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Abstract The ability to formulate explicit mathematical
models of motor systems has played a central role in
recent progress in motor control research. As a result of
these modeling efforts and in particular the incorporation
of concepts drawn from control systems theory, ideas
about motor control have changed substantially. There is
growing emphasis on motor learning and particularly on
predictive or anticipatory aspects of control that are related
to the neural representation of dynamics. Two ideas have
become increasingly prominent in mathematical modeling
of motor function—forward internal models and inverse
dynamics. The notion of forward internal models which
has drawn from work in adaptive control arises from the
recognition that the nervous system takes account of
dynamics in motion planning. Inverse dynamics, a com-
plementary way of adjusting control signals to deal with
dynamics, has proved a simple means to establish the joint
torques necessary to produce desired movements. In this
paper, we review the force control formulation in which
inverse dynamics and forward internal models play a
central role. We present evidence in its favor and describe
its limitations. We note that inverse dynamics and forward
models are potential solutions to general problems in
motor control—how the nervous system establishes a
mapping between desired movements and associated
control signals, and how control signals are adjusted in
the context of motor learning, dynamics and loads.
However, we find little empirical evidence that specifically
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supports the inverse dynamics or forward internal model
proposals per se. We further conclude that the central idea
of the force control hypothesis—that control levels operate
through the central specification of forces—is flawed. This
is specifically evident in the context of attempts to
incorporate physiologically realistic muscle and reflex
mechanisms into the force control model. In particular, the
formulation offers no means to shift between postures
without triggering resistance due to postural stabilizing
mechanisms.

Keywords Internal models - Inverse dynamics - Posture-
movement problem - Stability - Predictive mechanisms

Introduction

The hypothesis that inverse dynamics computations and
the specification of forces are inherent in neuromuscular
contro] was formulated about 20 years ago (Hollerbach
1982). Predictive elements of force control have been
documented more recently and have become central to the
force control formulation. In essence, however, the
formulation consists of three separate proposals: the
notion of the central specification of forces; the derivation
of their values using an internal model of inverse
dynamics; and predictive control mechanisms based on
forward and inverse internal models.

The force control hypothesis, the term which we will
give to the notion as a whole, may have escaped
evaluation because its sufficiency was demonstrated in
work on robotics. This may have suggested that these
principles were broadly applicable and included biological
systems. Notions of force control are readily under-
standable in a mechanical framework. Thus physiological
processes, in particular the generation of electromyo-
graphic (EMG) activity, may be considered in relation to
mechanical variables such as position, velocity, accelera-
tion, torques, stiffness, and viscosity. The use of mechan-
ical terms is integral to the description of movement
production. The question remains whether the language of
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mechanics is sufficient for the understanding of control in
neuromuscular systems (Von Holst and Mittelstaedt
1950/1973; Bernstein 1967).

In the present paper we have undertaken a critical
review of the central notions in the force control
formulation. The focus is on the strengths and weaknesses
of this formulation that stem from its own theoretical
framework. We are concerned specifically with the
capacity of the force control model to explain existing
physiological phenomena. We will first review the basic
concepts of the force control formulation and present
experimental data consistent with this view. We will then
proceed with an evaluation of the models abilities and with
an examination of evidence offered in its support.

Force control hypothesis

It is widely accepted that, in movement production, the
nervous system relies substantially on motor memory,
takes advantage of previous experiences, learning, implicit
or explicit knowledge of physical properties of the body
and the environment (Bernstein 1967; Lashley 1951). In
the force control formulation, this capacity has become
associated with internal models—hypothetical neural
mechanisms that can mimic the input/output character-
istics, or their inverses, of the motor apparatus (Kawato
1999).

In the force control formulation, desired movement
trajectories are planned first in terms of spatial coordinates
and their derivatives and then transformed into required
forces and torques. In order to compute torques, the
system uses an internal representation of dynamical
equations of motion of the body interacting with the
environment. The hypothetical computational process,
which may be realized by a neuronal network, is called
inverse-dynamics because it generates values of torques
based on kinematics and thus inverts the input/output
relationships inherent in actual (direct) dynamical laws—
in which torques cause changes in kinematics rather than
the other way around (Hogan 1990).

Feed-forward internal models are used to generate
values of variables in a predictive manner. For example,
they can be used to predict in advance the values of
kinematic variables based upon estimates of the forces
required for movement production. Such models can be
used to compare the predicted and desired trajectories to
generate appropriate movement corrections. Movement
error information can also be used to update inverse and
forward internal models (Jordan and Rumelhart 1992) and
hence enable motor learning. It has been suggested that
feedforward control yields stability by minimizing the
effect of delays due to proprioceptive feedback (Kawato
1999). Forward internal models have also been justified by
assuming that, in order to achieve desired movements,
control signals must be adjusted based on anticipated
sensory consequences using internal loops rather than
comparatively long-loop sensory feedback. Yet another
suggestion is that feedforward control helps to reduce the

effects of inevitable imprecision in inverse dynamics
representations and associated computations of torques.

Variants of the internal model concept have differed in
emphasis. Some have focused on motor planning and
control based. on feedforward or predictive mechanisms
(Wolpert et al. 1995), while others have concentrated on
inverse-dynamics (Katayama and Kawato 1993; Kawato
and Gomi 1992; Shidara et al. 1993). A number of recent
articles have presented evidence in support of the idea that
control is based on paired inverse and forward internal
models (Bhushan and Shadmehr 1999; Wolpert and
Kawato 1998; Kawato 1999; Wolpert and Ghahramani
2000). It has also been suggested that a computational,
model-based nature is characteristic of practically all
aspects of motor control (Jordan and Rumelhart 1992;
Wolpert and Gharamani 2000). It has been proposed that
there exist multiple internal models that mimic not only
motor but also sensory and cognitive processes. In this
framework, it has been suggested that multiple internal
models can provide for the capacity to rapidly switch
between environments with different dynamical proper-
ties.

Central specification of forces

The main idea of the force control model is that the control
level of the nervous system directly deals with or
calculates forces required for the production of voluntary
movements. This notion is supported by an extensive
literature demonstrating systematic relationships between
force, EMG activity and movement parameters. The basic
results are thus consistent with the idea of central
specification of force. As an example, Gottlieb et al.
(1989, 1990) and Corcos et al. (1989) have shown that in
single joint elbow movements, joint torque, kinematic
variables and EMGs were correlated with the task
variables, distance and inertial load. Gottlieb and collea-
gues (1996), Koshland et al. (2000) and Gribble and Ostry
(1999) have also shown that there is a systematic
relationship between torque at the shoulder and torque at
the elbow, over a wide range of conditions. Subjects are
likewise capable of judging force output magnitude over a
substantial range. Jones has shown that force estimation
varies systematically with applied force over a range of
magnitudes from 15 to 85% of maximum voluntary
contraction (Jones 1989).

