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Motor behaviour
Body movements are smooth,despite the complexities
of the peripheral motor system. For example, hand 
trajectories remain relatively straight from start to end,
and hand velocity follows a smooth, bell-shaped pro-
file19,20 (FIG. 1). This smoothness at least partially reflects
the low-pass filter properties of muscle21.Perturbations
of the hand during slow movements are corrected back
towards the unperturbed trajectory, indicating that
feedback is used to maintain a relatively straight hand
trajectory, at least under these conditions22. Such simple
features of hand motion mean that the CNS compen-
sates for the complexities of limb mechanics.

The motor system can also adapt to changes in 
the mechanical environment. Lackner and DiZio23

observed how subjects performed reaching movements
before,during and after they sat in a room that rotated
at 6 rpm, creating a coriolis force on the limb. When
subjects performed their first reaching movements 
with the right arm in the rotating room, after the otolith
organs no longer sensed room rotations, the move-
ments were curved to the right. However, after several
trials, reaching movements returned to relatively
straight trajectories, similar to those seen before the
room began to rotate.When the room stopped rotating,
initial reaches were curved to the left, and subjects 
perceived that a strange force had pushed their limb.
Again, reaching movements quickly returned to near
straight trajectories. When a hand-held robot applied
loads during reaching, the results were similar24.
Many studies have shown that relatively straight hand
trajectories are preserved after various perceptual and
mechanical perturbations25–28.

Although movements are smooth, motor perfor-
mance shows considerable trial-to-trial variability,
which partially reflects inherent noise in the system
related to both sensory and motor signals29–31.However,
some features of motor performance, particularly 
task-relevant features, are tightly controlled32–34.
For example, fluctuations in joint configurations that
influence the orientation of a subject pointing a laser at
a spatial target are reduced, whereas patterns that do not
influence laser orientation are more variable35. There is a
growing body of literature that illustrates how the
motor system considers the influence of noise and 
variability in motor planning and control36–40.

Motor behaviour shows several key features.
Movements are smooth, highly adaptable and show
selective patterns of variability that reflect economy of
task-relevant features of motor performance. In spite 
of the complexities of limb mechanics, a hallmark of
motor performance is smooth and relatively straight
hand trajectories.

Neural centres of sensorimotor control
Sensorimotor function is created from a highly 
distributed circuit that includes the spinal cord,
brainstem and cerebral cortex (BOX 1). The spinal level 
supports the ‘most automatic’ movements, including
reflexes, as well as more complex multi-joint and multi-
limb sensorimotor responses. The cortex supports the

can markedly influence limb mechanics13. This article
largely focuses on proximal-arm movements,but there
are more challenging mechanical problems for hand16,17

and orofacial18 motor function.

Box 2 | Optimal feedback control

For a review of this topic, see REF. 121. The basic principle of optimal feedback control is
that feedback gains are optimized on the basis of some index of performance (see panel a,
modified, with permission, from REF. 187 © (2002) Macmillan Magazines Ltd). Such
controllers correct variations (errors) if they influence the goal of the task; otherwise, they
are ignored.Optimal state estimation is created by combining feedback signals and
efferent copy of motor commands. The latter uses a forward internal model to convert
motor commands to state variables.

A key feature of optimal feedback control can be understood by considering a problem
where a system must attain a value of 2.0 using two control signals (b)38.Nominally, each
control signal could be selected to be 1.0 (X1 = X2 = 1.0).When these commands are
implemented,noise in the system might modify the output such that both signals equal
1.1. The best strategy is to reduce both of the control signals towards 1. In another case,
one control signal equals 1.1,but the other equals 0.9. Both values have changed,but the
objective to attain a total of 2.0 has been attained, so it is better not to modify the signals.
The left diagram illustrates how initial errors in control signals (round circle) are corrected
towards a line where X1 + X2 = 2.0 (thick oval). The errors show the effects of the control
signals at four different initial states,all of which point towards the line that defines the
task goal. The right diagram illustrates how initial errors (large round circle) are reduced
equally (thick smaller circle) by a traditional controller.Note that the arrows signifying
corrective signals all point towards the middle of the circle, the nominal control signals.

The middle diagram compares the final errors of the optimal and traditional controllers.
The correct solution falls along the line X1 + X2 = 2.0,and distances perpendicular to this
line reflect errors in overall performance. The traditional controller creates the greatest
errors and the optimal controller minimizes these larger errors.

Another interesting feature of optimal feedback controllers is that desired trajectories do
not need to be planned explicitly but simply fall out from the feedback control laws. The
middle panel of c illustrates the trial-to-trial variability of hand motion when subjects hit a
ping-pong ball. This variability in performance is lost if a controller is optimal for
trajectory tracking,but is captured by an optimal feedback controller that is based on
global task errors.

Task selection

Optimal
state estimator 

Sensory
feedback 

Movement

Optimal
feedback
control law 

Noise

Motor
commands

NoiseSystem state
(positions, velocities,

forces)

Efferent
copy

Ta
sk

 e
rro

r

Redundant

2

0

0 2

X
2

X
2

X1

X1

X 1
 +

 X 2
 –

 X

X
1  – X

2

Initial

Final
Final

Initial

Optimal control

Desired trajectory Experimental data Optimal control

Redundancy elimination

Target
errors

50 cm
Hit

a

b

c

©  2004 Nature  Publishing Group

Task Selection 

Overview: Theories of Voluntary Control

Multiply 
by a Gain

Motor
Planning

Actual 
Joint Angle

Desired 
Joint Angle

Muscle
Activity

Error+

-

Inverse
Internal 
Model

Motor
Planning

Desired 
Hand Trajectory

Muscle
Activity

Motor Control

Reach to a
cup

1970s: Servo-Control

1980s: Feedforward Control

2000s: Optimal Feedback Control



Voluntary Control (1970s)

Desired
Joint
Angle

Motor
Commands

Plant (Musculoskeletal System)

Wrist
Muscles

Wrist
Movement

Muscle
Afferents

Joint
Angle

+

-

Controller (Central Nervous System)

Figure 1

Afferent
Feedback

Theory: Servo-Control

Voluntary (R4)

100uv

Stretch-Related Muscle Activity (EMG)

R1 R2 R3

Short-
Latency
Reflex

Long-
Latency
Reflex

Perturb
Onset

Single-Joint 
Perturbation

100500
Time (ms)

Experimental Paradigm

PF
S1

V1

75
dPM M1

SMA

RN

BG

C
RF

VN

Cortical
Feedback

Neural Circuitry



Basic Control Theory



Kp * e(t)

Proportional Control

Proportional gain, Kp
Larger values typically mean faster response 
since the larger the error, the larger the 
proportional term compensation. An excessively 
large proportional gain will lead to process 
instability and oscillation.



