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Synopsis  While animals swim, crawl, walk, and fly with apparent ease, building robots capable of robust locomotion remains a
significant challenge. In this review, we draw attention to mechanosensation—the sensing of mechanical forces generated within
and outside the body—as a key sense that enables robust locomotion in animals. We discuss differences between mechanosen-
sation in animals and current robots with respect to (1) the encoding properties and distribution of mechanosensors and (2)
the integration and regulation of mechanosensory feedback. We argue that robotics would benefit greatly from a detailed un-
derstanding of these aspects in animals. To that end, we highlight promising experimental and engineering approaches to study
mechanosensation, emphasizing the mutual benefits for biologists and engineers that emerge from moving forward together.

Introduction

Locomotion in the real world is a significant chal-
lenge for current robots because natural environments
are highly complex and can change in unpredictable
ways (Jayaram and Full 2016). This requires robots to
be robust—resistant to perturbations and effective in
a wide range of conditions (Jen 2005). While some
of the most impressive robots today, like Boston Dy-
namics Atlas (Guizzo 2019) or ANYbotics ANYmal
(Hutter et al. 2017), are beginning to deliver robust lo-
comotion in natural environments and redefine robot
agility, robots still lack the efficiency and effective-
ness of animals (Ijspeert 2014; Buschmann et al.
2015). For example, it is still difficult for robots to cope
with unexpected perturbations, such as terrain defor-
mation and foot slippage (Ohradzansky et al. 2021;
Tranzatto et al. 2022; Chung et al. 2023).

In contrast to robots, animals swim, crawl, walk,
and fly robustly with apparent ease. Key to their out-
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standing performance is a combination of fine-tuned
mechanical and sensory feedback (Dickinson et al.
2000). Mechanical feedback is provided by the intrinsic,
viscoelastic properties of the musculoskeletal system
(Nishikawa et al. 2007). A fast running cockroach, for
example, can self-stabilize within milliseconds after be-
ing pushed sideways thanks in part due to its viscoelas-
tic legs (Jindrich and Full 2002). From an engineering
perspective (Holmes et al. 2006), mechanical feedback
is interesting because it helps robots recover from cer-
tain perturbations extremely fast at no additional com-
putational cost (Jayaram et al. 2018). As such, it has suc-
cessfully inspired generations of highly capable multi-
legged robots (Altendorfer et al. 2001). Sensory feed-
back, on the other hand, allows animals to cope with un-
predictable environments more broadly. Animals uti-
lize sensory feedback from a variety of different modal-
ities to guide and stabilize locomotion (Dickinson et al.
2000).
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A Examples of animal mechanosensors involved in locomotion control
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B Mechanosensory feedback in animal locomotion
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Fig. | Mechanosensory control of locomotion in animals. (A) Animal mechanosensors come in many shapes and forms. Embedded deep
within the musculoskeletal system, they detect external and internal forces important for controlling locomotion. Top left: cerebrospinal
fluid contacting neuron in the central canal of a larval zebrafish encoding axial bending in the spinal cord through coupling to an internal
acellular thread called the Reissner fiber (top view, adapted from Wu et al. 2021). Bottom left: chordotonal neurons in a Drosophila larva
encoding muscle stretch (adapted from Agrawal and Tuthill 2022). Top right: muscle spindle in a mouse leg encoding muscle stretch.
Bottom right: campaniform sensillum on a Drosophila wing encoding aerodynamic forces. (B) Across species and types of locomotion,
mechanosensory feedback informs locomotor circuits in the central nervous system at multiple levels and timescales. Mechanosensory
feedback mediates reflexes, shapes internal locomotor rhythms, and contributes to action selection and state estimation. Feedback is
flexibly regulated to meet behavioral demands. Control diagram adapted from Dickinson et al. (2000).

In this review, we focus on mechanosensation, the
sensing of mechanical forces generated within and
outside the body. Mechanosensation is a critical type of
sensory feedback for locomotion across animals (Fig. 1;
Tuthill and Wilson 2016; Knafo and Wyart 2018; Tuthill
and Azim 2018; Boublil et al. 2021; Frigon et al. 2021;
Agrawal and Tuthill 2022). Most animals, including
humans, rely heavily on mechanosensation for robust
locomotion. For example, human patients lacking
mechanosensory feedback due to genetic mutations
(Chesler et al. 2016) or viral infections (Cole and Katifi
1991; Lajoie et al. 1996) are typically unable to walk. If
they do recover, locomotion is anything but robust—
each step requires precise planning and visual control.
Lack of mechanosensory feedback causes locomotion
deficits across species, whether animals walk, fly, crawl,
or swim (e.g., Dickinson 1999; Hughes and Thomas
2007; Mendes et al. 2013; Wu et al. 2021; Santuz et al.
2022).

