
Chapter 2
Motor Control and Position Sense:
Action-Perception Coupling

Anatol G. Feldman, Nabil Ilmane, Samir Sangani and Helli Raptis

2.1 Introduction

This chapter focuses on the relationship between motor control and position sense
(PS) defined as the ability of humans to recognize the position of body segments
under different conditions. Studies showed that afferent signals from proprioceptive
and cutaneous and, to a lesser degree, articular receptors satisfactorily reflect pas-
sive changes in the position of body segments (Matthews 1972; Edin and Johansson
1995). In contrast, afferent signals deliver ambiguous positional information during
intentional motor actions. For example, the activity of a major contributor to PS—
muscle spindle afferents—increases with increasing isometric muscle torque (Vallbo
1974) whereas the arm position at which the torque is produced is perceived as un-
changed. During slow intentional finger motion in isotonic conditions, discharges
of spindle afferents virtually remain constant (Hulliger et al. 1982) and thus do not
reflect the perceived changes in the finger position. These and other examples, justi-
fied the conclusion that afferent signals are somehow integrated with central control
signals underlying motor actions to form PS (von Holst 1954; McCloskey 1981;
Feldman and Latash 1982a; Proske and Gandevia 2012). The nature of this integra-
tion in PS remains unclear. This situation results, in particular, from controversies in
the understanding of how motor actions are controlled.
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This chapter reviews major hypotheses on how motor actions are controlled and
the respective views on how PS is formed. Data will be described that permit choosing
between alternative hypotheses of motor control. This approach may help advance
the understanding of how control signals underlying motor actions contribute to PS
in different conditions as well as of kinesthetic illusions, including the phantom limb
phenomenon—the feeling that the amputated limb is present.

2.2 Alternative Views of Motor Control

Historically, a departure point in thinking about neural control of actions was based
on the fact that motor actions obey and therefore are described in terms of the laws
of mechanics. Many outstanding scholars in the field of action and perception, in-
cluding von Holst (1954) combined this fact with the unconditional assumption that
control levels of the nervous system are directly involved in the specification of vari-
ables characterizing the motor outcome in terms of movement kinematics, muscle
forces and electromyogram (EMG) activity commonly called motor commands. One
problem associated with this assumption was recognized by Von Holst (1954). He
noticed that direct specification of motor commands to muscles to make intentional
motion from a stable posture would be met with the resistance of posture-stabilizing
reflexes (the posture-movement problem). To solve the problem, he suggested that
neural control centers use a copy of pre-programmed motor commands—efference
copy (EC)—to suppress movement-related afferent signals (reafference) and thus
prevent resistance of postural reflexes to movement. The EC concept introduced by
von Holst (1954) replaced similar concepts expressed under different names since
the nineteenth century (Bridgeman 2007). Except for some researchers (e.g. Gibson
1968), the solution for the posture-movement problem and the EC concept has been
accepted by the majority of researchers in the field without any critical analysis. It
became a key concept in theories of motor control, including those that postulated
the use of internal neural models for computations and specification of the motor
outcome (e.g. Bays and Wolpert 2007).

A recent analysis (Feldman and Latash 2005; Feldman 2009, 2011) has revealed
some drawbacks of the solution of the posture-movement problem offered by von
Holst (1954). Physically, by suppressing reafference or, in modern terminology,
position- and velocity-dependent feedback, would make the initial position unstable.
This proposal does not explain how stability of the final posture is regained. Before
the motion, postural mechanisms were tuned to stabilize the initial posture and, once
restored at the final posture, would react to the accumulated deviation from the initial
posture and drive the arm back to it. This prediction of von Holst’s proposal conflicts
with consistent findings that arm motion ends at a stable posture without any tendency
to return to the initial posture. His proposal also conflicts with physiological data that
postural reflexes are not suppressed but are reset to a new position when self-initiated
motion is made, thus transferring stability to the final posture (Asatryan and Feldman
1965; Adamovich et al. 1997; Feldman 2011).
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The resetting mechanism represents an empirically based solution to the posture-
movement problem that does not rely on the idea of preprogramming of motor
commands to muscles and the EC concept (Feldman 2011). When postural reflexes
are reset (re-addressed) to a new posture, the initial posture becomes deviated from
the new posture, and the same posture-stabilizing mechanisms that would resist self-
initiated motion, now drive the body segments to the new position to which stability
is transferred. In other words, by shifting the threshold position at which posture-
stabilizing mechanisms are centered, the nervous system converts postural reflexes
from a movement-resisting to a movement-producing mechanism.