Proportional-Integral (PI) Control

Integral gain, Ki
Larger values imply steady state errors are eliminated more 
quickly. The trade-off is larger overshoot: any negative error 
integrated during transient response must be integrated 
away by positive error before reaching steady state.



Proportional-Integral-Derivative (PID) Control

Derivative gain, Kd
Larger values decrease overshoot, but 
slow down transient response and may 
lead to instability due to signal noise 
amplification in the differentiation of the 
error.



Conceptual Framework: 
Servo-Control for Spinal Reflexes 

Nichols and Houk, JNP 1976
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Sensory and motor delays make 
PID controllers unstable
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Inconvenient Truths about servo-control: 

- Delayed sensory feedback
- Intersegmental dynamics would cause curved hand trajectories 
- De-afferented monkeys can move to spatial goals
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A lively debate remains on the interpretation of
correlates of hand motion taken from neural activity in
M1 (REFS 82–85). Theoretical studies have shown that
neural activity can predict the direction of hand motion
even if neurons code other details of motor performance
such as muscle activity or joint motion86–88.As described
below,neural activity correlates with many features of
movement other than hand motion. Furthermore,
recent studies in which reaching movements were per-
formed with the arm in the horizontal plane found that
population vectors did not always predict the direction
of motion89,90 (FIG. 2).Population vectors tended to be
skewed either away from and to the left of the monkey,
or towards and to the right of the monkey.Vector length
varied substantially even though hand velocity remained
invariant across spatial directions.

Clearly, for monkeys to reach to spatial targets,
population vectors are not required to point in the
direction of hand motion.More accurate mathematical
techniques can be used to predict hand motion88, but
such techniques can predict almost any other variable 
of movement. Estimates of hand direction can be 
computed from shoulder and elbow muscle activity87,
but that does not mean that these muscles directly 
control hand motion beyond the obvious link between
muscular force and limb motion.

Although concerns have been raised regarding the
importance of neural correlates of the direction of hand
motion in M1, such correlates remain appealing
because they directly link neural processing in the brain
to a key feature of motor behaviour34,60–62.

M1 and the motor periphery. A second stream of
research relates neural processing in M1 to the motor
periphery. This approach can be viewed within the
framework of internal models, neural processes that
mimic the properties of the limb or the environ-
ment23,24,91. Such models reflect the association between
motor commands and limb movement, or vice versa.
The concept of internal models has been particularly
influential for studying human sensorimotor control
and motor learning.

There is evidence that M1 behaves like or forms part
of an inverse internal model, converting spatial goals or
hand trajectories into detailed motor patterns to control
the limb musculature50,92. Such a framework explains
many of the characteristics of neural activity in M1,
such as correlations with patterns of muscle activity93,94.
More importantly, activity in M1 before the onset of
movement is altered by peripheral factors such as the
position of the limb in space70,95, arm geometry76, joint
power89 and force output45,75. All of these provide corre-
lates of an internal model for initiating movements.

Although the concept of internal models helps to
link M1 activity and function to the management and
control of limb mechanics, this framework is rather
vague. It helps to explain why M1 activity reflects many
of the features of the motor periphery, but it does not
explain how the brain can create emergent behaviour
such as relatively straight hand paths and bell-shaped
velocity profiles. Some neurons in M1 reflect features of

colleagues trained monkeys to make whole-limb reaching
movements in different directions, and related neural
activity to hand motion64. The activity of individual 
neurons in M1 was broadly tuned to the direction of
hand motion — activity was maximal for motion in the
cell’s preferred direction, and decreased progressively for
movements away from this (FIG. 2). A population vector
that compared activity across the ensemble of recorded
neurons could predict the direction of hand movement65.
Subsequent studies have shown that neural activity in M1
correlates with many hand-related variables, including
hand direction, speed and movement distance66,67.Neural
correlates of hand motion are found in parietal area 5
(REF. 68), the primary somatosensory cortex69, the dorsal
premotor cortex66,70, the cerebellum71, the dorsal spino-
cerebellar tract72,muscle afferents73,74 and even proximal-
limb muscle activity75,76. It has been suggested that neural
activity related to hand motion provides a higher-order
common language that allows M1 to communicate with
other brain regions77.

Although neural correlates of hand motion in M1
provide an important link to motor behaviour, it leaves
the spinal cord with the problem of converting these
high-level signals into patterns of muscle activity78.
In theory, the spinal cord could support a mapping
between hand motion and proximal-limb muscle activi-
ties. The spinal cord can create complex multi-joint and
multi-limb reflexive motor responses79–81.

However, a key feature of volitional motor control is
the ability to adjust motor patterns on the basis of the
behavioural context. In addition, loads can be applied
anywhere on the body. Therefore, if some descending
commands to the spinal cord specified the kinematics of
hand motion, other descending signals would be
required to consider environmental forces.
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How can open loop control manage 
sensory and motor noise?

Hamilton et al., JNP 2003 Scott and Loeb, J. Neurosci. 1994
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Motor behaviour
Body movements are smooth,despite the complexities
of the peripheral motor system. For example, hand 
trajectories remain relatively straight from start to end,
and hand velocity follows a smooth, bell-shaped pro-
file19,20 (FIG. 1). This smoothness at least partially reflects
the low-pass filter properties of muscle21.Perturbations
of the hand during slow movements are corrected back
towards the unperturbed trajectory, indicating that
feedback is used to maintain a relatively straight hand
trajectory, at least under these conditions22. Such simple
features of hand motion mean that the CNS compen-
sates for the complexities of limb mechanics.