Electrophysiological data indicate that force is an
important variable in voluntary movement production.
Studies in which force and kinematic parameters are
varied independently are particularly relevant. In these
studies, the activity of neurons in cortical area 4 has been
shown to vary with the direction of required force output
rather than the direction of required movement (Evarts
1968; Georgopoulos et al. 1992; Kalaska 1989). Patients
with cerebellar lesions show deficits consistent with a
failure to control multi-joint interaction torques (Bastian et
al. 1996). In other areas, such as cortical area 5 the activity
of neurons is correlated primarily with movement



direction (Kalaska et al. 1990). However, taken together
these data remain consistent with the possibility that forces
are coded in central control signals.

Inverse models

From a mechanical point of view a full description of
movement relies on information about kinematic variables,
forces and torques. Kinematic variables can be measured
directly using one of numerous recording techniques
whereas inverse-dynamics computation remains practi-
cally the only method of deriving muscle torques
especially in studies of multi-joint movement. Inverse-
dynamics was used initially to characterize the forces
associated with different patterns of locomotion (see
Winter 1984 for review). Hollerbach (1982) hypothesized
that movement production by the nervous system may
involve similar computations, consisting of a transforma-
tion from endpoint to joint coordinates and then an inverse
computation of joint torques based on the equations of
motion of the arm. Since then, mathematical formulations
of the force control scheme have focused extensively on
the notion of inverse-dynamics, the idea that trajectory
planning in kinematic coordinates is transformed to the
joint torques necessary to realize the desired movements.
The inverse model provides a predictive mechanism that is
based on a model of expected dynamics.

The simplest formulations of the inverse-dynamics
approach circumvent the need for a separate muscle
mechanical model in which the values of many parameters
are unknown-—inverse-dynamics calculations provide
time-varying measures of joint torques that, in conjunction
with the systems equations of motion result directly in
desired movements. However, variants of the inverse-
dynamics formulation that explicitly include muscle
properties have also been reported (Schweighofer et al.
1998; Bhushan and Shadmehr 1999).

Physiological evidence of inverse dynamics calculations
has been offered in the context of patterns of cerebellar
Purkinje cell activity (Gomi et al. 1998; Shidara et al.
1993). In particular, it has been shown that the simple
spike firing patterns of Purkinje cells during reflex eye
movements can be reconstructed from a linear combina-
tion of eye position, velocity and acceleration in a manner
which is consistent with the relationship between these
variables given by the equations of motion of the eye. It is
suggested that this finding provides direct evidence of an
inverse dynamics model in the activity of neurons in
cerebellar cortex. This result together with the results of
imaging studies (Tamada et al. 1999), and the demonstra-
tion of adaptation and learning in the cerebellum (Thach
1998), is offered as evidence that the cerebellum is a major
site of internal models (Kawato 1999).
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Forward models

Recent formulations of the force control notion have
become linked to work on motor learning and to the idea
that in order to achieve adaptation to mechanical load, the
nervous system incorporates information about limb
dynamics and external loads into control signals. Forward
internal models of the motor system have been suggested
as a way to achieve predictive adaptation (Jordan and
Rumelhart 1992).

The predictive internal model formulation finds its
origin in work on adaptive control and robotics. One of the
earliest examples is the work of Ziebolz and Paynter
(1954). These researchers proposed the use of a fast-time
simulator that could predict the consequences of control
actions and thus enable their adjustment to achieve desired
outcomes. In Ziebolz and Paynter, prediction and control
occur on two different time scales. In more recent work on
control theory, predictive controllers appropriate to both
linear and non-linear systems have been described (see
Bhushan and Shadmehr 1999 for a summary). These
suggestions have in turn been applied to work on human
motor control, where they have been implemented as
artificial neural networks (see Jordan and Rumelhart 1992;
Kawato 1999 for reviews). It has been proposed that an
internal model analogous to a Smith predictor is localized
in the cerebellum (Miall et al. 1993; Miall and Wolpert
1996).

Recent formulations have distinguished between inter-
nal models dealing with sensory prediction (state estima-
tion) and those involved in predicting movement. The
Kalman filter has been the focus of work on sensory
prediction. The Kalman filter is a mathematical autore-
gressive procedure that applied to motor systems predicts
future sensory inputs from a combination of the current
state of the motor system and a copy of the current motor
command (Mehta and Shaal 2002; Wolpert et al. 1995). It
is presumed to contribute to the ability to overcome
problems associated with feedback delays.

The term internal model is now also widely used in
studies of motor control in a more general, metaphorical
sense to imply adjustments to the neural activity that are
carried out as a result of previous learning or adaptation,
rather than in the specific sense implied in the force
control formulation in which learning and adaptation are
based on internal reproductions of systems input/output
relationships. There are now numerous behavioral and
physiological examples of such adjustments. Evidence that
the nervous system accounts for dynamics in movement
planning provides support for feed-forward mechanisms
that is consistent with the notion of predictive internal
models.

Some of the most compelling evidence that the nervous
system accounts for the dynamics of the limb and loads
comes from studies of anticipatory postural adjustment
and grip force modulation. Anticipatory postural adjust-
ments have been shown to prevent the undesirable effects
of perturbations. For example changes to body posture and
activation of leg muscles precede the rapid elevation of the
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arm (Belenkii et al. 1967). In studies of grip force during
naturally occurring movements, subjects have been shown
to make anticipatory adjustments to force output that are
precise in magnitude and timing such that they vary in a
predictive manner in conjunction with the reactive forces
arising due to self-generated movement (Flanagan and
Wing 1997). The ability of subjects to modify the control
of arm movements in a predictive or feed-forward manner
has been demonstrated more generally in the context of
motion dependent loads. With practice subjects produce
smooth straight line movements in the context of various
loads. This ability has been demonstrated both for external
loads (force fields) that vary with limb velocity (Lackner
and DiZio 1994; Conditt et al. 1997; Gandolfo et al. 1996;
Goodbody and Wolpert 1998; Shadmehr and Mussa-Ivaldi
1994) and intrinsic loads such as joint interaction torques
in multi-joint movements (Almeida et al. 1995; Sainburg
et al. 1995, 1999; Cooke and Virji-Babul 1995; Virji-
Babul and Cooke 1995; Gribble and Ostry 1999). In order
to achieve these adaptations, the nervous system must
presumably incorporate information about limb dynamics
and external loads into control signals so as to carry out
the adjustments that match the load.

There has also been recent physiological evidence of
adjustments to neural signals related to limb dynamics
during motor learning in artificial mechanical environ-
ments. Gandolfo et al. (2000), Gribble and Scott (2002)
and Li et al. (2001) recorded from single neurons in
cortical area 4 while monkeys were trained to make
reaching movements in motion dependent force fields.
With training, many neurons changed their tuning proper-
ties in a manner consistent with changes in the load to the
limb.

