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Dexterous motor control requires feedback from
proprioceptors, internal mechanosensory neurons that sense
the body’s position and movement. An outstanding question in
neuroscience is how diverse proprioceptive feedback signals
contribute to flexible motor control. Genetic tools now enable
targeted recording and perturbation of proprioceptive neurons
in behaving animals; however, these experiments can be
challenging to interpret, due to the tight coupling of
proprioception and motor control. Here, we argue that
understanding the role of proprioceptive feedback in
controlling behavior will be aided by the development of
multiscale models of sensorimotor loops. We review current
phenomenological and structural models for proprioceptor
encoding and discuss how they may be integrated with existing
models of posture, movement, and body state estimation.
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Experimental perturbations probe the role of
proprioceptive feedback in motor control

All animals possess specialized sensory neurons that
monitor the mechanical consequences of their actions.
These sensors, known as proprioceptors, are essential for
coordinating body movement and maintaining body pos-
ture [1,2]. While it is possible for some isolated motor
circuits to generate structured output in the absence of
proprioceptive feedback, behaviors driven by purely
feedforward motor signals are often clumsy and ineffec-
tual [3]. Understanding how proprioceptive feedback

interacts with motor circuits to control the body remains
a fundamental problem in neuroscience.

An effective method to investigate the function of sensory
circuits is to perturb neural activity and measure the
effect on an animal’s behavior. For example, activating
or silencing neurons in the mammalian visual cortex [4] or
insect optic glomeruli [5] has identified the circuitry and
patterns of activity that underlie visually guided beha-
viors. However, due to the distributed nature of proprio-
ceptive sensors and their tight coupling with motor con-
trol circuits, perturbations to the proprioceptive system
can be difficult to execute and tricky to interpret.

Mechanical perturbation experiments

Early efforts to understand the behavioral contributions
of proprioceptive feedback relied on lesions and mechan-
ical perturbations. A classic example of a proprioceptive
perturbation experiment is the use of vibration to artifi-
cially excite primary muscle spindle afferents. In humans,
muscle vibration creates the illusory perception that a
muscle is being stretched [6]. If a person is walking,
vibrating their hamstring produces an increase in forward
walking speed, while vibrating their quadriceps has little
effect on walking kinematics [7] (Figure 1, top left).
During backward walking, however, these effects are
reversed, suggesting that proprioceptive feedback acts
in a context-dependent manner.

Longer-term mechanical perturbations have also been
used to investigate the dynamics of sensorimotor adapta-
tion. Bissler ez 4/. [8] inverted the sign of feedback signals
from the femoral chordotonal organ in the stick insect leg
by surgically crossing the receptor tendon (Figure 1,
bottom left). This manipulation causes a walking stick
insect to either ‘salute’ or ‘drag’ her leg, and a standing
stick insect to rhythmically wave her tibia. Over the
course of a month, Bissler and colleagues observed that
the walking salute and dragging remained unchanged,
while the waving movements gradually decreased. This
observation suggests that the postural feedback control
system recovered, while the control system for leg move-
ment did not.

These examples illustrate several hazards to consider
when executing and interpreting proprioceptive pertur-
bation experiments. First, the effects of proprioceptive
feedback on motor output are often context-dependent,
such as during forward and backward walking. Second,
proprioceptive signals are typically used for controlling
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Examples of experimental perturbations used to probe the role of proprioceptive feedback in motor control. Top left: Vibration of hamstring
muscles in humans stimulated muscle spindles, leading to an increase in walking speed [7]. Bottom left: Inverting sensory feedback from the
femoral chordotonal organ of a stick insect front leg by crossing the receptor tendon (arrow) led to saluting or dragging of the leg during walking
and waving during rest (front leg in the air, other legs on the ground). The normal rest posture of the front leg (extended in air) recovered after a
few days, but saluting and dragging during walking remained unchanged [8]. Top right: Optogenetic stimulation of second-order proprioceptive
neurons in tethered Drosophila walking on a treadmill caused a decrease in walking speed. Trace shows mean of multiple animals [9°]. Bottom
right: Genetic ablation of hindlimb muscle spindles in the mouse lumbar spinal cord caused inter-limb coordination deficits only during fast
walking. 3D plots show timing (phase) of right hindlimb (RH), right forelimb (RF), and left forelimb (LF) relative to left hindlimb (LH) for gait cycles

with (gray) and without (green) muscle spindles [10°].

both posture and movement, often at the same time. An
additional challenge of mechanical perturbations is that
they often lack specificity, leaving it unclear which spe-
cific proprioceptor neurons underlie the observed
behavior.

Neural perturbation experiments

With the emergence of genetic tools to label and manip-
ulate specific cell-types, it has recently become possible
to genetically activate or silence specific proprioceptive
neurons to assess their role in behavior. However, such
manipulation experiments come with their own chal-
lenges [11]. For example, Agrawal ez al. [9°] used opto-
genetics to study a population of second-order proprio-
ceptive neurons in Drosophila that encode extension of
the fly’s tibia. Activation of these neurons caused walking
flies to slow down, suggesting that they may participate in
controlling walking speed (Figure 1, top right). However,
fine-grained kinematic analysis of leg joints revealed that
the same perturbation produced reflexive flexion of the

tibia whenever the leg was unloaded, not just during
walking. Thus, the decrease in walking speed was likely
driven by the fly’s reaction to a perceived extension of her
tibia, rather than a disruption to walking speed control.

Another recent study used intersectional genetic methods
to test the role of local proprioceptive feedback in rodent
locomotion. When Takeoka and Arber [10°] expressed
Diphtheria toxin (DTX) in muscle spindles that inner-
vate the front or rear legs of adult mice, they observed
only subtle changes in spontaneous walking gait. The
inter-limb coordination deficits produced by these abla-
tions became apparent only when mice were forced to run
at high speeds on a motorized treadmill (Figure 1, bottom
right).

These examples illustrate how it can be misleading to
infer a direct, causal relationship between neural activity
and behavior when the perturbation impacts multiple
feedback loops at different levels of the nervous system.
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For example, activating or silencing proprioceptors may
alter postural reflexes that interfere with an ongoing
behavior, such as walking. In other cases, changes to
motor output produced by genetic perturbations may
only become visible in specific behavioral contexts.
Finally, removing proprioceptive feedback can lead to
general deficits to motor coordination that alter an ani-
mal’s ability or desire to perform certain behavioral tasks.

How models can help

Our thesis is that the design and interpretation of such
perturbation experiments would benefit from the inte-
gration of models for proprioceptive sensing with theo-
retical frameworks for motor control. Because of the tight
feedback between proprioceptive and motor circuits at
multiple levels, the emergent behavior of a sensorimotor
system depends on how its components are integrated.
Therefore, computational simulations are a means to
generate specific, quantitative predictions about the roles
of key parameters in the system, including sensory delay,
gain modulation, and encoding nonlinearities. By formal-
izing how the components contribute to overall behavior,
an integrated model can illustrate how different manip-
ulations may produce similar results and aid in the design
of experiments to disambiguate among multple
hypotheses.