The motor system can also adapt to changes in 
the mechanical environment. Lackner and DiZio23

observed how subjects performed reaching movements
before,during and after they sat in a room that rotated
at 6 rpm, creating a coriolis force on the limb. When
subjects performed their first reaching movements 
with the right arm in the rotating room, after the otolith
organs no longer sensed room rotations, the move-
ments were curved to the right. However, after several
trials, reaching movements returned to relatively
straight trajectories, similar to those seen before the
room began to rotate.When the room stopped rotating,
initial reaches were curved to the left, and subjects 
perceived that a strange force had pushed their limb.
Again, reaching movements quickly returned to near
straight trajectories. When a hand-held robot applied
loads during reaching, the results were similar24.
Many studies have shown that relatively straight hand
trajectories are preserved after various perceptual and
mechanical perturbations25–28.

Although movements are smooth, motor perfor-
mance shows considerable trial-to-trial variability,
which partially reflects inherent noise in the system
related to both sensory and motor signals29–31.However,
some features of motor performance, particularly 
task-relevant features, are tightly controlled32–34.
For example, fluctuations in joint configurations that
influence the orientation of a subject pointing a laser at
a spatial target are reduced, whereas patterns that do not
influence laser orientation are more variable35. There is a
growing body of literature that illustrates how the
motor system considers the influence of noise and 
variability in motor planning and control36–40.

Motor behaviour shows several key features.
Movements are smooth, highly adaptable and show
selective patterns of variability that reflect economy of
task-relevant features of motor performance. In spite 
of the complexities of limb mechanics, a hallmark of
motor performance is smooth and relatively straight
hand trajectories.

Neural centres of sensorimotor control
Sensorimotor function is created from a highly 
distributed circuit that includes the spinal cord,
brainstem and cerebral cortex (BOX 1). The spinal level 
supports the ‘most automatic’ movements, including
reflexes, as well as more complex multi-joint and multi-
limb sensorimotor responses. The cortex supports the

can markedly influence limb mechanics13. This article
largely focuses on proximal-arm movements,but there
are more challenging mechanical problems for hand16,17

and orofacial18 motor function.

Box 2 | Optimal feedback control

For a review of this topic, see REF. 121. The basic principle of optimal feedback control is
that feedback gains are optimized on the basis of some index of performance (see panel a,
modified, with permission, from REF. 187 © (2002) Macmillan Magazines Ltd). Such
controllers correct variations (errors) if they influence the goal of the task; otherwise, they
are ignored.Optimal state estimation is created by combining feedback signals and
efferent copy of motor commands. The latter uses a forward internal model to convert
motor commands to state variables.

A key feature of optimal feedback control can be understood by considering a problem
where a system must attain a value of 2.0 using two control signals (b)38.Nominally, each
control signal could be selected to be 1.0 (X1 = X2 = 1.0).When these commands are
implemented,noise in the system might modify the output such that both signals equal
1.1. The best strategy is to reduce both of the control signals towards 1. In another case,
one control signal equals 1.1,but the other equals 0.9. Both values have changed,but the
objective to attain a total of 2.0 has been attained, so it is better not to modify the signals.
The left diagram illustrates how initial errors in control signals (round circle) are corrected
towards a line where X1 + X2 = 2.0 (thick oval). The errors show the effects of the control
signals at four different initial states,all of which point towards the line that defines the
task goal. The right diagram illustrates how initial errors (large round circle) are reduced
equally (thick smaller circle) by a traditional controller.Note that the arrows signifying
corrective signals all point towards the middle of the circle, the nominal control signals.

The middle diagram compares the final errors of the optimal and traditional controllers.
The correct solution falls along the line X1 + X2 = 2.0,and distances perpendicular to this
line reflect errors in overall performance. The traditional controller creates the greatest
errors and the optimal controller minimizes these larger errors.

Another interesting feature of optimal feedback controllers is that desired trajectories do
not need to be planned explicitly but simply fall out from the feedback control laws. The
middle panel of c illustrates the trial-to-trial variability of hand motion when subjects hit a
ping-pong ball. This variability in performance is lost if a controller is optimal for
trajectory tracking,but is captured by an optimal feedback controller that is based on
global task errors.
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Motor behaviour
Body movements are smooth,despite the complexities
of the peripheral motor system. For example, hand 
trajectories remain relatively straight from start to end,
and hand velocity follows a smooth, bell-shaped pro-
file19,20 (FIG. 1). This smoothness at least partially reflects
the low-pass filter properties of muscle21.Perturbations
of the hand during slow movements are corrected back
towards the unperturbed trajectory, indicating that
feedback is used to maintain a relatively straight hand
trajectory, at least under these conditions22. Such simple
features of hand motion mean that the CNS compen-
sates for the complexities of limb mechanics.

The motor system can also adapt to changes in 
the mechanical environment. Lackner and DiZio23

observed how subjects performed reaching movements
before,during and after they sat in a room that rotated
at 6 rpm, creating a coriolis force on the limb. When
subjects performed their first reaching movements 
with the right arm in the rotating room, after the otolith
organs no longer sensed room rotations, the move-
ments were curved to the right. However, after several
trials, reaching movements returned to relatively
straight trajectories, similar to those seen before the
room began to rotate.When the room stopped rotating,
initial reaches were curved to the left, and subjects 
perceived that a strange force had pushed their limb.
Again, reaching movements quickly returned to near
straight trajectories. When a hand-held robot applied
loads during reaching, the results were similar24.
Many studies have shown that relatively straight hand
trajectories are preserved after various perceptual and
mechanical perturbations25–28.

Although movements are smooth, motor perfor-
mance shows considerable trial-to-trial variability,
which partially reflects inherent noise in the system
related to both sensory and motor signals29–31.However,
some features of motor performance, particularly 
task-relevant features, are tightly controlled32–34.
For example, fluctuations in joint configurations that
influence the orientation of a subject pointing a laser at
a spatial target are reduced, whereas patterns that do not
influence laser orientation are more variable35. There is a
growing body of literature that illustrates how the
motor system considers the influence of noise and 
variability in motor planning and control36–40.

Motor behaviour shows several key features.
Movements are smooth, highly adaptable and show
selective patterns of variability that reflect economy of
task-relevant features of motor performance. In spite 
of the complexities of limb mechanics, a hallmark of
motor performance is smooth and relatively straight
hand trajectories.

Neural centres of sensorimotor control
Sensorimotor function is created from a highly 
distributed circuit that includes the spinal cord,
brainstem and cerebral cortex (BOX 1). The spinal level 
supports the ‘most automatic’ movements, including
reflexes, as well as more complex multi-joint and multi-
limb sensorimotor responses. The cortex supports the

can markedly influence limb mechanics13. This article
largely focuses on proximal-arm movements,but there
are more challenging mechanical problems for hand16,17

and orofacial18 motor function.