EC-based theories of motor control have further been questioned by recent find-
ings that descending systems in humans, particularly the corticospinal system, do not
carry information about motor commands (EMG, forces) to muscles (Raptis et al.
2010; Sangani et al. 2011; Ilmane et al. 2013). Instead, these systems specify spatial
thresholds at which neuromuscular structures (including reflexes and intrinsic mus-
cle properties) begin to act, thus confirming the hypotheses that motor control is not
based on preprogramming of the motor outcome and EC. These thresholds define a
certain position, R, of body segments at which the activity of muscles is minimized.
Thereby, any deviation from this position is opposed by reflexes. The R is also
called the referent position since it plays the role of the origin of the spatial frame
of reference in which the muscles and reflexes are constrained to work (Feldman
2011). These studies confirmed the earlier demonstration that central shifts in the
referent position of body segments underlie intentional arm movements in humans
(Asatryan and Feldman 1965), an empirical finding underlying the equilibrium-point
hypothesis (for recent review see Feldman 2011).

2.2.1 Alternative Views on the Role of Central Control Processes
Underlying Motor Actions in Position Sense

The alternative theories of motor control motivated different answers to the question
of how PS is formed. One answer is based on the dominant view that the brain is
directly involved in preprogramming of the desired motor output, including EMG
patterns and muscle forces. It suggests that a copy of motor commands, i.e., EC, is
somehow integrated with afferent signals to form PS (Proske and Gandevia 2012). It
has also been assumed that EC underlies the sense of effort and therefore this sense
and PS are interrelated. Evaluations of PS before and after ischemic deafferentation
of the arm have been considered as supporting evidence of a contribution of sense
of effort to PS (Proske and Gandevia 2012). This proposal, however, conflicts with
results of the study by Allen et al. (2007) showing that under normal conditions, PS
is load- and effort-independent.

Threshold position control is an alternative to the EC-based view not only about
how motor actions are controlled but also about how they are perceived. Specifically,
as the threshold position for muscle activation, the R carries essential positional
information and as such, it can be used to form PS. The PS rule based on the R
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concept was previously proposed by Feldman and Latash (1982a) and recently up-
dated (Feldman 2009, 2011; Feldman et al. 2013). Specifically, to determine the
actual position, Q, of body segments, the nervous system can use already available
information about the referent position, R, and combine it with sensory information
related to the deviation, P, of the actual position of body segments from the referent
position:

Q = R + P (2.1)

This formula describes a natural, physical relationship between variables Q, R, and P,
as illustrated in Fig. 2.1a for a single joint interacting with a load. To clarify, suppose
that a referent position R, is centrally set, say, for wrist flexor muscles. A load
counteracting these muscles will stretch them beyond the threshold, R. The muscle
activity and torque will increase until muscle and load torques become balanced at
some actual position, Q. To perceive this position, it is sufficient to know its deviation,
P, from R, as defined by formula 1.

By applying this formula to PS, we need to assume that proprioceptive, cutaneous,
and articular afferents do not convey direct information about the actual position, Q,
of body segments but instead signal the deviation, P, of the actual position of the
body segments from the referent position. In other words, it is assumed that PS
has central (R) and afferent (P) components that are integrated at some level of
the brain to perceive the actual position of body segments. The R is the control
variable underlying motor actions and the P is the afferent outcome conveyed by
ascending pathways to the brain. The PS rule thus represents an explicit expression
of action–perception coupling in kinesthesia (see also Ostry et al. 2010).

2.2.2 Explanations of Position Sense Based on the PS Rule

The PS rule provides an explanation of PS in different motor tasks as well as of
kinesthetic illusions and the phantom limb phenomenon (Feldman 2009; Feldman
et al. 2013)—the sense that the amputated limb is still present. In particular, the PS
rule suggests that passive changes in position that do not involve changing in the
central PS component are perceived from changes in afferent signals, P, from muscle
spindles and cutaneous receptors. In contrast, all active (self-initiated) changes in
position are associated with changes in the central component, R, and PS will result
from combined changes in both PS components. The relative contribution of these
components to PS may be different depending on the motor task. Consider several
examples.