Our overall goal is to guide the design and interpretation
of experiments to understand the role of proprioceptive
neurons in flexible control of behavior. We first review
current approaches to model sensory coding in proprio-
ceptive sensory neurons. Next, we discuss the role of
proprioceptive feedback in existing models of posture,
locomotion, skilled movements, and body state estima-
tion. Although proprioception plays an important role in
motor learning, here we focus on innate behaviors driven
by movement of the limbs, such as walking. We conclude
by discussing three obstacles to achieving a systems-level
understanding of proprioception: firstly, the diversity of
proprioceptive sensors; secondly, a lack of experimental
separability between proprioceptive and motor circuits;
and finally, context-dependent modulation of propriocep-
tive feedback for guiding behavior.

Computational models of sensory coding in
proprioceptors

Proprioceptors are mechanosensory neurons located
within muscles, tendons, and joints that convert mechan-
ical forces in the body into patterns of neural activity.
Proprioceptors can be classified into different functional
subtypes that encode limb displacement, load, or their
time derivatives [2]. For example, the proprioceptors
innervating a muscle spindle encode either muscle length
or a combination of muscle length and its rate of change
(velocity) [12]. Similarly, proprioceptors in the insect
femoral chordotonal organ encode distinct kinematic
parameters, including position, velocity, and acceleration
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[13,14]. Recent studies have begun to map these func-
tional subtypes onto neuronal cell-types defined using
genetic markers [13,15]. These tools now enable targeted
perturbation experiments to investigate the role of pro-
prioceptor subtypes in specific motor tasks.

Due to a combination of neural and mechanical properties
[16,17], proprioceptors are tuned to biologically relevant
stimuli. These same properties can make proprioceptor
responses vary as a function of stimulus history and
behavioral context. Such nonlinearities make propriocep-
tors different from most engineered sensors, which are
designed to directly measure a physical quantity, such as a
joint angle or torque. Because sensory neurons constrain
the information available for other downstream computa-
tions in the nervous system, the construction of proprio-
ceptor models is an essential first step in quantitative
analysis of sensorimotor loops.

Current models of proprioceptors fall into two broad
categories: phenomenological models and structural mod-
els. Phenomenological models reproduce the computa-
tional properties of a proprioceptor in abstraction, for
instance by deriving a mathematical function, often a
transfer function, from experimentally determined rela-
tions between mechanics and neural activity [18-23].
This function is often derived from recorded neural
activity in response to simple ramp-and-hold or sinusoidal
stimuli using linear systems theory or non-linear curve
fitting.

Phenomenological models are compact and computation-
ally efficient, which allows them to be integrated with
models of the motor system. For example, the simple
muscle spindle models by Prochazka and Gorassini [20
,21] have been incorporated into musculoskeletal models
of arms and legs [24-26,27°°]. Similarly, the Golgi tendon
organs models by Houk and Simon [23] and Rosenthal
et al. [28] have been used in models of the stretch reflex
[18,29]. A drawback of phenomenological models derived
from ramp-and-hold or sinusoidal stimuli is that they
might perform well for only a narrow subset of stimuli
[20,30]. This overfitting is particularly problematic when
proprioceptor activity is context-dependent, such as in
muscle spindles. Measuring the responses of propriocep-
tors to more complex stimuli (e.g. white noise or natural-
istic limb trajectories) and incorporating nonlinearities are
both likely to produce more generalizable models of
spiking responses to sensory stimuli [31,32].

Unlike abstract phenomenological models, structural
models derive firing patterns of proprioceptors by approx-
imating their anatomical structure [33,34°°,35-39]. For
example, structural models of muscle spindles simulate
intrafusal muscle fibers and their interaction with the
extrafusal muscle and tendon. In a recent muscle spindle
model by Blum ez a/. [33,34°°], the forces of intrafusal
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muscle fibers are calculated based on measurements of
cross-bridge kinetics. Importantly, this knowledge of
mechanics allows the model to predict varied and com-
plex spindle firing patterns, including history-dependent
features. Structural models are more computationally
demanding and make more assumptions about parame-
ters than phenomenological models, but they tend to
generalize better across conditions because firing patterns
are emergent rather than built-in. Thus, structural models
can be particularly effective for proprioceptors with non-
linear tuning, such as muscle spindles.

Behavioral functions of proprioceptive
feedback

Proprioceptive information is involved in nearly all
aspects of motor control, from rapid recovery after a
stumble to searching for a light switch with your toes
in a dark room while your hands are bound tightly behind
your back. When trying to investigate the role of proprio-
ceptive feedback in a specific motor task, it is important to
consider the impact of perturbing proprioceptive sensors
at different levels of the sensorimotor hierarchy. Below,
we delineate the multiple levels of motor function for
which proprioceptive feedback plays an essential role.
Although we discuss posture and movement separately,
we note that they are ultimately integrated behaviors that
are not necessarily controlled independently [40].

Reflexive control of body posture

Proprioceptors from the limbs project to the spinal cord
(in vertebrates) and the ventral nerve cord (in inverte-
brates), where they provide excitatory synaptic input to
populations of projection neurons, local interneurons, and
motor neurons (Figure 2, left). The architecture of these
circuits has been extensively studied [41,42], although
only recently have genetic tools begun to reveal the
connectivity of identified cell types [9°,43].

Behaviors mediated by direct (monosynaptic) or nearly
direct feedback from proprioceptors are typically charac-
terized as ‘reflexive’ because they occur with a shorter
latency than voluntary movements [44]. In their simplest
form, proprioceptive reflexes rapidly (<50 ms) stabilize
body posture against external perturbations. For example,
when a physician taps the tendon near your knee cap,
muscle spindles elicit a compensatory reaction by acti-
vating the quadriceps and inhibiting the antagonistic
hamstring. Similarly, when a grasshopper’s tibia is flexed,
proprioceptive feedback from the femoral chordotonal
organ activates the extensor muscle and inhibits the flexor
muscle.

Such stabilization reflexes can be modeled as negative
feedback controllers, which produce corrective motor
output to minimize the error between the sensed posture
and a reference posture. These controllers may act locally
to stabilize individual joints, or they may act across joints

to produce a coordinated response that stabilizes a task-
level variable, such as the position of the hand while
grasping an object [45] or the position of the body’s center
of mass while standing [46].

A key parameter to achieve stability in negative feedback
controllers is the ratio of motor output to sensory input,
known as feedback gain. Tuning feedback gains can be
accomplished in modeling studies by identifying the
range of parameters in which the model is stable or by
fitting model predictions to experimental data. In rare
cases, gains have also been measured experimentally. In
one such experiment, Weiland ez a/. [47] measured the
gain of the feedback loop that controls the posture of the
stick insect femur—tibia joint. This experiment was only
possible because the anatomy of the stretch receptor
(femoral chordotonal organ) allowed its mechanical stim-
ulation without affecting the surrounding muscles.
Today, optogenetic stimulation may enable equivalent
analyses of reflex loops that cannot be manipulated
mechanically.