Box 2 | Optimal feedback control

For a review of this topic, see REF. 121. The basic principle of optimal feedback control is
that feedback gains are optimized on the basis of some index of performance (see panel a,
modified, with permission, from REF. 187 © (2002) Macmillan Magazines Ltd). Such
controllers correct variations (errors) if they influence the goal of the task; otherwise, they
are ignored.Optimal state estimation is created by combining feedback signals and
efferent copy of motor commands. The latter uses a forward internal model to convert
motor commands to state variables.

A key feature of optimal feedback control can be understood by considering a problem
where a system must attain a value of 2.0 using two control signals (b)38.Nominally, each
control signal could be selected to be 1.0 (X1 = X2 = 1.0).When these commands are
implemented,noise in the system might modify the output such that both signals equal
1.1. The best strategy is to reduce both of the control signals towards 1. In another case,
one control signal equals 1.1,but the other equals 0.9. Both values have changed,but the
objective to attain a total of 2.0 has been attained, so it is better not to modify the signals.
The left diagram illustrates how initial errors in control signals (round circle) are corrected
towards a line where X1 + X2 = 2.0 (thick oval). The errors show the effects of the control
signals at four different initial states,all of which point towards the line that defines the
task goal. The right diagram illustrates how initial errors (large round circle) are reduced
equally (thick smaller circle) by a traditional controller.Note that the arrows signifying
corrective signals all point towards the middle of the circle, the nominal control signals.

The middle diagram compares the final errors of the optimal and traditional controllers.
The correct solution falls along the line X1 + X2 = 2.0,and distances perpendicular to this
line reflect errors in overall performance. The traditional controller creates the greatest
errors and the optimal controller minimizes these larger errors.

Another interesting feature of optimal feedback controllers is that desired trajectories do
not need to be planned explicitly but simply fall out from the feedback control laws. The
middle panel of c illustrates the trial-to-trial variability of hand motion when subjects hit a
ping-pong ball. This variability in performance is lost if a controller is optimal for
trajectory tracking,but is captured by an optimal feedback controller that is based on
global task errors.
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Motor behaviour
Body movements are smooth,despite the complexities
of the peripheral motor system. For example, hand 
trajectories remain relatively straight from start to end,
and hand velocity follows a smooth, bell-shaped pro-
file19,20 (FIG. 1). This smoothness at least partially reflects
the low-pass filter properties of muscle21.Perturbations
of the hand during slow movements are corrected back
towards the unperturbed trajectory, indicating that
feedback is used to maintain a relatively straight hand
trajectory, at least under these conditions22. Such simple
features of hand motion mean that the CNS compen-
sates for the complexities of limb mechanics.

The motor system can also adapt to changes in 
the mechanical environment. Lackner and DiZio23

observed how subjects performed reaching movements
before,during and after they sat in a room that rotated
at 6 rpm, creating a coriolis force on the limb. When
subjects performed their first reaching movements 
with the right arm in the rotating room, after the otolith
organs no longer sensed room rotations, the move-
ments were curved to the right. However, after several
trials, reaching movements returned to relatively
straight trajectories, similar to those seen before the
room began to rotate.When the room stopped rotating,
initial reaches were curved to the left, and subjects 
perceived that a strange force had pushed their limb.
Again, reaching movements quickly returned to near
straight trajectories. When a hand-held robot applied
loads during reaching, the results were similar24.
Many studies have shown that relatively straight hand
trajectories are preserved after various perceptual and
mechanical perturbations25–28.

Although movements are smooth, motor perfor-
mance shows considerable trial-to-trial variability,
which partially reflects inherent noise in the system
related to both sensory and motor signals29–31.However,
some features of motor performance, particularly 
task-relevant features, are tightly controlled32–34.
For example, fluctuations in joint configurations that
influence the orientation of a subject pointing a laser at
a spatial target are reduced, whereas patterns that do not
influence laser orientation are more variable35. There is a
growing body of literature that illustrates how the
motor system considers the influence of noise and 
variability in motor planning and control36–40.

Motor behaviour shows several key features.
Movements are smooth, highly adaptable and show
selective patterns of variability that reflect economy of
task-relevant features of motor performance. In spite 
of the complexities of limb mechanics, a hallmark of
motor performance is smooth and relatively straight
hand trajectories.

Neural centres of sensorimotor control
Sensorimotor function is created from a highly 
distributed circuit that includes the spinal cord,
brainstem and cerebral cortex (BOX 1). The spinal level 
supports the ‘most automatic’ movements, including
reflexes, as well as more complex multi-joint and multi-
limb sensorimotor responses. The cortex supports the

can markedly influence limb mechanics13. This article
largely focuses on proximal-arm movements,but there
are more challenging mechanical problems for hand16,17

and orofacial18 motor function.

Box 2 | Optimal feedback control

For a review of this topic, see REF. 121. The basic principle of optimal feedback control is
that feedback gains are optimized on the basis of some index of performance (see panel a,
modified, with permission, from REF. 187 © (2002) Macmillan Magazines Ltd). Such
controllers correct variations (errors) if they influence the goal of the task; otherwise, they
are ignored.Optimal state estimation is created by combining feedback signals and
efferent copy of motor commands. The latter uses a forward internal model to convert
motor commands to state variables.

A key feature of optimal feedback control can be understood by considering a problem
where a system must attain a value of 2.0 using two control signals (b)38.Nominally, each
control signal could be selected to be 1.0 (X1 = X2 = 1.0).When these commands are
implemented,noise in the system might modify the output such that both signals equal
1.1. The best strategy is to reduce both of the control signals towards 1. In another case,
one control signal equals 1.1,but the other equals 0.9. Both values have changed,but the
objective to attain a total of 2.0 has been attained, so it is better not to modify the signals.
The left diagram illustrates how initial errors in control signals (round circle) are corrected
towards a line where X1 + X2 = 2.0 (thick oval). The errors show the effects of the control
signals at four different initial states,all of which point towards the line that defines the
task goal. The right diagram illustrates how initial errors (large round circle) are reduced
equally (thick smaller circle) by a traditional controller.Note that the arrows signifying
corrective signals all point towards the middle of the circle, the nominal control signals.