Recent studies have presented evidence in support of
the idea that internal models involve sensory processing
related to state estimation as well as predictive control of
dynamics (Wolpert et al. 1995; Mehta and Shaal 2002).
Evidence for a sensory basis for internal model formation
is reported by Wolpert et al. (1995) who asked subjects to
estimate hand position during slow lateral movements.
Subjects tended to overestimate movement extent when
the movement was made with an assisting load but
overestimated less when an opposing load was used. By
comparing these observations with a theoretical scheme
for state estimation based on a Kalman filter, Wolpert et al.
concluded that their analysis supports the existence of an
internal model. Mehta and Schaal (2002) distinguish
between a sensory pre-processing stage and a control stage
in movement production. These authors empirically
analyzed the task of stabilizing a dynamic system that is
unstable by itself—a pole on a finger—and concluded that
at the stage of sensory pre-processing in this task, a
forward internal model is used.

Mussa-Ivaldi, Shadmehr and colleagues have proposed
possible neural underpinnings of internal model formation.
The basic idea, originally proposed in the context of spinal
mechanisms of movement production, is that planning and
control are achieved by a vector summation of neural force
field primitives (Giszter et al. 1993; Mussa-Ivaldi et al.

1994; Mussa-Ivaldi and Bizzi 2000). Thoroughman and
Shadmehr (2000) describe a variant of this proposal in the
context of studies of adaptation in arm movement to
motion dependent force fields. Based on an analysis of
trial-to-trial error magnitudes during force field learning,
these authors propose that adaptation to altered limb
dynamics is achieved by combining motor primitives that
map muscle forces to desired hand velocity. The authors
tentatively attribute the shape of the mathematically
derived primitives to characteristics of tuning curves of
cerebellar Purkinje cells and accordingly suggest that
adaptation observed at the level of cortical neurons during
force field learning may be due to cerebellar projections.

Evaluation of the force control model

In the preceding sections, we outlined experimental
findings favoring the idea that the nervous system has
the capacity to directly program forces and specify EMG
activity. We also reviewed evidence that points to the
extensive predictive capabilities of the nervous system in
movement production. There can be little doubt that the
nervous system integrates the knowledge of physical
properties of the body and environment in this process.
Moreover, it should be emphasized that regardless of
whether specific explanatory constructs such as neural
inverse dynamics calculations or predictive internal
models (central simulation of dynamics) are correct or
not, these constructs are applied to empirical findings
which require appropriate explanation. However, it is
important to recognize that internal models are theoretical
constructs and should not be identified with the phenom-
ena they attempt to explain. Other theories, not relying on
these constructs may explain some of the same phenomena
(Flash and Gurevich 1997; Gribble and Ostry 2000; Mehta
and Schaal 2002).

In the following sections we will raise concerns about
the general notion of force control and programming as a
physiologically feasible process for movement production.
We will also address the degree to which findings on force
regulation can be taken as evidence for inverse dynamics
and forward internal model computations. The validity of
force control models is evaluated by comparison of
predictions with empirical observations.

Characteristics of point-to-point movements

One of the central ideas in a number of versions of the
force control formulation is the proposal that forces are
neurally coded as EMG signals. In this regard, it is helpful
to review the basic kinematic and electromyographic
properties of point-to-point movements. Such movements
are exemplified in Fig. 1B by a fast elbow flexion in a
horizontal plane. Movement is initiated by EMG bursts in
flexor muscles. Extensor muscles become active some-
what later and, after additional transient EMG bursts in
flexor and extensor muscles, a new elbow angle is



established. Muscles remain active for a period of time at
the end of movement but this co-activation gradually
disappears as the final position is maintained (Suzuki et al.
2001).

Note that tonic EMG activity at the initial position was
essentially zero and that EMG activity returned to zero
after the movement of the arm to the new position. Other
studies show the same phenomenon (e.g., Gottlieb et al.
1989). This implies that variables other than EMG signals
are responsible for the specification of arm position.
Figure 1B thus illustrates that postures cannot be encoded
by EMG signals.

The same conclusion about the specification of position
based on EMG can be reached from an analysis of the
empirical EMG-force relation: regardless of position
(muscle length), muscle activation and motor unit recruit-
ment start when the external force can no longer be
balanced by passive muscle resistance. Muscle activation
increases in proportion to the force (Henneman et al. 1965;
Desmedt and Godeaux 1977). In intact systems, proprio-
ceptive feedback plays a fundamental role in scaling
muscle activity and motor unit recruitment in relation to
changes in force. This is evident from the absence of such
scaling in deafferented patients: deprived of proprioceptive
feedback, these patients maintain the same muscle activity
when a load stretching the muscle is added or removed
(Levin et al. 1995). In healthy individuals, depending on
the change in load, the transition from one steady state
posture to another can be associated with an increase,
decrease or, as in Fig. 1B, no change in the tonic level of
muscle activation. This suggests once again that different
postures cannot be encoded by EMG signals. The fact that
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Fig. 1 Rapid elbow flexion movement (B) and reactions of muscles
to passive oscillations at the initial (A) and final (C) positions (from
unpublished work). Note that the activity of elbow muscles (four
lower traces in B) at the initial elbow position is practically zero
(background noise level) and, after transient EMG bursts, returns to
zero at the final position. Muscles are activated in response to
passive oscillations of the arm at the initial (A) and final (C)
positions. An elastic connector was used to compensate for the small
passive torque of non-active flexor muscles at the initial position of
about 140°. The compensation was unnecessary for the final
position (about 90°) since it is known that at this position the torque
of passive elbow muscles is zero
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force control strategies do manage to code for different
postures by using EMG signals or forces points to possible
inconsistencies of these formulations with empirical data.
The following section considers this problem in more
detail.

Von Holsts paradox and the central specification of
force

Von Holst and Mittelstaedt (1950/1973) described a
fundamental problem in motor control—the relation
between posture and movement and in particular the
problem of producing an intentional movement from one
position to another. This task is not in fact as simple as it
may seem although our everyday experiences show that
we have no problem in moving the body or its segments
from an initial posture and stabilizing it again in different
postures.

The posture-movement problem as Von Holst charac-
terized it is that there are powerful neuromuscular
mechanisms (postural reflexes or posture-stabilizing
structures) that generate EMG activity and forces in
order to resist perturbations that might otherwise deflect
the position of the body from an initial posture. At the
same time it is clear that the organism can intentionally
adopt different postures. How then is an intentional
movement from the initial posture and the achievement
of a new posture possible without triggering resistance?
We will refer to this problem as Von Holsts posture-
movement paradox.