In comparison to other modalities like vision,
mechanosensation is typically fast, computationally
cheap, and equally effective under varying external con-
ditions. These advantages have not been lost on engi-
neers. In fact, mechanosensors—primarily in the form
of inertial measurement units (IMUs)—are integral
parts of many robotic controller designs. These robotic
sensors may even outperform animal mechanosensors
in terms of noise and conduction delays (Buschmann et

al. 2015). Nevertheless, it has been challenging to take
full advantage of mechanosensation in robots to enable
animal-like locomotion. Why?

In this review, we draw attention to key differences
between mechanosensation in current robots and an-
imals related to (1) the encoding properties and dis-
tribution of mechanosensors and (2) the integration
and regulation of mechanosensory feedback. We ar-
gue that inspiring the next generation of robust robots
will be accelerated by a detailed understanding of these
aspects in animals. To that end, we highlight promis-
ing experimental and engineering approaches to study
mechanosensation, emphasizing the mutual benefits for
biologists and engineers that emerge from moving for-
ward together.

Encoding properties and distribution of
mechanosensors

Encoding properties of mechanosensors

Engineered mechanosensors typically directly encode a
physical parameter with fixed sensitivity over the whole
parameter range. For example, legged robots are rou-
tinely equipped with sensors that linearly encode joint
angles or joint forces/torques (Buschmann et al. 2015).
At first sight, animal mechanosensors may appear to
function similarly. For example, the responses of mam-
malian muscle spindles and insect chordotonal organs
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Mechanosensory control of locomotion

are related to joint angles, while those of mammalian
Golgi tendon organs and insect campaniform sensilla
are related to forces (Tuthill and Azim 2018). How-
ever, unlike engineered sensors, animal mechanosen-
sors often encode physical parameters non-linearly and
dependent on stimulus history. Campaniform sensilla,
for example, encode the rate of change of force with a
power-law relation, their firing rate decreases over time
when the force remains constant (adaptation), and they
encode the same magnitude of force differently depend-
ing on whether it is reached during a force increase or
a force decrease (hysteresis; Ridgel et al. 2000). Such
complex encoding properties may result from a com-
bination of neural properties—which are in part deter-
mined by the neurons’ mechanically gated ion chan-
nels (Walker et al. 2000; Cheng et al. 2010; Faucherre et
al. 2013; Akitake et al. 2015; Delmas et al. 2022)—and
mechanical properties (Sane and McHenry 2009; Barth
2019). Mechanical properties directly affect sensing ca-
pabilities because mechanosensory neurons are embed-
ded deep within muscles, tendons, joints, the skin, or
the skeleton (Fig. 1A). Campaniform sensilla, for exam-
ple, are embedded in the insect exoskeleton, including
in the legs and in the wings (Dinges et al. 2021). Accord-
ingly, the sensitivity of an individual sensillum strongly
depends on how the surrounding cuticle deforms in re-
sponse to external forces (Dickerson et al. 2021; Dinges
et al. 2022).

Distribution of mechanosensors

Engineered sensors differ from animal mechanosen-
sors not only in terms of their encoding properties
but also in terms of their distribution across the body.
Current robots are equipped with comparatively few
mechanosensors. Legged robots, for example, may be
equipped with a single sensor per leg joint to encode
joint position and/or torque, and a sensor in the foot
to encode ground contact (Buschmann et al. 2015). In
contrast, animal mechanosensors are orders of magni-
tudes more numerous. Depending on its size, a sin-
gle mammalian muscle may contain up to 500 mus-
cle spindles (Prochazka 1996). Even a tiny fruit fly leg
contains several hundreds of mechanosensory neurons
(Phelpsetal. 2021). The higher number of mechanosen-
sors in animals likely contributes to their robust lo-
comotion: Should a subset of mechanosensory neu-
rons be damaged, other neurons can take over with
no apparent effect on locomotor performance. In fact,
this redundancy makes it difficult to study how spe-
cific mechanosensory neurons contribute to locomo-
tion control—a challenge recognized already in early
functional studies (Delcomyn 1985) and still present to-
day (see below). But individual mechanosensory neu-

rons of a given type are not necessarily uniform. Among
other things, they may differ in their sensitivity. This
is seen in many mechanosensory neurons, like the
position-sensitive neurons of chordotonal organs in in-
sect legs. With different peak sensitivities, these neu-
rons can divide up the stimulus range, a strategy known
as range fractionation (Matheson 1992; Mamiya et al.
2022). As a group, the mechanosensory neurons can
then encode a parameter such as joint angle precisely
over a broad range.