The middle diagram compares the final errors of the optimal and traditional controllers.
The correct solution falls along the line X1 + X2 = 2.0,and distances perpendicular to this
line reflect errors in overall performance. The traditional controller creates the greatest
errors and the optimal controller minimizes these larger errors.

Another interesting feature of optimal feedback controllers is that desired trajectories do
not need to be planned explicitly but simply fall out from the feedback control laws. The
middle panel of c illustrates the trial-to-trial variability of hand motion when subjects hit a
ping-pong ball. This variability in performance is lost if a controller is optimal for
trajectory tracking,but is captured by an optimal feedback controller that is based on
global task errors.
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Motor behaviour
Body movements are smooth,despite the complexities
of the peripheral motor system. For example, hand 
trajectories remain relatively straight from start to end,
and hand velocity follows a smooth, bell-shaped pro-
file19,20 (FIG. 1). This smoothness at least partially reflects
the low-pass filter properties of muscle21.Perturbations
of the hand during slow movements are corrected back
towards the unperturbed trajectory, indicating that
feedback is used to maintain a relatively straight hand
trajectory, at least under these conditions22. Such simple
features of hand motion mean that the CNS compen-
sates for the complexities of limb mechanics.

The motor system can also adapt to changes in 
the mechanical environment. Lackner and DiZio23

observed how subjects performed reaching movements
before,during and after they sat in a room that rotated
at 6 rpm, creating a coriolis force on the limb. When
subjects performed their first reaching movements 
with the right arm in the rotating room, after the otolith
organs no longer sensed room rotations, the move-
ments were curved to the right. However, after several
trials, reaching movements returned to relatively
straight trajectories, similar to those seen before the
room began to rotate.When the room stopped rotating,
initial reaches were curved to the left, and subjects 
perceived that a strange force had pushed their limb.
Again, reaching movements quickly returned to near
straight trajectories. When a hand-held robot applied
loads during reaching, the results were similar24.
Many studies have shown that relatively straight hand
trajectories are preserved after various perceptual and
mechanical perturbations25–28.

Although movements are smooth, motor perfor-
mance shows considerable trial-to-trial variability,
which partially reflects inherent noise in the system
related to both sensory and motor signals29–31.However,
some features of motor performance, particularly 
task-relevant features, are tightly controlled32–34.
For example, fluctuations in joint configurations that
influence the orientation of a subject pointing a laser at
a spatial target are reduced, whereas patterns that do not
influence laser orientation are more variable35. There is a
growing body of literature that illustrates how the
motor system considers the influence of noise and 
variability in motor planning and control36–40.

Motor behaviour shows several key features.
Movements are smooth, highly adaptable and show
selective patterns of variability that reflect economy of
task-relevant features of motor performance. In spite 
of the complexities of limb mechanics, a hallmark of
motor performance is smooth and relatively straight
hand trajectories.

Neural centres of sensorimotor control
Sensorimotor function is created from a highly 
distributed circuit that includes the spinal cord,
brainstem and cerebral cortex (BOX 1). The spinal level 
supports the ‘most automatic’ movements, including
reflexes, as well as more complex multi-joint and multi-
limb sensorimotor responses. The cortex supports the

can markedly influence limb mechanics13. This article
largely focuses on proximal-arm movements,but there
are more challenging mechanical problems for hand16,17

and orofacial18 motor function.

Box 2 | Optimal feedback control

For a review of this topic, see REF. 121. The basic principle of optimal feedback control is
that feedback gains are optimized on the basis of some index of performance (see panel a,
modified, with permission, from REF. 187 © (2002) Macmillan Magazines Ltd). Such
controllers correct variations (errors) if they influence the goal of the task; otherwise, they
are ignored.Optimal state estimation is created by combining feedback signals and
efferent copy of motor commands. The latter uses a forward internal model to convert
motor commands to state variables.

A key feature of optimal feedback control can be understood by considering a problem
where a system must attain a value of 2.0 using two control signals (b)38.Nominally, each
control signal could be selected to be 1.0 (X1 = X2 = 1.0).When these commands are
implemented,noise in the system might modify the output such that both signals equal
1.1. The best strategy is to reduce both of the control signals towards 1. In another case,
one control signal equals 1.1,but the other equals 0.9. Both values have changed,but the
objective to attain a total of 2.0 has been attained, so it is better not to modify the signals.
The left diagram illustrates how initial errors in control signals (round circle) are corrected
towards a line where X1 + X2 = 2.0 (thick oval). The errors show the effects of the control
signals at four different initial states,all of which point towards the line that defines the
task goal. The right diagram illustrates how initial errors (large round circle) are reduced
equally (thick smaller circle) by a traditional controller.Note that the arrows signifying
corrective signals all point towards the middle of the circle, the nominal control signals.

The middle diagram compares the final errors of the optimal and traditional controllers.
The correct solution falls along the line X1 + X2 = 2.0,and distances perpendicular to this
line reflect errors in overall performance. The traditional controller creates the greatest
errors and the optimal controller minimizes these larger errors.

Another interesting feature of optimal feedback controllers is that desired trajectories do
not need to be planned explicitly but simply fall out from the feedback control laws. The
middle panel of c illustrates the trial-to-trial variability of hand motion when subjects hit a
ping-pong ball. This variability in performance is lost if a controller is optimal for
trajectory tracking,but is captured by an optimal feedback controller that is based on
global task errors.
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Task: hit a target with a ping pong ball
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Motor behaviour
Body movements are smooth,despite the complexities
of the peripheral motor system. For example, hand 
trajectories remain relatively straight from start to end,
and hand velocity follows a smooth, bell-shaped pro-
file19,20 (FIG. 1). This smoothness at least partially reflects
the low-pass filter properties of muscle21.Perturbations
of the hand during slow movements are corrected back
towards the unperturbed trajectory, indicating that
feedback is used to maintain a relatively straight hand
trajectory, at least under these conditions22. Such simple
features of hand motion mean that the CNS compen-
sates for the complexities of limb mechanics.