Von Holst was aware, in part from his own experiments
on animals, that some movements can be produced in the
absence of proprioceptive signals (de-afferentation) and
suggested that the intact central nervous system is an
actively operative structure. He was especially critical of
the classical reflex theory in which reflexes were
considered as rigid, stereotypic responses to external
stimuli. His views reflect our current understanding in
which reflexes are broadly tunable, parameterized struc-
tures. Von Holst specifically focused on the question of
how central signals (efferences in his terminology) can
influence the transmission of afferent (vestibular and
proprioceptive) signals to motoneurons in order to make a
voluntary movement towards a new posture of the body. In
his own words, Von Holst formulated the posture-move-
ment problem in the following way (Von Holst and
Mittelstaedt 1950/1973, p. 143; the italics are his).

In the terminology of the reflex theory, the organism is
maintained exactly in its normal position through its
postural reflexes. However, one can often observe with all
animals and in human beings that they can adopt a posture
different from the normal position for varying periods of
time. ... In view of the continuously evocable postural
reflexes, how are these deviant postures possible? As
before, the reflex theory would state—through complete or
partial inhibition of the equilibrium reflexes. Yet it can
easily be shown that this interpretation is not valid. These
requisite postures, which deviate from the norm, are
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actually restored through the same corrective movements,
when disturbed by some external impulse, as those which
are seen in the restoration of the normal posture!

The quote shows that Von Holst considered the
possibility that the paradox might be resolved if the
resistive reactions to the deviation from the initial posture
were completely or partially suppressed by the nervous
system when the transition to a new posture was made.
However, he rejected the suggestion that resistive reac-
tions are suppressed during movement as conflicting with
experimental observations. Specifically, any posture of the
body is maintained by resisting reactions similar to those
seen in the restoration of the initial posture in response to
perturbation.

Another potential solution to Von Holsts paradox is the
possibility that resistive postural reactions are weak and
might be tolerated, rather than inhibited, during a move-
ment. In support to this suggestion, one could refer to
Fig. 1B and argue that since the initial and the final muscle
activity was zero, only very small forces of inactive
muscles resisted the active arm movement. Such a
situation, when muscles are not activated in response to
even rapid stretch, can actually be observed if subjects are
instructed to completely relax (Wachholder and Altenbur-
ger 1927). Figure 1A and C show however that muscles
are considerably activated in response to externally
imposed cyclical perturbations at either the initial or the
final positions. Other studies have also shown that when
subjects maintain an arm posture, muscles resist perturba-
tions with forces that progressively increase with the
deviation from the initial position. The coefficient
determining this increase (stiffness) depends on the arm
geometry at the initial position but is generally in the range
of 1-6 N/cm when measured at the level of the hand
(Mussa-Ivaldi et al. 1985). In the absence of a postural
resetting mechanism, a 30 cm displacement of the arm
resulting from an active movement would generate a
resistance of not less than 30 N. Such a resistive force
would rapidly drive the arm back to the initial position as
soon as the movement has been completed. In the case of
single joint movement, we have estimated that the resistive
forces tending to return the arm to the initial position for
the movement illustrated in Fig. 1B would reach about
60 N (Asatryan and Feldman 1965). Postural-stabilizing
forces are thus far from being negligible. The posture-
movement problem must be dealt with by the nervous
system.

The force control model and in particular elaborated
versions of this formulation that incorporate muscle
properties and feedback mechanisms are unable to resolve
the Von Holst posture-movement problem. The details are
provided below but basically the problem is that the model
cannot account for how the body or its segments can
voluntarily change position without triggering resistanice.
The generation of muscle torques would result in the
movement of body segments from an initial position. In
response, mechanisms of postural stabilization would
generate resistance that would tend to return the segments
to their initial position. Control levels might attempt to

reinforce the programmed action by generating additional
torque that counteracts this resistance. However, this
strategy would be non-optimal in terms of energy output,
since it would require high forces not only for motion but
for the maintenance of final posture (see above). The
problem is that the force control model has no means to
reset the postural state and therefore the transition between
postures remains an unresolved issue in this model. This is
not an inconsequential failing of the force control
formulation. The unopposed shift between postural states
is a fundamental characteristic of everyday motor activity.
The inability of the force control strategy to re-establish
posture at a new location without self-generated resistance
is a basic failing of the formulation.

This failure of the force control formulation is revealed
in an examination of the equations in versions of the
model that incorporate muscle properties and reflexes. As
an example, Schweighofer et al. (1998) describe a force
control model in which in the absence of any external
forces muscles generate zero tonic activity at an initial arm
position but at the final position they generate activity that
is proportional to movement distance or to the difference
between the initial (/;) and final (/) muscle lengths (see
their Egs. 6 and 8):

u = s(l, —l)

where u is the magnitude of activation of a muscle and s is
a constant coefficient depending on muscle stiffness and
moment arm. Note that /, is constant and thus tonic muscle
activation is proportional to movement distance.

According to this formulation, the transition of the arm
from one position to another is always associated with an
increase in the tonic activity of agonist muscles (the
muscles that shorten with the transition to the final arm
position) even if the net joint torques are zero at both
positions. Agonist and antagonist muscles in this model
are coactive at the final arm position. Contrary to
experimental observations (Fig. 1B), the coactivation and
corresponding agonist and antagonist torques cannot be
reduced without bringing the arm back to the initial
position, since in this model these torques and activation
are minimal only at this position. Indeed, some level of
agonist-antagonist co-activation may be necessary for
rapid movements and experiments show that such move-
ments end with substantial co-activation of agonist-
antagonist muscles that is rapidly reduced after the end
of the movement (Fig. 1B; Gribble and Ostry 1998;
Suzuki et al. 2001). The problem is that the force control
strategy necessitates such co-activation even for slow
movements and at any steady state posture different from
the initial one. These predictions are incorrect: slow
movements typically involve only reciprocal activation of
agonist and antagonist muscles and steady state positions
of the arm may be maintained without coactivation
(Wachholder and Altenburger 1926; Wallace 1981).
Moreover, after fast movements, coactivation gradually



decreases without motion of the arm (Lestienne 1979;
Gottlieb et al. 1989; Fig. 1B).

It should also be noted that coactivation and postural
controls cannot be dissociated in formulations such as that
of Schweighofer et al. (1998). This prediction obviously
conflicts with experimental observations showing that
coactivation and postural controls are in principle separate.
One can easily co-activate and de-activate agonist and
antagonist muscles at any arm configuration without
changing the configuration. Indeed, the model could be
improved by introducing appropriate independent mechan-
isms for coactivation and deactivation of agonist and
antagonist muscles. However, even with this improve-
ment, the failure of the force control model related to the
prediction of position-dependent changes in the tonic
muscle activity with transitions from one posture to
another, even in the cases when external forces are zero,
will remain. This prediction not only conflicts with
empirical observations (e.g., Fig. 1) but also with the
known physiological rule that muscle activation and
recruitment of motor units are graded according to muscle
force rather than position (e.g., Desmedt and Godaux
1977).