Moving forward

Although much is known about the encoding prop-
erties and distribution of mechanosensors in animals,
many details remain unclear, which in turn hampers
broader robotic implementation. How exactly do neu-
ral and mechanical properties interact to determine the
sensing capabilities of mechanosensory neurons? What
are the advantages of non-linear, adaptive encoding?
How many sensors are needed to control locomotion,
and where should they be placed? Moving forward, we
believe that computational models and new techniques
to fabricate robotic sensors will provide important in-
sights into these questions.

Moving forward with computational models

Computational models are valuable tools to better un-
derstand the encoding properties and distribution of
animal mechanosensors. Muscle spindles are a good ex-
ample. Their diverse and complex responses are well
documented, but it has been challenging to under-
stand how exactly the responses emerge from body
movements in different contexts. Using a computational
model of the spindle, Blum et al. (2020) were able
to show that the responses can in fact emerge from
first principles of muscle contractile mechanics. In an-
other recent example, Mamiya et al. (2022) took ad-
vantage of a finite element model based on an X-ray
dataset of the fruit fly leg to better understand how
leg movement is translated into the very different re-
sponses of neighboring neurons of a chordotonal organ.
The model revealed that a mechanical structure in the
leg effectively pre-processes movement-related signals
to give rise to position-sensitivity in some neurons and
vibration-sensitivity in others.

To study the potential advantages of biologi-
cal encoding over standard engineering encoding,
Szczecinski et al. (2021) developed a simple computa-
tional model that emulates how insect campaniform
sensilla adapt to constant forces. The model was used as
areal-time filter on a robot leg to encode feedback from
strain sensors “‘campaniform-sensilla-style” (Zyhowski
et al. 2023). Thanks to the adaptation, the bio-inspired
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sensors robustly signaled only relative changes in strain
on the leg, making them essentially self-calibrating
across contexts. In the future, this may make it eas-
ier to determine when a leg is in ground contact and
thereby improve the control of inter-leg coordination in
walking robots. In another study, Mohren et al. (2018)
used a computational model to better understand the
encoding and distribution of campaniform sensilla on
insect wings. The model revealed that only few sensilla
in specific locations are needed to read out information
about body movements important for flight control,
with biological sensors providing significant advantages
over engineered sensors that directly encode strain.

These examples illustrate how computational models
can help us understand the encoding properties and dis-
tribution of animal mechanosensors and, in turn, pro-
vide valuable inspiration for robust sensing in robots.
An advantage of computational models is that neural
and mechanical properties can be easily changed to ex-
plore how they affect sensing capabilities in different
contexts (e.g., Weber et al. 2021).

Moving forward with new fabrication and
computing techniques

On the engineering side, new fabrication techniques,
such as laser micromachined stack laminate manufac-
turing (Wood et al. 2008; Sreetharan et al. 2012) and
3D printing (Valentine et al. 2017; Skylar-Scott et al.
2019), now enable fast, flexible, and low-cost devel-
opment of materials that integrate sensors throughout
the structure (Gafford et al. 2014; Muth et al. 2014;
McDonnell et al. 2022), resulting in smart materials ca-
pable of functioning as machines themselves (McEvoy
and Correll 2015; McCracken et al. 2020). Embedding
sensors directly into a robot’s body may enable the use
of generic sensors that—much like the campaniform
sensilla discussed above—automatically adapt to behav-
iorally relevant stimuli via the mechanics of the body
(Dickerson et al. 2021), thereby reducing the compu-
tational burdens for control. Moreover, these accessi-
ble and easy-to-use prototyping techniques are capa-
ble of creating bio-inspired mechanosensors that ap-
proach sensitivities of biological sensors (Kang et al.
2014; Liu et al. 2022). With such techniques, we expect
to see rapid progress in engineered systems utilizing a
large number of distributed sensors (Gao et al. 2016;
Shih et al. 2020) that have the potential to outperform
state-of-the-art systems in terms of adaptability and re-
silience. Modern bio-inspired sensors are even starting
to be capable of simulating the responses of biological
mechanosensitive ion channels (Marcotte et al. 2020),
which could lead to higher fidelity robophysical mod-
els. With computational techniques such as neuromor-
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phic computing (Davies et al. 2021) becoming more ac-
cessible, mechanosensory neuron-like encoding can be
readily implemented in robotic processors (Dupeyroux
et al. 2022). As these robotic implementations mature
in design complexity and fidelity, they can increasingly
serve as effective robophysical models to elucidate prin-
ciples of biological mechanosensors, because they are
fundamentally grounded in the physics of the real world
(Aguilar et al. 2016).