In addition to their established function in basic postural
control, elementary reflex loops also participate in more
complex behaviors that involve multiple joints or limbs
[44]. Understanding the context-dependent role and tun-
ing of reflexes remains an important direction for future
research, and computational models will likely be useful
in exploring the underlying circuits and algorithms
[48,49°°].

Feedback control of locomotion

Walking and other forms of locomotion are characterized
by rhythmic movements of the body and limbs. The
rhythmic pattern of these movements can, in some cases,
be generated without feedback by intrinsically rhythmic
circuits in the spinal cord and ventral nerve cord, referred
to as central pattern generators (CPGs) [50,51]. However,
proprioceptive feedback has long been known to regulate
phase transitions, stabilize ongoing movements, and
adjust locomotion to changes in the environment [52,53].

Several recent models of locomotion control combine
feedforward motor commands from CPGs with proprio-
ceptive feedback. Such models have been useful in
testing the contribution of each control pathway in pro-
ducing coordinated movements. For example, in a CPG
model of cat walking, Markin ez a/. [26] found that the
integration of feedback from muscle spindles and Golgi
tendon organs is critical for providing body weight sup-
port and coordinating the legs’ transitions between stance
and swing phases. Proctor and Holmes [54] modeled
cockroach running and found that the integration of
feedback from leg joints (roughly corresponding to load
feedback from campaniform sensilla) with a CPG model
helps recover the heading direction after a lateral pertur-
bation. Similarly, feedback from body stretch receptors
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Anatomical and computational view of proprioceptive feedback in motor control. Left: Proprioceptors from the limbs project to the spinal cord (in
vertebrates) and the ventral nerve cord (VNC, in invertebrates), where they transmit sensory signals to distributed circuits for posture and
movement control. Right: Proprioceptive signals affect motor control on different timescales through multiple nested feedback loops.
Proprioceptive signals are integrated in low-level and high-level controllers for posture, movement, and planning. They may also be used to
estimate the state of the body. Note that each box represents a computation, not necessarily an anatomically confined circuit. Computations
higher up in the hierarchy are more abstract and operate at longer timescales.

effectively tunes rhythmic CPG patterns for swimming
and crawling [55°,56]. In fact, locomotion can be success-
fully modeled without CPGs [57°°,58-60], emphasizing
the functional importance of integrating proprioceptive
feedback in low-level motor circuits. In high-level motor
circuits, proprioceptive information may be used for
planning movement on a longer timescale. For instance,
during walking, a high-level controller may use proprio-
ceptive feedback to plan desired foot placements, which
then serve as target inputs to a low-level controller
[57°%,59].

The use of proprioceptive feedback to drive or fine-tune
motor control of locomotion is ultimately constrained by
neural conduction delays and muscle kinetics. During fast
running, for example, proprioceptive feedback might not
be fast enough to modulate muscle activity on a step-by-
step basis [61]. In such situations, stable locomotion can
arise from interactions between feedforward control and
passive body mechanics [62,63]. Using direct experimen-
tal perturbations of proprioceptive neurons has the poten-
tial to disambiguate the relative contributions of feedfor-
ward and feedback signals in locomotion control, but
interpreting these experiments may require careful
modeling of inputs and outputs at multiple scales.

Feedback control of skilled limb movements

"The control of non-rhythmic movements, such as putting
on a sock or dodging a projectile, also critically depends
on proprioceptive feedback. A particularly useful

framework for modeling such goal-directed movements
is optimal feedback control [64,65]. Optimal control
posits that the motor system attempts to minimize a
set of cost functions that describe the performance criteria
of a given task — for example, movement effort or accu-
racy. The role of proprioception in this framework is to
help generate and update an accurate estimate of the state
of the body, which in turn determines how the controller
initiates and refines movements. Unlike the simple neg-
ative feedback controllers discussed above, optimal feed-
back controllers correct for perturbations only to the
degree that they interfere with task success. For example,
when throwing a ball to a target, an optimal feedback
controller minimizes the variability of hand trajectories
only around the time of release while allowing variability
at other times [64].

Although optimal feedback control can predict many
common features of goal-directed movement, it remains
unclear how this strategy may be implemented in the
nervous system. It is typically assumed that feedback
control of skilled movements is mediated by higher-order
regions, such as cortex in vertebrates, but recent experi-
ments suggest that even fast spinal reflexes can produce
sophisticated control reminiscent of optimal feedback
[45,66]. In humans and other primates, there is a strong
tradition of combining mechanical perturbations with
computational models to understand the sensory inputs
and algorithms that underlie feedback control of reaching
[67,68]. Recent studies of primate motor cortex have
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revealed that neural activity during skilled movements
exhibits rotational dynamics that lie on a low-dimensional
manifold [69]. The role of proprioceptive signals in con-
structing these representations is currently unclear,
although a recent modeling study showed that recurrent
neural network models trained to control a limb exhibited
similar rotational dynamics [70]. These activity patterns
have also been modeled using an implementation of a
feedback controller in a spiking neural network [71].
Going forward, these modeling frameworks may also help
understand the results of genetic perturbations to neural
circuits that underlie skilled motor behavior. As optimal
feedback control models generally have few parameters,
they may prove particularly useful for providing experi-
mental predictions of behavior when combined with
models of proprioceptors.

Body state estimation

Natural proprioceptive signals are noisy and subject to
conduction delays, creating problems for continuous
feedback control. To quantify and manage the uncer-
tainty introduced by noise and delays, the central nervous
system may implement a form of state estimation
(Figure 2, right), where sensory feedback is combined
with a prediction of the body’s state from an internal
model — a neural representation of the system that is
being controlled [72]. This comparison of sensory feed-
back against an internal prediction can compensate for
sensory delays and make control more robust to sensory
noise. Robustness to noise makes state estimation a
useful strategy for controlling motor tasks, including
posture [73], reaching [74], and locomotion [75]. For
example, in a dynamical simulation of posture control
during standing, both feedback and state-estimation con-
trollers were found to be stable against external perturba-
tions without noise, but in the presence of proprioceptive
noise, only state-estimation-based control was stable [73].

It is typically assumed that state estimation occurs in
higher-level circuits, such as the cerebellum and parietal
cortex in vertebrates [72], or the mushroom bodies in
insects [76]. But an intriguing idea is that locomotor CPGs
perform computations equivalent to state estimation and
can thus be understood as observers of feedback control
rather than just generators of limb motion [77°]. This idea
suggests that a form of state estimation may occur at
multiple timescales and levels of the sensorimotor hier-
archy (Figure 2, right). Indeed, signals from different
proprioceptor subtypes can converge as early as in sec-
ond-order neurons [9°,42,78,79]. However, little is known
about how circuits at different levels represent the body
and to what degree they combine signals from the diverse
proprioceptor subtypes. Going forward, one useful role of
computational models could be to predict the proprio-
ceptive information available during natural movement,
for example by combining models of proprioceptors with
realistic models of the muscles and limbs [27°°].