Our analysis of the posture-movement problem shows
that different steady state postures are not necessarily
associated with different EMG levels. This means that,
physiologically, the posture resetting mechanism is inde-
pendent of muscle activation. Resetting in intact organ-
isms is thus presumably associated with pre-motor
changes in the state of the neuromuscular system elicited
by descending pathways that modify the synaptic inflow to
motoneurons. These inputs affect the membrane potentials
of motoneurons whether the latter are activated or not (see
section Threshold control). Sub-threshold changes in
membrane potentials of motoneurons preceding EMG
bursts have been observed experimentally. Tested with the
H reflex, a sub-threshold facilitation of motoneurons starts
40-50 ms before EMG bursts during rapid voluntary
movements in the ankle joint in humans (Kots 1975;
Morin et al. 1982). Depolarization of flexor motoneurons
starts about 100 ms before the onset of EMG activity
producing hind limb motion towards the ear in scratching
movements of decerebrated cats (Berkinblit et al. 1979).

One might reasonably ask whether Von Holsts problem
could be resolved simply by combining notions of force
control with the idea of voluntary change in limb position
based on postural resetting. This has indeed been
suggested in recent studies that focus on the predicted
behavior of paired inverse and forward models (Bhushan
and Shadmehr 1999). These formulations are of interest
because they include both the central specification of
forces and a mechanism for reflex based postural stabi-
lization in which the set-point muscle length may be
shifted by changing the muscle activation. The proposed
re-setting mechanism may provide a means to shift
between postures and at the same time to specify the
additional forces that are needed to achieve the desired
movements. At first glance, this would appear to resolve
Von Holsts paradox while preserving the notions of force
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control. However, the proposed re-setting mechanism is
based on change in muscle activation and thus has
problems that are similar to those in the Schweighofer et
al. (1998) formulation.

The postulated central specification of force outputs is
also incompatible with empirical evidence, even when
combined with a mechanism for postural change. In the
force control formulation by Bhushan and Shadmehr
(1999), EMG activity consists of two additive components
—one that depends on excitatory and inhibitory position-
and velocity-dependent signals from proprioceptive affer-
ents (reflex component) and the other that is specified by
the controller regardless of proprioceptive feedback (cen-
tral component). It is well known that unexpected
unloading of the limb produces, at a very short latency
(about 30 ms), a transient silent period in muscle activity
(Hansen and Hoffman 1922; Merton 1951; Angel et al.
1965). Physiologically, the silent period results from a
sudden decrease in the facilitation of motoneurons
following a decrease in the activity of muscle spindle
afferents elicited by muscle shortening with possible
involvement of pre- and post-synaptic inhibition of
motoneurons mediated by spinal interneurons on which
proprioceptive afferents terminate. If some part of muscle
activation was directly specified by central commands, as
force control formulations suggest, then any reduction in
EMG activity that accompanies the unloading of the limb
would of necessity be incomplete, eliminating afferent or
reflex based activity in motor neurons but not their central
drive. The quiescent period in muscle activity in response
to unloading during postural control shows that when
proprioceptive inputs to motor neurons are temporarily
decreased, there is no significant residual muscle activity
and hence presumably no central specification of muscle
activation that is independent of afferent input. Moreover,
when unloading is produced during rapid point-to-point
movement, a complete silent period in the first agonist
burst can be observed (Adamovich et al. 1997). These
results argue against the idea of a reflex-independent
component of muscle activation. Thus even when notions
of direct control of force and muscle activation are coupled
with a mechanism that might provide postural resetting,
the predicted behavior of the system is at odds with
empirical data. This conclusion is also supported by
neurophysiological data which show that, as a rule,
descending systems mediate their influence on motoneur-
ons via interneurons of proprioceptive loops. The
existence of direct, monosynaptic inputs of descending
pathways to motoneurons does not conflict with this rule
since motoneurons themselves are obviously a part of such
loops.

It is worth noting that this particular problem—the
inability to achieve adequate postural resetting using force
control—only arises with the addition of muscle properties
and proprioceptive reflexes to the force control formula-
tion. Simpler force control models in which only torques
and kinematics are represented (e.g., Hollerbach 1982) are
not subject to this criticism. They are fully capable of
moving from initial to final postures, albeit with no



282

assurance of stability. It is rather revealing that the attempt
to incorporate realistic biological properties such as
muscle mechanics and reflexes actually worsens the
performance of the model. Paradoxically, control levels
in this model must counteract muscle and reflex dynamics
rather than utilizing them as implied by the reafference
principle of Von Holst and Mittelstaedt (1950/1973). In the
absence of postural resetting, the system must overcome
elastic, position-dependent resistance to movement from
the initial position and also velocity-dependent resistance,
potentially endangering the systems stability and energe-
tically optimal performance.

Problems with inverse dynamics

Inverse dynamics is a potential solution to the problem of
establishing a mapping between values for control
variables and desired actions. Evidence consistent with
this formulation has been offered in the context of firing
patterns of Purkinje neurons in the cerebellar cortex during
reflex eye movements (Gomi et al. 1998; Shidara et al.
1993). There is however otherwise no direct evidence of
which we are aware in support of the idea that the nervous
system establishes required muscle forces on the basis of
inverse dynamics.

The firing frequency of Purkinje cells during reflex eye
movement is shown to be linearly related to eye position,
velocity and acceleration and to occur at an average time
lead of less than 10 ms. The correlation does not however
constitute evidence that Purkinje cells generate activity as
a function of kinematics, that is, that Purkinje cells
perform inverse dynamics calculations. Correlations of
neuronal activity with mechanical variables may emerge
following direct dynamical laws inter-relating the behavior
of mechanical, afferent and neural components of the
system. The same correlation would be observed if the
kinematics were a function of Purkinje cell activity and not
vice versa.

The estimated time-difference of less than 10 ms
between Purkinje cell activity and kinematic measures
(Gomi et al. 1998; Shidara et al. 1993) renders difficult the
interpretation of the relationship between the measures.
Many cells in the brainstem underlying the initiation of
saccadic movements are active before or within this
interval. In particular, de-recruitment of antagonist motor
neurons starts 3040 ms before the saccade, thus
preventing resistance of antagonist muscles to the move-
ment. Omni-pause neurons are deactivated 10~12 ms
before movement and ocular motor neurons are activated
5~7 ms before the saccade (Fuchs and Kaneko 1985). At
latency differences such as these, at which saccadic
movement generators appear to be active prior to Purkinje
cells, one cannot feel confident in attributing a role to
Purkinje cells in either inverse or forward-dynamics
calculations.

The finding that the discharge patterns of Purkinje
neurons have a positional coefficient of negligible
magnitude (Gomi et al. 1998; Shidara et al. 1993) is also

relevant. This means that Purkinje cells do not carry a step
signal to keep the eye at the final position as required by
the pulse-step model of saccadic eye movement (Robinson
1970).