The motor system can also adapt to changes in 
the mechanical environment. Lackner and DiZio23

observed how subjects performed reaching movements
before,during and after they sat in a room that rotated
at 6 rpm, creating a coriolis force on the limb. When
subjects performed their first reaching movements 
with the right arm in the rotating room, after the otolith
organs no longer sensed room rotations, the move-
ments were curved to the right. However, after several
trials, reaching movements returned to relatively
straight trajectories, similar to those seen before the
room began to rotate.When the room stopped rotating,
initial reaches were curved to the left, and subjects 
perceived that a strange force had pushed their limb.
Again, reaching movements quickly returned to near
straight trajectories. When a hand-held robot applied
loads during reaching, the results were similar24.
Many studies have shown that relatively straight hand
trajectories are preserved after various perceptual and
mechanical perturbations25–28.

Although movements are smooth, motor perfor-
mance shows considerable trial-to-trial variability,
which partially reflects inherent noise in the system
related to both sensory and motor signals29–31.However,
some features of motor performance, particularly 
task-relevant features, are tightly controlled32–34.
For example, fluctuations in joint configurations that
influence the orientation of a subject pointing a laser at
a spatial target are reduced, whereas patterns that do not
influence laser orientation are more variable35. There is a
growing body of literature that illustrates how the
motor system considers the influence of noise and 
variability in motor planning and control36–40.

Motor behaviour shows several key features.
Movements are smooth, highly adaptable and show
selective patterns of variability that reflect economy of
task-relevant features of motor performance. In spite 
of the complexities of limb mechanics, a hallmark of
motor performance is smooth and relatively straight
hand trajectories.

Neural centres of sensorimotor control
Sensorimotor function is created from a highly 
distributed circuit that includes the spinal cord,
brainstem and cerebral cortex (BOX 1). The spinal level 
supports the ‘most automatic’ movements, including
reflexes, as well as more complex multi-joint and multi-
limb sensorimotor responses. The cortex supports the

can markedly influence limb mechanics13. This article
largely focuses on proximal-arm movements,but there
are more challenging mechanical problems for hand16,17

and orofacial18 motor function.

Box 2 | Optimal feedback control

For a review of this topic, see REF. 121. The basic principle of optimal feedback control is
that feedback gains are optimized on the basis of some index of performance (see panel a,
modified, with permission, from REF. 187 © (2002) Macmillan Magazines Ltd). Such
controllers correct variations (errors) if they influence the goal of the task; otherwise, they
are ignored.Optimal state estimation is created by combining feedback signals and
efferent copy of motor commands. The latter uses a forward internal model to convert
motor commands to state variables.

A key feature of optimal feedback control can be understood by considering a problem
where a system must attain a value of 2.0 using two control signals (b)38.Nominally, each
control signal could be selected to be 1.0 (X1 = X2 = 1.0).When these commands are
implemented,noise in the system might modify the output such that both signals equal
1.1. The best strategy is to reduce both of the control signals towards 1. In another case,
one control signal equals 1.1,but the other equals 0.9. Both values have changed,but the
objective to attain a total of 2.0 has been attained, so it is better not to modify the signals.
The left diagram illustrates how initial errors in control signals (round circle) are corrected
towards a line where X1 + X2 = 2.0 (thick oval). The errors show the effects of the control
signals at four different initial states,all of which point towards the line that defines the
task goal. The right diagram illustrates how initial errors (large round circle) are reduced
equally (thick smaller circle) by a traditional controller.Note that the arrows signifying
corrective signals all point towards the middle of the circle, the nominal control signals.

The middle diagram compares the final errors of the optimal and traditional controllers.
The correct solution falls along the line X1 + X2 = 2.0,and distances perpendicular to this
line reflect errors in overall performance. The traditional controller creates the greatest
errors and the optimal controller minimizes these larger errors.

Another interesting feature of optimal feedback controllers is that desired trajectories do
not need to be planned explicitly but simply fall out from the feedback control laws. The
middle panel of c illustrates the trial-to-trial variability of hand motion when subjects hit a
ping-pong ball. This variability in performance is lost if a controller is optimal for
trajectory tracking,but is captured by an optimal feedback controller that is based on
global task errors.
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(Todorov and Jordan, 2002)

Target
Errors

Target
Errors

Target

OFC for goal
(Hit Target)OFC for best trajectory

Note: OFC model for hitting target has less errors than OFC 
model that tried to maintain a best or desired trajectory 



Variable, but successful movements

Ellipses represent trial-to-trial variability of 
finger position during trial.

Task: Move finger to target. Must 
reach over cabinet.

Movement variability is high in the middle of the 
trial when avoiding cabinet edge, but variability is 
very small at end of movement.

Start

Finish



He, Levine, Loeb, IEEE
Trans on Automatic
Control 36:322-332,
1991

Optimal feedback control for postural 
adjustments in cat hindlimb

Foot slip

OFC model of cat 
hindlimb

Positive Feedback 
gains

Negative Feedback 
gains

Problem: How to use feedback to 
correct for foot slip



He, Levine, Loeb, IEEE
Trans on Automatic
Control 36:322-332,
1991

Optimal feedback control for postural 
adjustments in cat hindlimb

Foot slip

Positive Feedback gains
Problem: How to use feedback to 
turn on the correct muscles to 

respond to a slip of the foot

Note: 
1. Activity of a muscle depends on feedback 
from many sensory signals.
2. No signal specifies foot direction

OFC model of cat hindlimb

sensory feedback signals on this axis

Theta: Joint Angle Feedback
Theta dot: Joint Velocity Feedback
1b: Golgi tendon Organ (negative force feedback)
1a: Primary muscle afferent
RC: Renshaw cells (actually in spinal cord but provide inhibitory feedback onto motoneurons

Negative Feedback 
gains



Spinalized Turtle Wiping Re!ex

Field-Fote and Stein JNP 78:1394-1403, JNP



Spinalized Turtle Wiping Re!ex

Field-Fote and Stein JNP 78:1394-1403, JNP
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Motor behaviour
Body movements are smooth,despite the complexities
of the peripheral motor system. For example, hand 
trajectories remain relatively straight from start to end,
and hand velocity follows a smooth, bell-shaped pro-
file19,20 (FIG. 1). This smoothness at least partially reflects
the low-pass filter properties of muscle21.Perturbations
of the hand during slow movements are corrected back
towards the unperturbed trajectory, indicating that
feedback is used to maintain a relatively straight hand
trajectory, at least under these conditions22. Such simple
features of hand motion mean that the CNS compen-
sates for the complexities of limb mechanics.