State estimates enabled by proprioceptive feedback are
also used beyond the motor system. Recent work in the
Drosophila central complex has revealed circuits that
encode the body in both self-centered and world-cen-
tered coordinates [80-82]. Neural encoding of several key
quantities that guide spatial navigation during walking,
including heading in allocentric coordinates and velocity
in egocentric coordinates, persist in darkness [83], which
suggests that they rely on proprioceptive signals from the
legs. However, it remains unknown precisely which pro-
prioceptive signals are used to compute these signals.
Computational models that predict the proprioceptive
information available during fly walking by simulating
both proprioceptors and the mechanics of the limbs could
help explore which signals are suited to extract key
quantities like heading and velocity.

Approaches for systems-level modeling of
proprioception

We propose that developing multiscale computational
models that span proprioceptive sensing and motor con-
trol will make it easier to understand how neural circuits
flexibly control the body. Below, we outline several
possible approaches, including developing tractable mod-
els that grapple with proprioceptor diversity, integrating
across levels of the sensorimotor hierarchy, and account-
ing for the roles of sensory delay, noise, and contextual
modulation of proprioceptive signals.

Diversity of proprioceptive sensors and their models

A major challenge in modeling proprioceptors is the
diversity of sensory neuron subtypes. Unlike sensory
systems that are concentrated into specialized organs
(e.g. the eye, nose, and ear), proprioceptors are distrib-
uted throughout the body. Furthermore, the receptive
field of each proprioceptor is idiosyncratic to the tissue in
which it is embedded and how that tissue moves through
and interacts with the environment. Therefore, a model
that describes the input-output function of a muscle
spindle in a leg muscle may have little in common with
a muscle spindle in a jaw muscle. Existing models may be
tuned to match the properties of different proprioceptors
(e.g. [84]), but in most cases, additional physiological data
is needed. In addition, there remain many proprioceptors
for which models do not currently exist. Historically,
there has been a strong focus on modeling the activity
of mammalian muscle spindles and Golgi tendon organs
[18-21,33,34°°,35-39]. In contrast, computational models
of invertebrate proprioceptors are only beginning to
emerge (e.g. [22,85°]), despite the growing literature
characterizing encoding properties of chordotonal organs,
campaniform sensilla, slit sensilla, and other propriocep-
tors [86-88]. Models of insect proprioceptors would be
particularly useful to complement the available genetic
tools to experimentally manipulate specific propriocep-
tive neurons during behavior [86].
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Even where precise proprioceptor models are available,
many recent neuromechanical simulations rely on
simplified phenomenological proprioceptor models
[24,26,27°°,84,89,90]. Whether such simplifications are
appropriate may depend on the level of system being
modeled, and further experimental and computational
analyses are needed to identify constraints on useful
approximations. One attractive possibility is that a trans-
formation of coordinates in the input and output variables
may help simplify proprioceptor models, as in the case of
using force instead of fiber length to model muscle
spindle responses [34°°] or transforming signals between
eye, head, or body reference frames to model propriocep-
tive encoding in the cerebellar nuclei [91]. More gener-
ally, a powerful modeling framework would capture
diverse proprioceptors with a tractable number of tunable
parameters, such as location on body, hysteresis, and
maximum firing rate. Of course, simulation parameters
and code should be openly shared to facilitate reproduc-
ibility and reuse.

Integration of models for proprioception and motor
control

A major challenge in understanding the behavioral func-
tions of proprioceptive feedback is the lack of experimen-
tal separability between proprioceptive and motor circuits
across the sensorimotor hierarchy. An integration of mod-
els across levels can provide unique insights into the
control of posture, movement, and state estimation that
only emerge when considering these systems as a whole.

To study how specific proprioceptive signals contribute to
posture control, Prochazka ez a/. [48] integrated models of
muscle spindles and Golgi tendon organs into a feedback-
controlled stimulation of arm and leg muscles. The
authors found that positive force feedback from Golgi
tendon organs, which is generally considered unstable,
can actually stabilize a muscle’s response to increased
load if one also incorporates sensory delays and natural
filtering properties of mammalian muscle. The conclu-
sion that positive force feedback is a stable means to
control load-bearing motor tasks would not have been
clear in studying the controller or proprioceptors alone.

Several recent neuromechanical models of movement
control have also simulated the dynamic activity of pro-
prioceptors [24,26,89,90,92]. For example, Goldsmith
et al. [89] integrated models of proprioceptors into a
simulation and robotic model of a walking fruit fly. Using
feedback signals inspired by the tuning properties of
insect femoral chordotonal neurons and campaniform
sensilla enabled the robot to adapt to continuous changes
in load. These models could eventually be used to study
the effects of conduction delays, noise, and modulation of
specific proprioceptive signals on locomotion and skilled
limb movements, and to generate testable predictions for
perturbation experiments. We hope that emerging
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methods for neuromechanical modeling will make these
models easier to construct and use [93-95].

Systems-level models can also provide insights into how
proprioceptive circuits represent the body and suggest
potential roles for feedback in motor control. For exam-
ple, Hamletezal. [55°] used a multiscale model of lamprey
swimming to investigate how different proprioceptive
signals, encoding the direction and magnitude of body
curvature, may exert different effects on locomotor speed
and energy consumption. In another example, Sandbrink
et al. [27°°] recently showed that some proprioceptive
representations naturally arise in a deep neural network
trained to recognize characters from arm motions given a
biologically realistic model of a human arm. Finally, Ache
and Diirr [85°] modeled the proprioceptive hairs of an
insect antenna to predict how downstream neurons
encode antennal movements. These studies illustrate
how systems-level models provide a useful framework
to investigate the role of proprioceptive feedback in
guiding natural movements.

Context-dependent modulation

An important characteristic of proprioception is that its
effects on motor control are not fixed, but can be tuned by
the nervous system under different behavioral contexts.
Modeling experimental results with such context-depen-
dent changes requires information about interactions
across multiple levels, further motivating systems-level
models.

A clear example of such a top-down modulation is the case
of reflex reversal, in which a reflex changes sign depend-
ing on the behavioral state of the animal. For instance,
stimulating neurons in the femoral chordotonal organ in
the stick insect leads to either extension or flexion of the
tibia depending on whether the leg is in stance or swing
[96]. Although there have been detailed studies of the
circuits that mediate reflex reversal [97], this phenome-
non is not commonly built into models for sensorimotor
control. One notable exception is the recent model by
Goldsmith ez /. [49°°], which investigated different per-
turbations in a neuromechanical model and found that
reflex reversal may be due to inhibition of the flexion-
tuned position-sensitive and velocity-sensitive neurons.
In another example, Bacqué-Cazenave e a/. [98] built a
neuromechanical model of the crayfish leg circuitry which
was able to reproduce state-dependent reflex reversal
observed during locomotion [99].