We wish to note that the preceding critique of the
hypothesis that cerebellar Purkinje cells carry out inverse-
dynamic computations is not intended to argue against the
role of these neurons in eye movement. In particular, the
role of cerebellum and Purkinje neurons may be
substantial in fast movements including saccades as
evidenced by the observation of movement dysmetria in
patients with cerebellar deficits (Selhorst et al. 1976;
Hallet and Marsden 1981).

Let us consider next the logic of inverse dynamics
computations for arm movement. It is assumed that the
process starts from selection of a desired hand movement
trajectory and velocity profile. It is known that a hand
trajectory with a definite velocity profile does not define a
unique pattern of joint rotations. For example, hand
kinematics remain invariant whereas arm joint rotations
change depending on whether or not pointing movements
are combined with trunk motion (Adamovich et al. 2001).
Inverse dynamics computations of joint torques cannot
proceed unless the joint redundancy problem is solved.
Moreover, a net joint torque does not define a unique force
for each muscle crossing the joint, meaning that the
inverse computation runs into an additional redundancy
problem. Similarly, a muscle force does not determine a
unique pattern of motor unit recruitment. Existing inverse
dynamics formulations do not go beyond computations of
EMG signals although, to complete the scheme, it would
be necessary to resolve the manner in which input signals
to individual motoneurons (post-synaptic potentials) are
computed to produce the desirable EMG output. Funda-
mental non-linearities in the properties of motoneurons
(the threshold and plateau-potentials) cannot be reversed
without substantial simplifications of the dynamical input/
output relationships in the system, which would reduce the
reliability of model-based computations.

Zajac et al. (2002) analyzed the inverse dynamical
computational strategy with regards to the redundancy
problem arising in the computations of individual muscle
torques. They considered different optimization criteria for
its solution and concluded that due to pattern of torques
produced by bi-articular muscles, the inverse computa-
tions may fail to find the contributions of individual
muscles. They also noted that the decomposition of net
joint torques into individual muscle torques can be made
by assuming that all torques are static, but they raised
concerns about the possible results given doubts about the
appropriateness of the static optimization criterion and
about the inability to estimate co-contraction.

Problems with forward internal models

The motivation for postulating predictive internal models
is the systems demonstrated ability to compensate for
inertial and interactive torques, to adapt to novel senso-



rimotor environments and to reduce or prevent movement
errors. Nevertheless, observations of anticipatory motor
processes or learning do not justify the claim that the
nervous system uses internal models in the sense defined
in the force control hypothesis, as predictive simulations.
The point that must be emphasized is that whereas the
nervous system may take account of dynamics in motion
planning, there is no evidence that related adjustments to
control signals involve a neural system that mimics the
behavior of the sensorimotor system and objects in the
external environment (Kawato and Wolpert 1998).

Variants of the internal model formulation distinguish a
number of aspects of the predictive process — state
estimation and output prediction (Kamiel 2002). For
output prediction, Mehta and Schaal (2002) showed that,
theoretically, every model-based controller can be replaced
by a direct controller that has exactly the same input/
output function. They concluded that none of the studies
suggesting the existence of a model-based control strategy
could rule out the use of a non-model-based control
strategy. Mehta and Schaal (2002) further showed that
forward model-based control using a Smith predictor
(Miall et al. 1993; Miall and Wolpert 1996) can be rejected
on the basis of a formal mathematical analysis. The
predictor relies on error in estimation of the current state
variables by an internal model of the systems dynamics. It
is unable to improve stability even if delays in the sensory-
motor loops are small. Indeed, the Smith predictor may
worsen the problem of stabilizing mechanically unstable
systems such as a balancing a pole on a finger.

Postural stability in force control is a known problem
identified in work on robotics. The basic problem is that
the motion of a multi-joint arm obeys laws of mechanics
that, in themselves, do not assure equilibrium or stability.
Both position and velocity dependent feedback are needed
to resist deflections and oscillation. Feedback introduces
transmission delays that may, depending on their timing,
actually reinforce oscillations and introduce instability.
Avoidance of instability is indeed a primary motivation for
postulating feedforward internal models. In the force
control formulation, it is assumed that by making
adjustments to control signals on the basis of differences
between predicted and desired sensory consequences
rather than by using actual afferent inputs from move-
ments, effects of feedback delays are eliminated and the
likelihood of instability is reduced.

Concems regarding the potentially destabilizing effects
of delays in position and velocity feedback are not wholly
Jjustified. The contractile apparatus associated with active
motor units generates forces practically instantaneously
following changes in position and velocity. These intrinsic
muscle properties, termed preflexes by Brown and Loeb
(2000), oppose the effects of delays in reflex pathways to
motor neurons. Active muscle properties may thus
subserve at least part of the role for which feedforward
internal models have been postulated. Moreover, it is
known (Elsgoltz and Norkin 1971) that instability of
dynamical systems can be minimized when position and
velocity signals, even delayed, are combined in feedback
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pathways, which is obviously the case for signals carried
by muscle spindle afferents to motoneurons (Matthews
1972). Indeed, preflexes combined with proprioceptive
position- and velocity-dependent feedback have been
shown to be sufficient for stability of posture and
movements if reflex delays are within the range of
empirical values (St-Onge et al. 1997).

The idea that feedforward models can reduce the
destabilizing effects of delays is not itself without
problems. To the extent that feedforward control might
act to minimize errors, it necessarily depends in a sensitive
way on the accuracy of the model from which its
predictions are derived. It has been well established over
several decades of control systems research that model-
based control strategies, especially those relying on the
Smith predictor, are not robust—short-term performance
comes at the cost of instability in the presence of model
uncertainties (Otten et al. 1997; Mehta and Schaal 2002).

With the addition of muscle and reflex properties, the
force control model leads to conflicting accounts of how
the control level might manage system stability. On the
one hand, it is assumed that feedforward models should
ensure system stability by reducing the effects of feedback
delays. On the other hand, the same or other internal
models must be able to neutralize the position and
velocity-dependent resistance of the muscle-reflex system
to motion from the initial position and thus reduce stability
(see above). It is rather paradoxical that muscle and reflex
properties interfere with force programming and need to
be counteracted in the force control model.