The motor system can also adapt to changes in 
the mechanical environment. Lackner and DiZio23

observed how subjects performed reaching movements
before,during and after they sat in a room that rotated
at 6 rpm, creating a coriolis force on the limb. When
subjects performed their first reaching movements 
with the right arm in the rotating room, after the otolith
organs no longer sensed room rotations, the move-
ments were curved to the right. However, after several
trials, reaching movements returned to relatively
straight trajectories, similar to those seen before the
room began to rotate.When the room stopped rotating,
initial reaches were curved to the left, and subjects 
perceived that a strange force had pushed their limb.
Again, reaching movements quickly returned to near
straight trajectories. When a hand-held robot applied
loads during reaching, the results were similar24.
Many studies have shown that relatively straight hand
trajectories are preserved after various perceptual and
mechanical perturbations25–28.

Although movements are smooth, motor perfor-
mance shows considerable trial-to-trial variability,
which partially reflects inherent noise in the system
related to both sensory and motor signals29–31.However,
some features of motor performance, particularly 
task-relevant features, are tightly controlled32–34.
For example, fluctuations in joint configurations that
influence the orientation of a subject pointing a laser at
a spatial target are reduced, whereas patterns that do not
influence laser orientation are more variable35. There is a
growing body of literature that illustrates how the
motor system considers the influence of noise and 
variability in motor planning and control36–40.

Motor behaviour shows several key features.
Movements are smooth, highly adaptable and show
selective patterns of variability that reflect economy of
task-relevant features of motor performance. In spite 
of the complexities of limb mechanics, a hallmark of
motor performance is smooth and relatively straight
hand trajectories.

Neural centres of sensorimotor control
Sensorimotor function is created from a highly 
distributed circuit that includes the spinal cord,
brainstem and cerebral cortex (BOX 1). The spinal level 
supports the ‘most automatic’ movements, including
reflexes, as well as more complex multi-joint and multi-
limb sensorimotor responses. The cortex supports the

can markedly influence limb mechanics13. This article
largely focuses on proximal-arm movements,but there
are more challenging mechanical problems for hand16,17

and orofacial18 motor function.

Box 2 | Optimal feedback control

For a review of this topic, see REF. 121. The basic principle of optimal feedback control is
that feedback gains are optimized on the basis of some index of performance (see panel a,
modified, with permission, from REF. 187 © (2002) Macmillan Magazines Ltd). Such
controllers correct variations (errors) if they influence the goal of the task; otherwise, they
are ignored.Optimal state estimation is created by combining feedback signals and
efferent copy of motor commands. The latter uses a forward internal model to convert
motor commands to state variables.

A key feature of optimal feedback control can be understood by considering a problem
where a system must attain a value of 2.0 using two control signals (b)38.Nominally, each
control signal could be selected to be 1.0 (X1 = X2 = 1.0).When these commands are
implemented,noise in the system might modify the output such that both signals equal
1.1. The best strategy is to reduce both of the control signals towards 1. In another case,
one control signal equals 1.1,but the other equals 0.9. Both values have changed,but the
objective to attain a total of 2.0 has been attained, so it is better not to modify the signals.
The left diagram illustrates how initial errors in control signals (round circle) are corrected
towards a line where X1 + X2 = 2.0 (thick oval). The errors show the effects of the control
signals at four different initial states,all of which point towards the line that defines the
task goal. The right diagram illustrates how initial errors (large round circle) are reduced
equally (thick smaller circle) by a traditional controller.Note that the arrows signifying
corrective signals all point towards the middle of the circle, the nominal control signals.

The middle diagram compares the final errors of the optimal and traditional controllers.
The correct solution falls along the line X1 + X2 = 2.0,and distances perpendicular to this
line reflect errors in overall performance. The traditional controller creates the greatest
errors and the optimal controller minimizes these larger errors.

Another interesting feature of optimal feedback controllers is that desired trajectories do
not need to be planned explicitly but simply fall out from the feedback control laws. The
middle panel of c illustrates the trial-to-trial variability of hand motion when subjects hit a
ping-pong ball. This variability in performance is lost if a controller is optimal for
trajectory tracking,but is captured by an optimal feedback controller that is based on
global task errors.
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Task Selection (Reaching)
Target Position

Initial Arm Position
Nominal Speed

Diagram from Scott, Nat. Rev. Neurosci. 2004

Optimal Feedback Control: Feedback that is 
task dependent



Optimal Feedback Control predicts flexible use of feedback

Diedrichsen, Current Biology (2006)

Perturb left limb DOES
NOT affect right limb

Perturb left limb DOES
affect right limb

Each hand has a 
separate goal

Hand work together 
for a single common 

goal



10 cm

Voluntary

Stretch Reflex

The Continuum of Motor Action

Reflexive

Visual-guided Reaching

=
?!

Do stretch reflexes 
possess all of the 
sophistication of 

voluntary control?



Study stretch responses to probe corrective responses

Proprioceptive Feedback

Visual Feedback

Voluntary (R4)

100ms

100uv

Stretch-Related Muscle Activity

R1 R2 R3

Short-Latency
Reflex

Long-Latency
Reflex

Perturb
Onset

Single-Joint Perturbation

100 ms50 ms

Step-Torque Perturbation

Feedback Matters for Voluntary Control!

Short-latency response: 
Spinal

Long-latency response:
Spinal and Cortical



Task	  constraints	  and	  motor	  control
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Two-dimensional Paradigm

• Two-dimensional planar motor task involving shoulder and elbow

• Can apply joint- or hand-based loads

• Augmented reality system displays targets in the plane of the task

KINARM robot



Influence	  of	  target	  shape	  on	  correc5ve	  response

• perturba5ons	  on	  20%	  of	  
trials

• visual-‐feedback	  removed	  at	  
perturba5on	  onset

31

P P PNashed, Crevecoeur and Scott 
Journal of Neurophysiology (2012)
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What if the player gets hit sideways?