Reflex modulation may also play an important role in
steering, possibly via descending input which modulates
sensory feedback depending on the steering direction.
For example, Schilling and Cruse [57°°] proposed a fully
decentralized model of walking control that produces
curved walking by adjusting the setpoint of local control
loops in each leg. Ultimately, we expect that most
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behaviors will involve not only a unique set of descending
motor commands, but also bespoke tuning of propriocep-
tive feedback pathways.

Conclusion

Due to advances in genetic targeting of neuronal cell-
types, our ability to perform targeted perturbations in
proprioceptive and motor circuits is rapidly expanding. As
the space of possible experiments grows, there is a
pressing need for computational frameworks to help
guide experimental design and interpretation. Models
developed for proprioceptors and motor control at differ-
ent scales can be integrated to yield new insights about
how proprioception interacts with motor control to sup-
port dexterous and flexible movements. These biological
principles may also inspire the design of novel robotic
systems and contribute to our understanding and treat-
ment of movement disorders.

Conflict of interest statement
Nothing declared.

Acknowledgments

We are grateful for insightful comments on the manuscript from Joshua L
Proctor, Nicholas Szczecinski, and members of the Tuthill and Brunton
laboratories. CJD was supported by a Research Fellowship from the
German Research Foundation (DFG DA 2322/1-1). PK was supported by a
National Science Foundation Graduate Research Fellowship. BWB was
supported by the Washington Research Foundation and the Air Force
Office of Scientific Research grants FA9550-19-1-0386 and FFA9550-18-1-
0114. JCT is a New York Stem Cell Foundation — Robertson Investigator
and was additionally supported by the Searle Scholar Program, the Pew
Biomedical Scholar Program, the McKnight Foundation, and National
Institute of Health grants ROINS102333 and U19NS104655.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Proske U, Gandevia SC: The proprioceptive senses: their roles
in signaling body shape, body position and movement, and
muscle force. Physiol Rev 2012, 92:1651-1697.

2. Tuthill JC, Azim E: Proprioception. Curr Biol 2018, 28:R194-R203.

3. Gordon J, Ghilardi MF, Ghez C: Impairments of reaching
movements in patients without proprioception. I. Spatial
errors. J Neurophysiol 1995, 73:347-360.

4. Marshel JH, Kim YS, Machado TA, Quirin S, Benson B, Kadmon J,
Raja C, Chibukhchyan A, Ramakrishnan C, Inoue M, Shane JC,
McKnight DJ, Yoshizawa S, Kato HE, Ganguli S, Deisseroth K:
Cortical layer-specific critical dynamics triggering perception.
Science 2019, 365.

5. Wu M, Nern A, Williamson WR, Morimoto MM, Reiser MB,
Card GM, Rubin GM: Visual projection neurons in the
Drosophila lobula link feature detection to distinct behavioral
programs. Elife 2016, 5:e21022.

6. Goodwin GM, McCloskey DI, Matthews PBC: Proprioceptive
illusions induced by muscle vibration: contribution by muscle
spindles to perception? Science 1972, 175:1382-1384.

7. lvanenko YP, Grasso R, Lacquaniti F: Influence of leg muscle
vibration on human walking. J Neurophysiol 2000, 84:1737-
1747.

8. Bassler U, Wolf H, Stein W: Functional recovery following
manipulation of muscles and sense organs in the stick insect
leg. J Comp Physiol A 2007, 193:1151-1168.

9. Agrawal S, Dickinson ES, Sustar A, Gurung P, Shepherd D,

. Truman JW, Tuthill JC: Central processing of leg proprioception
in Drosophila. eLife 2020, 9:e60299

This study investigates how second-order neurons in the Drosophila

ventral nerve cord process proprioceptive information from the fly leg.

Optogenetic stimulation paired with kinematic analyses reveals that

different subtypes of second-order neurons mediate diverse behaviors,

including reflexive control of limb posture.

10. Takeoka A, Arber S: Functional local proprioceptive feedback
e circuits initiate and maintain locomotor recovery after spinal
cord injury. Cell Reports 2019, 27:71-85.e3

This study finds that genetic ablation of proprioceptive feedback in mice
leads to broad alterations in gait timing, limb movement trajectory, and
intralimb and interlimb coordination with no significant behavioral adap-
tation over time. Interestingly, removal of proprioceptive feedback from
either the front or rear legs has only subtle effects on slow walking but
disrupts interlimb coordination at high speeds.

11. Wolff SB, Olveczky BP: The promise and perils of causal circuit
manipulations. Curr Opin Neurobiol 2018, 49:84-94.

12. Macefield VG, Knellwolf TP: Functional properties of human
muscle spindles. J Neurophysiol 2018, 120:452-467.

13. Mamiya A, Gurung P, Tuthill JC: Neural coding of leg
proprioception in Drosophila. Neuron 2018, 100:636-650.e6.

14. Field L, Matheson T: Chordotonal organs of insects. Advances in
Insect Physiology 1998, 27:1-56.

15. Oliver KM, Florez-Paz DM, Badea TC, Mentis GZ, Menon V, de
Nooij JC: Molecular correlates of muscle spindle and Golgi
tendon organ afferents. Nat Commun 2021, 12:1451.

16. Barth FG: Mechanics to pre-process information for the fine
tuning of mechanoreceptors. J Comp Physiol A 2019, 205:661-
686.

17. Sane SP, McHenry MJ: The biomechanics of sensory organs.
Integr Comp Biol 2009, 49:i8-i23.

18. Lin C-CK, Crago PE: Neural and mechanical contributions to
the stretch reflex: a model synthesis. Ann Biomed Eng 2002,
30:54-67.

19. Maltenfort MG, Burke RE: Spindle model responsive to mixed
fusimotor inputs and testable predictions of beta feedback
effects. J Neurophysiol 2003, 89:2797-2809.

20. Prochazka A, Gorassini M: Models of ensemble firing of muscle
spindle afferents recorded during normal locomotion in cats. J
Physiol 1998, 507:277-291.

21. Prochazka A: Quantifying proprioception. Prog Brain Res 1999,
123:133-142.

22. Szczecinski N, Zill S, Dallmann CJ, Quinn R: Modeling the
dynamic sensory discharges of insect campaniform sensilla.
In  Biomimetic and Biohybrid Systems. Living Machines
2020. Lecture Notes in Computer Science, vol 12413. Edited by
Vouloutsi V, Mura A, Tauber F, Speck T, Prescott TJ, Verschure
PFMJ. Springer; 2020:342-353.

23. Houk J, Simon W: Responses of Golgi tendon organs to forces
applied to muscle tendon. J Neurophysiol 1967, 30:1466-1481.