A number of recent papers have presented data to
suggest the existence of a predictive internal model for
sensory processing. Wolpert et al. (1995) used an internal
model with a linear Kalman filter to explain the patterns of
errors in the estimation of final positions in slow arm
movements. The authors report a non-monotonic pattern
of overestimation whose magnitude is increased for
assistive loads and decreased for resistive loads. The
pattern of error in the absence of load is given as the
primary evidence for the use of internal models in state
estimation. However the evidence for a non-monotonic
error pattern is less than convincing. Different numbers of
data points are used in calculation of bias errors for
different stopping times and thus, it is not clear whether
bias is reliably different for movements of different
duration. Moreover, the patterns of error in the presence
of load can be explained by an alternative hypothesis in
which position sense comprises two components none of
which involves an internal model (Feldman and Latash
1982). One component is the control signal associated
with the postural resetting mechanism that establishes the
spatial location of the effector in the absence of load. This
central component is generated by the controller indepen-
dent of proprioceptive feedback and can be retained in
motor memory. The other component represents the
deviation from this location elicited by the load. This
deviation is derived from proprioceptive signals, for
example, from the activity of muscle spindle afferents
after the end of movement. The sign of the deviation
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depends on the load direction. The afferent component is
subtracted from the central component in the case of a
resisting load and added when the load assists the
movement. If subjects tend to exaggerate the contribution
of afferent input into position sense, movement extent will
be underestimated for an opposing load (relative to
estimates in the absence of load) and overestimated for
an assisting load as was reported by Wolpert et al. (1995).
The point here is simple. The existence of an alternative
account indicates that the Wolpert et al. demonstration
should be considered as a possibility rather than as
evidence of a forward model for state estimation. The
Wolpert et al. findings indicate that subjects can make
Jjudgments about the current state of the system. Whether
or not this process involves an internal model (representa-
tion of the structure of the system) remains an open
question.

Mehta and Schaal (2002) considered a number of
model-based and non-model based schemes for the task of
balancing a pole on a finger. They concluded that an
internal model analogous to a Kalman filter is used by the
nervous system at the stage of sensory pre-processing in
this task. In these schemes, however, it is taken for granted
that the behavioral goal of subjects is to stabilize an
otherwise unstable pole, in other words, to keep the pole in
an upright position at a particular location in the work-
space. A different interpretation of behavior in this task is
that the nervous system exploits the dynamics of the pole
to drive it in the desired direction without actually
stabilizing it at any particular position. This interpretation
is consistent with the remarkable ease with which we are
able to move the pole in any desired direction. Recently,
we made a short test and found that 85% of time the tip of
the pole moves in the same direction as the finger, which
accords with our assumption about taking advantage of
pendulum dynamics to drive the pole in a desired
direction. The point here is that, again, an alternative
account of controlling the pole is possible. It is unclear
whether the internal models invoked for the purpose of
achieving stability would apply in this alternate concep-
tualization of the task. Note that we are not questioning the
necessity of state estimation. Rather we are questioning
the claims of evidence that this process involves internal
models.

Schemes for learning and adaptation have been
described that are not reliant on internal models of limb
dynamics or inverse-dynamics calculations. Gribble and
Ostry (2000) demonstrate that a number of phenomena
often associated with predictive internal models, namely
compensation for interaction torques during multi-joint
movement and adaptation to motion dependent force fields
could in principle be accomplished using a simple scheme
in which non-force based control signals are incrementally
updated on the basis of positional error related to
equilibrium and actual trajectories (also see Flash and
Gurevich 1997). The point of this demonstration is that
viable schemes for adaptation may involve neither an
explicit representation of forces nor inverse-dynamics

calculations, nor a predictive simulation of the motor
apparatus.

Threshold control

A central point of our criticism of the force control
formulation is that it fails to explain how movements
occur without producing resistance due to posture-
stabilizing mechanisms. The explanation requires the
identification of a neurophysiological variable(s) the
value of which is different for different voluntarily
specified positions even though forces and tonic muscle
activity may be the same at these positions (see Fig. 1B).
Such a variable can be identified from Fig. 1 or similar
figures published in literature.

It may be seen that the EMG activity at the initial
position in Fig. 1B is zero but muscles actively reacted to
passive oscillations of the arm at this position (Fig. 1A).
This means that motoneurons of arm muscles before
movement onset are in a just sub-threshold state. The fact
that zero activity and reactions to passive oscillations are
also observed at the final position (Fig. 1C) implies that
the activation thresholds of motoneurons were reset to this
position. The position at which muscles reach their
activation thresholds is thus not constant. In other words,
the threshold position was reset so that zero muscle
activity could be restored but at another point in the
workspace. This phenomenon is referred to as threshold
control. The existence of threshold control follows not
only from the simple analysis of the elbow flexion in
Fig. 1 but also from many experimental studies in animals
and humans, starting from work by Matthews (1959), and
Asatryan and Feldman (1965). The feasibility of threshold
control has been demonstrated in computer simulations of
single- and double-joint arm movements (Gribble et al.
1998).

Threshold control not only provides a potential solution
to the posture-movement problem but may underlie the
production of movement. With each resetting of the
activation thresholds, the systems previous position
appears as a deviation from the newly specified threshold
posture. The same neuromuscular mechanisms that
produce EMGQ signals and forces in response to deviations
from the previous position will produce EMG signals and
forces that oppose deviations from a newly specified
position.

Theoretically, threshold systems are non-linear and
cannot be considered linear even locally, for small changes
in variables. Since activation thresholds are controlled, the
position of moving segments at which local linearity is
broken may occur anywhere in the biomechanical range,
making the neuromuscular system fundamentally non-
linear. In contrast, the force control formulation relies on
predictive properties of the Kalman filter or Smith
predictor that assume the systems linearity. An extended
Kalman filter can work for non-linear systems but only if
they locally behave linearly (Nergaard et al. 2000). Thus
the predictive constructs developed in control systems



theory to meet the needs of technology do not fit to the
neuromuscular system that is strongly non-linear.

Discussion

Force control theories have been successfully applied to
robotics and are likewise successful in accounting for
aspects of movement production in humans. This includes
the relationship between kinematics and force and the
adaptation of movement to motion dependent force fields.
A major component of the force control hypothesis, that
there are neuronal structures, internal models, specialized
in inverse and forward computations of forces and
kinematics, has been shown to be consistent with
experimental findings. The term internal model is widely
used in contemporary motor control studies.

Problems arise in attempts to integrate force control
models with basic physiological properties of the neuro-
muscular system. In such cases, our analysis indicates that
these models generate predictions that are in conflict with
basic, well-established principles of movement produc-
tion. We identified the following problems in the force
control formulation: It lacks a physiologically feasibie
mechanism for postural resetting, conflicts with the
empirical EMG-force relationship and disregards empiri-
cal evidence that threshold control underlies postural
resetting and possibly movement production.

The empirical findings offered in support of inverse or
forward internal models are either unconvincing (those
based on the analysis of correlations of activity of Purkinje
and cortical cells with mechanical variables), or not
sufficiently specific since the same findings can be
explained in terms of alternative formulations not relying
on the notion of internal models. Such findings are related
to force field learning, compensation of effects of
interactive torques, balancing a pole on a finger, and
perceiving hand position in arm movements. Many claims
of support of internal models are unsubstantiated since
they are based on a metaphorical use of the term internal
model to denote any phenomena related to learning,
adaptation, and anticipation.