Making decisions while moving



How	  should	  you	  move	  to	  a	  goal?	  
In	  Op5mal	  Feedback	  Control,	  the	  Cost-‐to-‐go	  defines	  how	  to	  best	  reach	  a	  goal
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Optimal Feedback Control Model

Exemplar Subject
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• Reach target and 
avoid blue obstacles

• all trials interleaved

• no perturbations on 
majority of trials

• visual feedback of 
hand removed at 
perturbation onset

Reach to target with peripheral obstacles
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Optimal Feedback Control Model

Exemplar Subject

5 cm
X

Y

5 cm
X

Y

Large Perturb Medium Perturb  Small Perturb Small PerturbUnperturbed

Large Perturb Medium Perturb  Small Perturb Small PerturbUnperturbed

Rapid corrective responses consider 
alternate trajectories

40 12166 6# trials

Nashed et al., J. Neurosci. 2014
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Influence	  of	  Goal	  Complexity	  on	  
Correc5ve	  Responses

40

Medium	  Perturba5onsLarge	  Perturba5ons

Note:	  Inflec5ons	  in	  trajectory	  towards	  central	  target	  for	  large	  perturba5ons



Goal	  switching	  occurs	  at	  ~75ms
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How	  vs.	  What

42

2 cm

How	  to	  aeain	  a	  goal	  
R2	  response:	  60ms

What	  goal	  to	  select
R3	  response:	  75ms

Nashed et al., J. Neurosci. 2014



Biomechanics

Limb Mechanics

Force

Velocity

Limb Anatomy

Muscle Mechanics



Do stretch responses have knowledge of 
limb mechanics?

1. Possible Perturbations 2. Resultant Motion 3. Motor Response

what perturbation
caused this motion?
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Limb mechanics causes interactions between shoulder and elbow



Applied Torque Induced Motion

Do rapid motor responses (re!exes) have 
knowledge of limb mechanics?

Isaac Kurtzer

Kurtzer et al., Current Biology, 2008

Same shoulder motion, 
different underlying torques
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Same shoulder motion, 
different underlying torques
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Motor behaviour
Body movements are smooth,despite the complexities
of the peripheral motor system. For example, hand 
trajectories remain relatively straight from start to end,
and hand velocity follows a smooth, bell-shaped pro-
file19,20 (FIG. 1). This smoothness at least partially reflects
the low-pass filter properties of muscle21.Perturbations
of the hand during slow movements are corrected back
towards the unperturbed trajectory, indicating that
feedback is used to maintain a relatively straight hand
trajectory, at least under these conditions22. Such simple
features of hand motion mean that the CNS compen-
sates for the complexities of limb mechanics.

The motor system can also adapt to changes in 
the mechanical environment. Lackner and DiZio23

observed how subjects performed reaching movements
before,during and after they sat in a room that rotated
at 6 rpm, creating a coriolis force on the limb. When
subjects performed their first reaching movements 
with the right arm in the rotating room, after the otolith
organs no longer sensed room rotations, the move-
ments were curved to the right. However, after several
trials, reaching movements returned to relatively
straight trajectories, similar to those seen before the
room began to rotate.When the room stopped rotating,
initial reaches were curved to the left, and subjects 
perceived that a strange force had pushed their limb.
Again, reaching movements quickly returned to near
straight trajectories. When a hand-held robot applied
loads during reaching, the results were similar24.
Many studies have shown that relatively straight hand
trajectories are preserved after various perceptual and
mechanical perturbations25–28.

Although movements are smooth, motor perfor-
mance shows considerable trial-to-trial variability,
which partially reflects inherent noise in the system
related to both sensory and motor signals29–31.However,
some features of motor performance, particularly 
task-relevant features, are tightly controlled32–34.
For example, fluctuations in joint configurations that
influence the orientation of a subject pointing a laser at
a spatial target are reduced, whereas patterns that do not
influence laser orientation are more variable35. There is a
growing body of literature that illustrates how the
motor system considers the influence of noise and 
variability in motor planning and control36–40.

Motor behaviour shows several key features.
Movements are smooth, highly adaptable and show
selective patterns of variability that reflect economy of
task-relevant features of motor performance. In spite 
of the complexities of limb mechanics, a hallmark of
motor performance is smooth and relatively straight
hand trajectories.

Neural centres of sensorimotor control
Sensorimotor function is created from a highly 
distributed circuit that includes the spinal cord,
brainstem and cerebral cortex (BOX 1). The spinal level 
supports the ‘most automatic’ movements, including
reflexes, as well as more complex multi-joint and multi-
limb sensorimotor responses. The cortex supports the

can markedly influence limb mechanics13. This article
largely focuses on proximal-arm movements,but there
are more challenging mechanical problems for hand16,17

and orofacial18 motor function.

Box 2 | Optimal feedback control

For a review of this topic, see REF. 121. The basic principle of optimal feedback control is
that feedback gains are optimized on the basis of some index of performance (see panel a,
modified, with permission, from REF. 187 © (2002) Macmillan Magazines Ltd). Such
controllers correct variations (errors) if they influence the goal of the task; otherwise, they
are ignored.Optimal state estimation is created by combining feedback signals and
efferent copy of motor commands. The latter uses a forward internal model to convert
motor commands to state variables.

A key feature of optimal feedback control can be understood by considering a problem
where a system must attain a value of 2.0 using two control signals (b)38.Nominally, each
control signal could be selected to be 1.0 (X1 = X2 = 1.0).When these commands are
implemented,noise in the system might modify the output such that both signals equal
1.1. The best strategy is to reduce both of the control signals towards 1. In another case,
one control signal equals 1.1,but the other equals 0.9. Both values have changed,but the
objective to attain a total of 2.0 has been attained, so it is better not to modify the signals.
The left diagram illustrates how initial errors in control signals (round circle) are corrected
towards a line where X1 + X2 = 2.0 (thick oval). The errors show the effects of the control
signals at four different initial states,all of which point towards the line that defines the
task goal. The right diagram illustrates how initial errors (large round circle) are reduced
equally (thick smaller circle) by a traditional controller.Note that the arrows signifying
corrective signals all point towards the middle of the circle, the nominal control signals.

The middle diagram compares the final errors of the optimal and traditional controllers.
The correct solution falls along the line X1 + X2 = 2.0,and distances perpendicular to this
line reflect errors in overall performance. The traditional controller creates the greatest
errors and the optimal controller minimizes these larger errors.

Another interesting feature of optimal feedback controllers is that desired trajectories do
not need to be planned explicitly but simply fall out from the feedback control laws. The
middle panel of c illustrates the trial-to-trial variability of hand motion when subjects hit a
ping-pong ball. This variability in performance is lost if a controller is optimal for
trajectory tracking,but is captured by an optimal feedback controller that is based on
global task errors.
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