Figure 2.1 shows not only how the PS rule is derived (A) but also how it works
under different conditions. The thick solid curve in each panel is the muscle-reflex
characteristic (torque versus joint angle) for a given R. The thin solid curve is the
characteristic following a shift in the R. Dashed lines are load (L) characteristics.
Subscripts i and f refer to initial and final values of variables, respectively, and filled
dots are the initial and open dots are final equilibrium points of the system.
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a b

c d

Fig. 2.1 The position sense rule: its derivation and application to different motor tasks. a PS rule
for a single joint interacting with a load. When a referent joint angle (R) is set by descending
systems, the activity of muscles and the net joint torque (T ) increases with deviation of the joint
angle from the R position (solid curve). The load (L) stretches the muscles (flexors in this example)
until the system reaches an equilibrium point (filled circle; point of intersection of the two curves),
i.e., the combination of the joint angle and muscle torque that balances the load (dashed curve)
at some position, Q. To identify this position, it is sufficient to know the deviation, P, of the joint
from its referent position: Q = R + P. It is assumed that this deviation is transmitted by ascending
afferent pathways and converges with the referent joint angle at some central level where position
sense is formed. b–d PS in different motor tasks. b during the unloading reflex elicited by a sudden
change in the load, the same R is maintained. Changes in the joint angle, �Q, are perceived from
changes in the afferent PS component, �Q ≈ �P. c During slow isotonic motion, changes in the
joint angle are predominantly perceived from changes in the central PS component, �Q ≈ �R.
d During isometric torque production, changes in the two PS components are equal but opposite,
such that the joint angle is perceived as unchanged, �Q = 0. Thick solid curve in each panel is
the muscle-reflex characteristic (torque versus joint angle) for a given R; thin solid curve is the
characteristic following a shift in the R; dashed lines are load (L) characteristics; subscripts i and f
refer to initial and final values of variables, respectively; filled dots are the initial and open dots are
the final equilibrium points of the system. (Reproduced with permission from Feldman et al. 2013)

During the unloading reflex (B) elicited by a sudden change in the load of say,
preloaded elbow flexors, the same R is maintained (see Ilmane et al. 2013) and the
arm moves to another position at which the residual load and muscle torques are
balanced. According to the PS rule, changes in the joint angle, �Q, in the unloading
reflex are perceived from changes in the afferent PS component alone, �Q ≈ �P,
since in this case, �R ≈ 0.

In contrast, during slow isotonic motion (Fig. 2.1c), the afferent PS component re-
mains virtually constant, which is consistent with data by Hulliger et al. (1982) on the
absence of position-related changes in muscle spindle afferents during isotonic finger
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motion. Thus, in isotonic conditions, changes in the joint angle are predominantly
perceived from changes in the central PS component, �Q≈ �R.

During isometric torque production, the position (Q) of the joint remains un-
changed but the deviation of this position increases when the threshold position,
R, decreases (Fig. 2.1d). As a result, the activity of muscles and isometric torque
increases. This process is associated with increasing proprioceptive signals (Vallbo
1974). The changes in the two PS components are equal but opposite such that the
joint angle is perceived as unchanged, �Q = 0.

The alternative, EC-based PS hypothesis is not sufficiently specific to explain
all these cases. In particular, EC and sense of effort are virtually the same at dif-
ferent positions under isotonic conditions (Fig. 2.1c) and hardly contribute to PS.
It is unclear how afferent signals can be used to identify the changes in position in
isotonic conditions. Muscle spindle afferents in this condition do not signal changes
in position (Hulliger et al. 1982). However, the contribution of cutaneous afferents
to PS in isotonic conditions cannot be rule out. To our knowledge, positional sensi-
tivity of these afferents has been demonstrated during passive changes of different
joint angles (e.g., Edin and Johansson 1995). Cutaneous and proprioceptive afferent
influences usually converge on common interneurons (Jankowska 1992; Hultborn
2006) and it is likely that during active isotonic movements, cutaneous, like spindle
afferents, convey ambiguous positional information.

The unloading reflex and isometric torque production are associated with changes
in effort. The EC or effort-based hypotheses are also not specific enough to explain
why the sense of effort can contribute to the sensation of changes in position during
the unloading reflex and to the sensation of the absence of changes in position during
isometric torque generation. The sense of effort is primarily associated with muscle
torques and the EC- or effort-based hypotheses do not provide clues as to how it can
affect PS that is formed in the positional domain.

2.3 Testing Alternative Hypotheses on PS

The prediction of the effort-based hypothesis of PS was tested by asking subjects
to produce changes in elbow position against different isotonic loads. According
to the Weber–Fechner law (Weber 1834; Fechner 1860), the sense of effort and
the error in identification of the changes in the load are scaled with the magnitude
of the load. Therefore, if dependent on the sense of effort, PS would reflect such
properties of the law. It appeared that PS is load-independent (Feldman et al. 2013;
Fig. 2.2), confirming previous findings by Allen et al. (2007). These findings conflict
with the effort-based PS hypothesis, but are consistent with the PS rule that is based
on experimental findings that control signals underlying motor actions do not carry
information about motor commands or sense of effort.