There are theoretical problems inherent in the force
control approach: Uncertainties in the solution of multiple
redundancy problems associated with inverse computa-
tions, even if they rely on optimality criteria; the
incompleteness of the logical structure (there is no
resolution to the question of how the system computes
synaptic inputs to motoneurons to produce the required
EMG activity and forces); the necessity to oversimplify
the actual input/output relationships in the system to make
inverse computations possible, leading to low confidence
in the results of inverse dynamics computations as well as
to potential problems of stability; the reliance on internal
models that assume the systems linearity, which is not the
case for the neuromuscular system as a result of threshold
non-linearities.

The destabilizing effects of delays in sensory-motor
pathways are possibly overestimated in the context of
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force control models. Comparatively small delays in
proprioceptive feedback to motoneurons do not in
themselves lead to instability (see above). Moreover, the
effects of these delays are minimized due to non-delayed
length- and velocity-dependent generation of forces by the
contractile apparatus.

We described as an example force control models that
incorporate muscle mechanical properties. An examination
of the equations indicates that in order to produce a point
to point movement, the system must generate not only the
forces necessary to make the movement but also additional
forces that are needed to overcome the resistance of
posture-stabilizing mechanisms when the system moves
away from the initial position. After a final position has
been achieved, the tonic EMG activity and the forces that
counteract the resistance cannot be reduced without
bringing the system back to its initial position. The
human motor system is not so deficient: When producing
voluntary movements, no one experiences resistive forces
that tend to return the body to its initial position unless
biomechanical boundaries of motion of segments are
approached.

Force control strategies not only produce unnecessary
resistance to position change but could actually prevent
the achievement of a motor goal. This point is illustrated
by Tolstoys short story about how peasants in Russia
hunted a bear. The peasants put a container of honey on a
branch of a tall tree. A heavy log was suspended by a rope
from the same branch, immediately below the honey. In
order to get the honey, the bear climbed the tree and
pushed the log away. The harder the bear pushed, the more
forcefully the log returned until eventually it struck the
bear and threw it to the ground. The bear was a victim of
the force control strategy applied to a system that has a
tendency to return to its initial position.

Internal models for motor control

Internal models now go hand in hand with force control
strategies: Computations of joint torques can only be
produced by structures that, at least approximately, imitate
the input-output relationships of central, reflex and
mechanical components of the neuromuscular system.
An often neglected consideration in the context of force
control schemes is that they have little to offer in terms of
accounting for the broader range of processes involved in
control of movement. It is only reasonable to expect a
model of motor control to account not only for joint
torques but also for EMG patterns and control processes
that are reflected in sub-threshold changes in membrane
potentials of motoneurons, which are presumably inde-
pendent of EMG, kinematics or force.

We would like to emphasize that while questioning the
existence of force based mechanisms and inverse and
forward dynamics calculations as ways to achieve desired
motor output, we are not questioning the capacity of the
nervous system to involve predictive or forward processes
to improve motor performance. Equally, we are not
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questioning the idea that movement production can
involve state estimation as well as control. However we
find no direct support for the idea that internal simulations
underlie these abilities.

In modeling studies not relying on the idea of internal
feedforward models, we have shown that control levels
may take advantage of existing mechanisms to provide
feedforward adaptation to force fields and compensation
for interaction torques acting between limb segments
(Gribble et al. 1998; Gribble and Ostry 1998, 1999, 2000).

Alternatives to force control

There are some positive lessons resulting from this
analysis of force control models. For example, to be
physiologically feasible, a postural resetting mechanism,
possibly threshold control, must be an integral part of a
motor control theory. Moreover, as described above,
threshold control might also be an integral part of position
sense and hence of state estimation.

The recognition of threshold control introduces the
possibility of a set of theories of which the A model
(Asatryan and Feldman 1965) is a particular instance.
Latash (1993) and Barto et al. (1999) have proposed
models of motor function that are also based on threshold
control but that differ in a number of ways from the A
model, especially with respect to the timing of control
signals. Theoretical ideas related to threshold control have
developed slowly in part due to the absence of a general
mathematical theory related to threshold systems.

In our own work using the A model, we have considered
that postural resetting produced by shifts in muscle
activation thresholds is a primary tool of movement
production (Gribble et al. 1998). This mechanism is very
powerful as evidenced by the large and rapid increase in
joint torque that is observed when a fast movement is
unexpectedly blocked at the initial position (Ghafouri and
Feldman 2001). The mechanism of postural resetting,
shifts in the muscle activation thresholds, offers an
empirically based model of voluntary movement produc-
tion and one that is supported empirically. The model has
been developed beyond the posture-movement problem
and now offers a potential solution to the problems of
multi-muscle and multi-degree-of-freedom redundancy
(Lestienne et al. 2000; Balasubramaniam and Feldman
2003).

One can consider the possibility of adding threshold
control to the force control formulation. Threshold contro}
implies that neural control levels specify spatial coordi-
nates at which muscles become silent. Clearly, this control
process does not deliver instructions on the motor output
in terms of EMG signals, forces and movement trajec-
tories. Threshold control thus conflicts with the main idea
of the force control model that neural control levels
directly deal with or calculate EMG activity and forces
required for the production of movements. To avoid this
problem, one can suggest that only activation thresholds
are computed from the desired kinematics by a set of

inverse transformations. This would also be problematic:
EMG signals and forces must be computed anyway since
threshold values in the inverse dynamics approach can
only be derived from these signals. In addition, such a
derivation has its own problem: for threshold elements
such as motoneurons, the input/output relationships cannot
be inverted (see above). The force control formulation is
thus incompatible with threshold control.

The neuromuscular system is a particular dynamic
system in which forces are position-dependent. Such
systems obey a physical rule that is related to the posture-
movement problem but formulated in more general terms.
Specifically, in order to bring such a system from one
point of equilibrium (a combination of steady state values
of position and forces) to another equilibrium point, the
controller must change parameters that are independent of
state (output) variables (Glansdorf and Prigogine 1971).
Applied to the neuromuscular system, this physical rule is
known as equilibrium point control. Proponents of the
force control approach have rejected equilibrium point
control (Lackner and Dizio 1994; Gomi and Kawato 1996;
cf. Feldman et al. 1998). On the other hand, in
mathematical models of movement production in the
framework of force control, shifts in equilibium are
introduced of physical necessity (Schweighofer et al. 1998;
Bhushan and Shadmehr 1999; Gomi and Kawato 1996).
Contrary to the above rule, however, these shifts are
achieved by changes in EMG activity that, due to its
relation to muscle force, cannot be considered as inde-
pendent of state variables. Thus, the primary failing of the
force control approach is not in its inability to produce
shifts in equilibrium points. Rather, the failure of the force
control approach is in the manner in which it achieves
equilibrium shifts.
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