24. Kibleur P, Tata SR, Greiner N, Conti S, Barra B, Zhuang K,
Kaeser M, ljspeert A, Capogrosso M: Spatiotemporal maps of
proprioceptive inputs to the cervical spinal cord during three-
dimensional reaching and grasping. IEEE Trans Neural Syst
Rehabil Eng 2020, 28:1668-1677.

25. Prilutsky BI, Klishko AN, Weber DJ, Lemay MA: Computing
motion dependent afferent activity during cat locomotion
using a forward dynamics musculoskeletal model.
Neuromechanical Modeling of Posture and Locomotion. New
York, NY: Springer New York; 2016, 273-307.

26. Markin SN, Klishko AN, Shevtsova NA, Lemay MA, Prilutsky BI,
Rybak IA: A neuromechanical model of spinal control of
locomotion. Neuromechanical Modeling of Posture and
Locomotion. New York, NY: Springer New York; 2016, 21-65.

Current Opinion in Physiology 2019, 1:100426

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0005
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0005
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0005
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0010
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0015
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0015
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0015
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0020
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0020
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0020
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0020
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0020
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0025
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0025
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0025
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0025
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0030
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0030
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0030
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0035
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0035
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0035
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0040
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0040
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0040
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0045
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0045
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0045
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0050
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0050
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0050
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0055
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0055
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0060
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0060
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0065
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0065
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0070
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0070
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0075
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0075
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0075
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0080
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0080
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0080
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0085
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0085
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0090
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0090
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0090
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0095
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0095
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0095
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0100
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0100
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0100
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0105
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0105
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0110
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0110
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0110
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0110
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0110
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0110
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0115
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0115
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0120
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0120
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0120
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0120
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0120
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0125
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0125
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0125
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0125
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0125
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0130
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0130
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0130
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0130

27. Sandbrink KJ, Mamidanna P, Michaelis C, Mathis MW, Bethge M,

ee Mathis A: Task-driven hierarchical deep neural network
models of the proprioceptive pathway. bioRxiv 2020

In this study, the authors integrate a phenomenological model of the

muscle spindle into a musculoskeletal model of the human arm to explore

how proprioceptive signals form representations of the body at different

levels of the central nervous system.

28. Rosenthal NP, McKean TA, Roberts WJ, Terzuolo CA: Frequency
analysis of stretch reflex and its main subsystems in triceps
surae muscles of the cat. J Neurophysiol 1970, 33:713-749.

29. Roberts WJ, Rosenthal NP, Terzuolo CA: A control model of
stretch reflex. J Neurophysiol 1971, 34:620-634.

30. Malik P, Jabakhaniji N, Jones KE: An assessment of six muscle
spindle models for predicting sensory information during
human wrist movements. Front Comput Neurosci 2016, 9:154.

31. French AS, Immonen E-V, Frolov RV: Static and dynamic
adaptation of insect photoreceptor responses to naturalistic
stimuli. Front Physiol 2016, 7:477.

32. French AS, Pfeiffer K: Nonlinearization: naturalistic stimulation
and nonlinear dynamic behavior in a spider mechanoreceptor.
Biol Cybern 2018:403-413.

33. Blum KP, Lamotte D’Incamps B, Zytnicki D, Ting LH: Force
encoding in muscle spindles during stretch of passive muscle.
PLOS Comput Biol 2017, 13:e1005767.

34. Blum KP, Campbell KS, Horslen BC, Nardelli P, Housley SN,

ee Cope TC, Ting LH: Diverse and complex muscle spindle
afferent firing properties emerge from multiscale muscle
mechanics. eLife 2020, 9:e55177

This study formulates a structural model of the muscle spindle based on

intrafusal force, in contrast to previous models based on length-related

variables. Muscle force and its first time derivative, yank, can reliably

predict diverse and complex spindle firing patterns, including history

dependence and the nonlinear relationship to stretch velocity.

35. Hasan Z: A model of spindle afferent response to muscle
stretch. J Neurophysiol 1983, 49:989-1006.

36. Lin C-CK, Crago PE: Structural model of the muscle spindle.
Ann Biomed Eng 2002, 30:68-83.

37. Mileusnic MP, Brown IE, Lan N, Loeb GE: Mathematical models
of proprioceptors. I. Control and transduction in the muscle
spindle. J Neurophysiol 2006, 96:1772-1788.

38. Mileusnic MP, Loeb GE: Mathematical models of
proprioceptors. Il. Structure and function of the Golgi tendon
organ. J Neurophysiol 2006, 96:1789-1802.

39. Schaafsma A, Otten E, Van Willigen JD: A muscle spindle model
for primary afferent firing based on a simulation of intrafusal
mechanical events. J Neurophysiol 1991, 65:1297-1312.

40. Albert ST, Hadjiosif AM, Jang J, Zimnik AJ, Soteropoulos DS,
Baker SN, Churchland MM, Krakauer JW, Shadmehr R: Postural
control of arm and fingers through integration of movement
commands. eLife 2020, 9:e52507.

41. Brown AG: Organization in the Spinal Cord: The Anatomy and
Physiology of Identified Neurones. Springer Science & Business
Media; 2012.

42. Burrows M: The Neurobiology of An Insect Brain. Oxford University
Press; 1996.

43. Pop IV, Espinosa-Becerra F, Goyal M, Mona B, Landy M,
Oguijiofor O, Dean KM, Gurumurthy CM, Lai HC: Evidence for
genetically distinct direct and indirect spinocerebellar
pathways mediating proprioception. bioRxiv 2020.

44. Reschechtko S, Pruszynski JA: Stretch reflexes. Curr Biol 2020,
30:R1025-R1030.

45. Weiler J, Gribble PL, Pruszynski A: Spinal stretch reflexes
support efficient hand control. Nat Neurosci 2019, 22:529-533.

46. Allen JL, Ting LH: Why is neuromechanical modeling of balance
and locomotion so hard? In Neuromechanical Modeling of
Posture and Locomotion. Edited by Prilutsky Bl, Edwards DH. New
York, NY: Springer New York; 2016:197-223.

Computational models of proprioception Dallmann et al. 9

47. Weiland G, Béassler U, Brunner M: A biological feedback control
system with electronic input: the artificially closed femur-tibia
control system of stick insects. J Exp Biol 1986, 120:369-385.

48. Prochazka A, Gillard D, Bennett DJ: Implications of positive
feedback in the control of movement. J Neurophysiol 1997,
77:3237-3251.

49. Goldsmith C, Szczecinski NS, Quinn RD: Response of a

ee neuromechanical insect joint model to inhibition of fCO
sensory afferents. In  Biomimetic and Biohybrid Systems.
Lecture Notes in Computer Science. Edited by Vouloutsi V, Mura
A, Tauber F, Speck T, Prescott TJ, Verschure PFMJ. Cham:
Springer International Publishing; 2020:141-152

This study formulates a neuromechanical model of an insect leg joint to

explain reflex reversal by inhibition of the proprioceptors of the femoral

chordotonal organ. It is one of the few studies providing a quantitative

model for reflex reversal.