In the unloading reflex (Figs. 2.1b, 2.3), the changes in the wrist position were
correlated with the amount of unloading and thus with the sense of effort. However,
the precision with which subjects reproduced the positional changes for different
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Fig. 2.2 The sense of position
is independent of the sense of
effort. a Different loads
counteracting elbow flexor
muscles were associated with
different efforts identified
with numbers 1–5 (group
data). b With eyes closed, the
subject (S6) reproduced the
same elbow angle regardless
of the load. c The precision of
the reproduction (coefficient
of variation) was also
load-independent in this and
other 11 subjects.
(Reproduced with permission
from Feldman et al. 2013)
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amounts of unloading was load-independent (Feldman et al. 2013). This finding also
conflicts with the assumption that PS depends on the sense of effort since if the PS
were effort-dependent, the precision of the perceived changes in the wrist position
would be scaled with the load according to the Weber–Fechner law (Weber 1834;
Fechner 1860).

Consider findings that have been regarded as evidence that PS depends on the
sense of effort (Gandevia et al. 2006; Smith et al. 2009; Walsh et al. 2010). In these
studies, PS at the wrist was measured before and after the arm was paralyzed by
an anesthetic or by ischemia produced by a blood pressure cuff. Before paralysis,
subjects accurately detected the position of the wrist when it was passively rotated.
After paralysis, subjects were unable to indicate the position of the hand at rest.
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Fig. 2.3 Converting changes in the afferent component of position sense into intentional motion.
a The mean initial (filled circle) and final (open circles) wrist equilibrium points resulting from
different levels of unloading of wrist flexors from an initial position (E) in a representative subject,
in the absence of vision. After unloading, the subject intentionally moved the wrist from the post-
unloading position (F) to the initial, pre-unloading position and back to the memorized post-
unloading position (F∧). According to previous analysis (Ilmane et al. 2013), motion resulting
from unloading was predominantly perceived from changes (�P) in the afferent component of
position sense whereas intentional movements from position F to the pre-unloading and back to the
post-unloading position, F∧, required respective changes (�R ≈ �P) in the referent position. The
test was made for a different amount of unloading (100, 75, 50, and 25 % of the initial load; 0 %
is for trials in which unloading was not produced). b A plot of position F∧ versus F for different
amounts of unloading. The slope of the regression line between positions F∧ and F was close to 1
in this and other 9 subjects. (Reproduced with permission from Feldman et al. (2013)

Efforts to move the hand during paralysis produced large illusions of hand motion.
From these observations, the authors suggested that PS depends on the sense of effort.

Alternatively, these observations can be explained in terms of the PS rule. During
passive movements or relaxation, the R is shifted outside of the biomechanical range
of the joint (Levin and Feldman 1994). As a result, PS during muscle relaxation is
mainly based on changes in the afferent PS component. Naturally, when afferent
feedback is blocked, subjects are unable to perceive the changes in wrist position, as
observed by Gandevia et al. (2006). Based on the PS rule, the illusion of motion of the
hand during paralysis can be explained in the following way. In the absence of afferent
feedback, the position of body segments can still be sensed based on the central PS
component, R. In experiments by Walsh et al. (2010), subjects learned to produce
different efforts before paralysis. They thus learned to scale the R shifts with effort
(cf. Fig. 2.1d). Indeed, when subjects reproduced these R shifts during paralysis, they
perceived illusory movements correlated with the sense of effort. Since correlation
between the two senses was preconditioned by the experimental protocol, results of
the above studies cannot be considered as evidence for a dependency of PS on the
sense of effort. This conclusion is also supported by the obvious dissociation between
the two senses in isotonic, isometric, and reflex unloading conditions (Fig. 2.1b–
2.1d).
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Experiments were also conducted to test specific predictions of PS rule. According
to the PS rule, the central and afferent components are equally important to position
sense. The relative contribution of the two components to PS depends on the con-
dition. In particular, it has been shown that descending influences on motoneurons
of wrist muscles and thus the referent position, R, are similar at the pre- and post-
unloading positions (Ilmane et al. 2013; Fig. 2.3). This means that changes in position
elicited by unloading are predominantly perceived from a change in the afferent PS
component, P: �Q = �P. In contrast, descending influences are modified when the
wrist is intentionally moved to another position, suggesting that intentional changes
in position in isotonic conditions are predominantly perceived from the change in
the referent position, R. We tested the hypothesis that the nervous system is able
to transform afferent information about changes in the wrist position resulting from
unloading into the R command to make intentional isotonic movement of the same
extent as that resulting from unloading (Fig. 2.3). Preloaded wrist flexors were fully
or partially unloaded, and subjects were required to reproduce the involuntary wrist
excursions by intentionally moving the wrist, in the absence of vision. Subjects had
no difficulty in performing the required transformation of the P into the R component
of PS. Indeed, such a sensorimotor transformation was facilitated by the parity in the
dimensions of the two PS components as well as by the fact that the central PS com-
ponent also underlies intentional motor actions. The finding of a strong correlation
between voluntary and involuntary changes in the wrist position (Fig. 2.3) seems
obvious, but only in the context of the PS rule. The initial and final positions in the
unloading reflex were associated with different tonic EMG levels (or ECs), different
senses of effort and different afferent feedback whereas these aspects, including af-
ferent feedback (Hulliger et al. 1982), were hardly distinguishable at wrist positions
established before and after intentional motion in isotonic conditions. In other words,
the effort- or EC-based PS theory is not helpful in the explanation of PS. Indeed,
intuitively, we take for granted that our sense of position is adequate regardless of
what we do, but the PS rule shows that this intuition is physiologically justified in
the context of the PS rule, rather than in the context of effort- or EC-based theory.

