
individual cross-striated muscles. The iteration procedure will transform a decent
three-dimensional but static simulation package SHOULDER into a dynamic model,
thus making it a universal tool capable of solving the muscle synergy problems in the
upper extremity under dynamic conditions. Future research will cover many human
motion tasks, and not only those studied here experimentally. Moreover, the
incorporation of individualised F-V characteristics into the dynamical model will
enable more precise calculation of the forces applied by individual muscles to the
bones, which belong to the real forces acting within the locomotor system. Making
the method of finding individual muscle forces more strict should facilitate ergonom-
ic optimisation of the work place and contribute to designing more functional
prostheses and more durable endoprostheses. More efficient injury prevention during
work and sport activities and individualisation of the movement rehabilitation
process could be possible. Realising fully the iteration procedure (this work presents
merely the first step) will make the method of finding F-V characteristics of
individual skeletal muscles a convenient tool for investigating real human force—
velocity properties. The method will thus become a reasonable alternative of a wide
class of muscle experiments in vitro.

5. CONCLUSIONS

It was found that despite considerable dispersion of experimental points the respective
regression lines reveal a clear tendency of decreasing the muscle force for increased
shortening velocity of the monoarticular head and of increasing the muscle force for
increased lengthening velocity of the biarticular head.
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The F-V characteristics shown in Figure 4 and Figure 5 do not seem to
contradict the well established experimentally fact that the maximum force produced
by a given muscle under concentric conditions is smaller than the isometric force,
and the force produced by it under eccentric conditions exceeds the isometric force.
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