50. Bidaye SS, Bockemihl T, Buschges A: Six-legged walking in
insects: how CPGs, peripheral feedback, and descending
signals generate coordinated and adaptive motor rhythms. J
Neurophysiol 2017, 119:459-475.

51. Guertin PA: The mammalian central pattern generator for
locomotion. Brain Res Rev 2009, 62:45-56.

52. Pearson KG: Proprioceptive regulation of locomotion. Curr
Opin Neurobiol 1995, 5:786-791.

53. Prochazka A: Proprioceptive feedback and movement
regulation. Handbook of Physiology. Exercise: Regulation and
Integration of Multiple Systems. American Physiological Society;
1996:89-127.

54. Proctor JL, Holmes P: The effects of feedback on stability and
maneuverability of a phase-reduced model for cockroach
locomotion. Biol Cybern 2018, 112:387-401.

55. Hamlet CL, Hoffman KA, Tytell ED, Fauci LJ: The role of curvature

¢ feedback in the energetics and dynamics of lamprey
swimming: a closed-loop model. PLOS Comput Biol 2018, 14:
1006324

This study investigates the contribution of proprioceptive feedback to a

locomotor CPG in the lamprey. In a unique twist, it shows that proprio-

ceptive feedback may affect swimming performance even in the absence

of sensory perturbations.

56. Sun X, Liu Y, Liu C, Mayumi K, Ito K, Nose A, Kohsaka H: A
neuromechanical model and kinematic analyses for
Drosophila larval crawling based on physical measurements.
bioRxiv 2020.

57. Schilling M, Cruse H: Decentralized control of insect walking: a
ee simple neural network explains a wide range of behavioral and
neurophysiological results. PLOS Comput Biol 2020, 16:
1007804
This study describes neuroWalknet, a decentralized artificial neural net-
work controller that simulates the kinematics of insect walking based on
proprioception, without explicit CPG-like structures. Interestingly, intrin-
sic oscillations reminiscent of CPGs emerge if the controller is isolated
from descending and sensory input, similar to neurophysiological experi-
ments typically interpreted to support the idea that CPGs form the basis
of walking.

58. Denham JE, Ranner T, Cohen N: Signatures of proprioceptive
control in Caenorhabditis elegans locomotion. Phil Trans R Soc
B: Biol Sci 2018, 373:20180208.

59. Song S, Geyer H: A neural circuitry that emphasizes spinal
feedback generates diverse behaviours of human locomotion.
J Physiol 2015, 593:3493-3511.

60. DiRusso A, Stanev D, Armand S, ljspeert A: Sensory modulation
of gait characteristics in human locomotion: a
neuromusculoskeletal modeling study. bioRxiv 2020.

61. Zill SN, Moran DT: The exoskeleton and insect proprioception.
11l. Activity of tibial campaniform sensilla during walking in the
American cockroach, Periplaneta americana. J Exp Biol 1981,
94:57-75.

62. Kukillaya R, Proctor J, Holmes P: Neuromechanical models for
insect locomotion: stability, maneuverability, and
proprioceptive feedback. Chaos Interdisc J Nonlinear Sci 2009,
19:026107.

www.sciencedirect.com

Current Opinion in Physiology 2019, 1:100426


http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0135
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0135
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0135
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0140
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0140
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0140
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0145
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0145
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0150
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0150
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0150
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0155
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0155
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0155
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0160
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0160
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0160
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0165
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0165
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0165
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0170
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0170
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0170
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0170
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0175
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0175
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0180
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0180
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0185
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0185
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0185
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0190
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0190
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0190
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0195
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0195
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0195
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0200
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0200
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0200
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0200
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0205
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0205
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0205
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0210
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0210
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0215
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0215
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0215
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0215
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0220
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0220
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0225
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0225
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0230
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0230
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0230
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0230
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0235
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0235
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0235
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0240
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0240
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0240
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0245
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0245
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0245
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0245
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0245
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0245
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0250
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0250
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0250
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0250
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0255
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0255
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0260
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0260
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0265
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0265
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0265
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0265
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0270
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0270
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0270
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0275
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0275
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0275
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0275
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0280
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0280
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0280
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0280
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0285
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0285
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0285
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0285
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0290
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0290
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0290
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0295
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0295
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0295
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0300
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0300
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0300
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0305
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0305
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0305
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0305
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0310
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0310
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0310
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0310

10 Proprioception

63. Holmes P, Full RJ, Koditschek D, Guckenheimer J: The dynamics
of legged locomotion: models, analyses, and challenges. SIAM
Rev 2006, 48:207-304.

64. Todorov E, Jordan MI: Optimal feedback control as a theory of
motor coordination. Nat Neurosci 2002, 5:1226-1235.

65. Franklin D, Wolpert D: Computational mechanisms of
sensorimotor control. Neuron 2011, 72:425-442.

66. Weiler J, Gribble PL, Pruszynski JA: Spinal stretch reflexes
support efficient control of reaching. bioRxiv 2020.

67. Wolpert DM, Ghahramani Z, Jordan MI: Are arm trajectories
planned in kinematic or dynamic coordinates? An adaptation
study. Exp Brain Res 1995, 103:460-470.

68. Kistemaker DA, Wong JD, Gribble PL: The cost of moving
optimally: kinematic path selection. J Neurophysiol 2014,
112:1815-1824.

69. Churchland MM, Cunningham JP, Kaufman MT, Foster JD,
Nuyujukian P, Ryu SI, Shenoy KV: Neural population dynamics
during reaching. Nature 2012, 487:51-56.

70. Kalidindi HT, Cross KP, Lillicrap TP, Omrani M, Falotico E,
Sabes PN, Scott SH: Rotational dynamics in motor cortex are
consistent with a feedback controller. bioRxiv 2020.

71. DeWolf T, Stewart TC, Slotine J-J, Eliasmith C: A spiking neural
model of adaptive arm control. Proc R Soc B: Biol Sci 2016,
283:20162134.

72. McNamee D, Wolpert DM: Internal models in biological control.
Annu Rev Control Robot Auton Syst 2019, 2:339-364.

73. Kuo AD: An optimal state estimation model of sensory
integration in human postural balance. J Neural Eng 2005, 2:
S235-S249.

74. Miall RC, Christensen LOD, Cain O, Stanley J: Disruption of state
estimation in the human lateral cerebellum. PLOS Biol 2007, 5:
e316.

75. Maeda RS, O’Connor SM, Donelan JM, Marigold DS: Foot
placement relies on state estimation during visually guided
walking. J Neurophysiol 2017, 117:480-491.

76. Webb B: Neural mechanisms for prediction: do insects have
forward models? Trends Neurosci 2004, 27:278-282.

77. Ryu HX, Kuo AD: An optimality principle for locomotor central
pattern generators. bioRxiv 2020

Thls study uses a simple dynamical simulation of bipedal walking to
explore the interactions of CPGs and proprioceptive feedback. The
simulation illustrates that CPGs and proprioceptive feedback can be
complementary for producing robust movements in the presence of
external perturbations and sensory noise. In addition, the authors pro-
pose to reinterpret locomotor CPGs as state estimators rather than
rhythm generators.