2.4 Kinesthetic Illusions

Usually, vibration of a muscle tendon elicits the illusion of muscle lengthening
(extension of the elbow joint if vibration is applied to elbow flexors; Matthews 1972)
in the absence of physical motion. If vibration is prolonged, the illusion can be
reversed (Roll et al. 1989, 1980; Feldman and Latash 1982b). In terms of the PS
rule, these illusions result from influences of vibration predominantly on the afferent
and central PS components, respectively.

Physical changes in position are apparently coupled with appropriate awareness
about these changes. The integration of the two components may just be a first step in
the formation of PS and it does not address the challenging question of how subjects
become consciously aware of physical or illusory changes in position. Normally,
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subjects are well aware of the position of body segments but this awareness may
become inadequate during artificial stimulation (e.g. tendon vibration or electrical
stimulation of the brain). The illusion of motion elicited by tendon vibration is an
example of such inadequacy. Another example was observed in a patient undergoing
brain surgery (Desmurget et al. 2009). Electrical stimulation of inferior parietal areas
(Brodmann areas 39 and 40), elicited the sensation of arm movement although no
movement was made. The authors concluded that activation of these areas reflected
the intention to move even in the absence of motion. One can add that under normal
conditions, activation of these areas might be combined with opening of pathways
that transform the intention to move into changes in the referent position of the
appropriate body segments. The resulting motor action (a movement or, if move-
ment is prevented, isometric torque generation) is recognized by combining afferent
feedback with the referent command, as implied by the PS rule.

No motion illusions have been observed in two studies (Desmurget et al. 2009;
Feldman et al. 2013). In one, electrical stimulation of the premotor area (the dorsal
sector of Brodmann area 6) in patients undergoing brain surgery triggered limb
movements but patients denied that they had moved (Desmurget et al. 2009). One can
suggest that the physical motion was elicited by changes in the R command without
simultaneous influence of this command on the PS. In the other study (Feldman et al.
2013), no motion illusion has been observed during long-term tonic vibrations of
elbow flexors in the absence of vision when subjects were unaware of any physical
motion of the arm elicited by the vibration (Fig. 2.4).

It appeared that the no-motion illusion elicited by vibration is preserved when the
arm moves against different isotonic loads. The critical angle at which subjects start
perceiving physical motion does not depend on the magnitude of the load, further
confirming that PS does not depend on the sense of effort.

2.5 Phantom Limb Phenomenon

The phantom limb phenomenon was considered as supporting the assumption that
PS depends on the sense of effort (Proske and Gandevia 2012). However, a phantom
limb can be sensed in the absence of any physical or mental effort. The phantom
limb phenomenon can be explained without the assumption that it relies on the sense
of effort. According to the PS rule, when afferent sensitivity is deficient or absent,
the amputated limb can still be sensed as being present based on the central PS
component, R. Because of the absence or deficiency of the afferent PS component,
however, the shape of the phantom limb can be abnormal (e.g., twisted phantom
elbow or knee joint) and associated with pain or other abnormal sensations.

Although R may be controlled independently of the current position, the trans-
formation (“re-calibration”) of electrochemical descending influences into a spatial
(positional) variable R would be impossible in the absence of position-dependent
afferent feedback to α-motoneurons (for details see Fig. 2.4 in Feldman 2009). There-
fore, in the absence of such feedback, the association of descending influences with
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