78. Brown AG, Franz DN: Responses of spinocervical tract
neurones to natural stimulation of identified cutaneous
receptors. Exp Brain Res 1969, 7:231-249.

79. Brown AG: Nerve Cells and Nervous Systems: An Introduction to
Neuroscience. edn 2. London: Springer; 2001.

80. Lyu C, Abbott L, Maimon G: A neuronal circuit for vector
computation builds an allocentric traveling-direction signal in
the Drosophila fan-shaped body. bioRxiv 2020.

81. Lu J, Westeinde EA, Hamburg L, Dawson PM, Lyu C, Maimon G,
Druckmann S, Wilson RI: Transforming representations of
movement from body-centric to world-centric space. bioRxiv
2020.

82. Hulse BK, Haberkern H, Franconville R, Turner-Evans DB,
Takemura S, Wolff T, Noorman M, Dreher M, Dan C, Parekh R
etal.: A connectome of the Drosophila central complex reveals

83.

84.

85.

network motifs suitable for flexible navigation and context-
dependent action selection. bioRxiv 2020.

Seelig JD, Jayaraman V: Neural dynamics for landmark
orientation and angular path integration. Nature 2015, 521:186-
191.

Williams |, Constandinou TG: Computationally efficient
modeling of proprioceptive signals in the upper limb for
prostheses: a simulation study. Front Neurosci 2014, 8:181.

Ache JM, Dirr V: A computational model of a descending
mechanosensory pathway involved in active tactile sensing.
PLOS Comput Biol 2015, 11:e1004263

This study formulates a computational model to explain how descending
neurons mediate proprioceptive information from an insect antenna to
motor circuits in the ventral nerve cord. By modeling the proprioceptive
hairs that signal antennal position and movement, the authors can
correctly predict the activity of the descending neurons, suggesting that
the proprioceptive hairs and not other types of proprioceptors provide the
main information.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Tuthill JC, Wilson RI: Mechanosensation and adaptive motor
control in insects. Curr Biol 2016, 26:R1022-R1038.

French AS, Torkkeli PH, Seyfarth E-A: From stress and strain to
spikes: mechanotransduction in spider slit sensilla. J Comp
Physiol A 2002, 188:739-752.

Dickerson BH, Fox JL, Sponberg S: Functional diversity from
generic encoding in insect campaniform sensilla. Curr Opin
Physiol 2021, 19:194-203.

Goldsmith CA, Szczecinski NS, Quinn RD: Neurodynamic
modeling of the fruit fly Drosophila melanogaster. Bioinsp
Biomimet 2020, 15:065003.

Zhang H, Mo F, Wang L, Behr M, Arnoux P: A framework of a
lower limb musculoskeletal model with implemented natural
proprioceptive feedback and its progressive evaluation. IEEE
Trans Neural Syst Rehabil Eng 2020, 28:1866-1875.

Angelaki DE, Cullen KE: Vestibular system: the many facets of a
multimodal sense. Annu Rev Neurosci 2008, 31:125-150.

Rohrle O, Yavuz US, Klotz T, Negro F, Heidlauf T: Multiscale
modeling of the neuromuscular system: coupling
neurophysiology and skeletal muscle mechanics. WIREs Syst
Biol Med 2019, 11:e1457.

Cofer D, Cymbalyuk G, Reid J, Zhu Y, Heitler WJ, Edwards DH:
AnimatLab: a 3D graphics environment for neuromechanical
simulations. J Neurosci Methods 2010, 187:280-288.

Szczecinski NS, Hunt AJ, Quinn RD: A functional subnetwork
approach to designing synthetic nervous systems that control
legged robot locomotion. Front Neurorobot 2017, 11:37.

Bekolay T, Bergstra J, Hunsberger E, DeWolf T, Stewart TC,
Rasmussen D, Choo X, Voelker AR, Eliasmith C: Nengo: a Python
tool for building large-scale functional brain models. Front
Neuroinformatics 2014, 7:48.

Bassler U: Afferent control of walking movements in the stick
insect Cuniculina impigra. J Comp Physiol A 1986, 158:351-362.

Clarac F, Cattaert D, Le Ray D: Central control components of a
‘simple’ stretch reflex. Trends Neurosci 2000, 23:199-208.

Bacqué-Cazenave J, Chung B, Cofer DW, Cattaert D,
Edwards DH: The effect of sensory feedback on crayfish
posture and locomotion. Il. Neuromechanical simulation of
closing the loop. J Neurophysiol 2015, 113:1772-17883.

Chung B, Bacqué-Cazenave J, Cofer DW, Cattaert D,

Edwards DH: The effect of sensory feedback on crayfish
posture and locomotion. I. Experimental analysis of closing
the loop. J Neurophysiol 2015, 113:1763-1771.

Current Opinion in Physiology 2019, 1:100426

www.sciencedirect.com


http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0315
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0315
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0315
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0320
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0320
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0325
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0325
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0330
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0330
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0335
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0335
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0335
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0340
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0340
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0340
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0345
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0345
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0345
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0350
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0350
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0350
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0355
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0355
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0355
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0360
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0360
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0365
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0365
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0365
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0370
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0370
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0370
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0375
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0375
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0375
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0380
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0380
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0385
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0385
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0390
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0390
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0390
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0395
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0395
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0400
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0400
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0400
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0405
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0405
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0405
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0405
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0410
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0410
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0410
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0410
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0410
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0415
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0415
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0415
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0420
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0420
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0420
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0425
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0425
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0425
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0430
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0430
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0435
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0435
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0435
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0440
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0440
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0440
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0445
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0445
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0445
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0450
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0450
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0450
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0450
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0455
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0455
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0460
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0460
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0460
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0460
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0465
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0465
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0465
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0470
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0470
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0470
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0475
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0475
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0475
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0475
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0480
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0480
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0485
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0485
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0490
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0490
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0490
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0490
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0495
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0495
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0495
http://refhub.elsevier.com/S2468-8673(21)00036-5/sbref0495

	A leg to stand on: computational models of proprioception
	Experimental perturbations probe the role of proprioceptive feedback in motor control
	Mechanical perturbation experiments
	Neural perturbation experiments

	How models can help
	Computational models of sensory coding in proprioceptors
	Behavioral functions of proprioceptive feedback
	Reflexive control of body posture
	Feedback control of locomotion
	Feedback control of skilled limb movements
	Body state estimation

	Approaches for systems-level modeling of proprioception
	Diversity of proprioceptive sensors and their models
	Integration of models for proprioception and motor control
	Context-dependent modulation
	Conclusion

	Conflict of interest statement
	References and recommended reading
	Acknowledgments