Integration and regulation of
mechanosensory feedback

Integration of mechanosensory feedback

In addition to advantageous encoding proper-
ties and distributions of mechanosensors, effective
mechanosensation in animals is enabled by efficient
integration of mechanosensory feedback at multiple
levels and timescales to support various locomotor
functions (Fig. 1B; Dallmann et al. 2021; Frigon et al.
2021).

At the lowest level, mechanosensory feedback is di-
rectly or indirectly integrated in motor neurons to en-
able fast reflexes that stabilize ongoing locomotion. For
example, during the stance phase of walking, mam-
malian Golgi tendon organs and insect campaniform
sensilla provide reflexive, positive feedback to mo-
tor neurons of antigravity muscles, thereby reinforc-
ing body weight support (Duysens et al. 2000; Zill et
al. 2004). This feedback automatically activates mus-
cles more strongly when the mechanical demands on
the body increase, such as when walking uphill or
when carrying additional weight. Stabilizing reflexes are
critical across species and types of locomotion. In ze-
brafish, mechanosensory neurons that contact the cere-
brospinal fluid in the central canal and detect bending
of the spine (Fig. 1A; Djenoune et al. 2014) project to
occipital motor neurons in the hindbrain that control
head position (Wu et al. 2021). Genetic removal of these
neurons demonstrated that they are critical to stabilize
posture against rolling during high-speed swimming
(Hubbard et al. 2016; Wu et al. 2021). Stabilizing reflexes
are even critical for flies, which rapidly flap their wings
several hundred times per second during flight. For ex-
ample, fly halteres—modified hindwings that function
as nature’s only biological gyroscope—mediate critical
equilibrium reflexes to stabilize the body (Hengstenberg
1988; Nalbach and Hengstenberg 1994; Dickinson 1999;
Sherman and Dickinson 2003; Dickerson et al. 2019).

At an intermediate level, mechanosensory feedback
is integrated in control circuits in the spinal cord (ver-
tebrates) or ventral nerve cord (invertebrates), where
it tunes locomotor speed and body coordination. Parts
of these control circuits are intrinsically rhythmic and
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referred to as locomotor central pattern generators
(CPGs; Guertin 2009; Bidaye et al. 2018; Grillner and
Kozlov 2021).

The effects of mechanosensory feedback on
speed control can be seen in fictive preparations,
where CPG circuits are isolated and disconnected
from mechanosensory feedback altogether. Without
mechanosensory feedback, rhythmic locomotor-like
activity in circuits normally controlling walking,
flight, swimming, or crawling is significantly slower
(Wilson 1961; Grillner and Zangger 1979; Wallén
and Williams 1984; Ryckebusch and Laurent 1993;
Biischges et al. 1995; Pulver et al. 2015), suggesting
that mechanosensory feedback enhances locomotor
speed. This effect was confirmed in genetic model
organisms by manipulating specific mechanosensory
neurons during swimming and crawling (Hughes and
Thomas 2007; Bohm et al. 2016; Knafo et al. 2017).
For example, activating mechanosensory Rohon beard
neurons in larval zebrafish that detect pressure on
the skin from the external fluid activates premotor
excitatory V2a neurons (Knafo et al. 2017), which are
involved in setting locomotor speed (McLean et al.
2008; Menelaou and McLean 2019). Similarly, the cere-
brospinal fluid contacting neurons mentioned above
and other mechanosensory neurons detecting bending
of the spine contribute to increasing movement speed
(Bohm et al. 2016; Picton et al. 2021; Wu et al. 2021).
Likewise, in crawling Drosophila larvae, different types
of mechanosensory neurons that monitor body wall
deformation (Vaadia et al. 2019) provide feedback to
speed up locomotion (Hughes and Thomas 2007).

The effects of mechanosensory feedback on body
coordination are also seen across species and types
of locomotion. During walking, both vertebrates and
invertebrates integrate feedback from various types
of mechanosensory neurons to tune the duration of
stance and swing phases, spatial foot placement, and
the temporal coordination of legs on a step-by-step ba-
sis (Prochazka 1996; Pearson 2004; Bidaye et al. 2018).
For example, both movement- and force-related feed-
back interact with CPG circuits to time each leg’s
stance-to-swing transition (Duysens and Pearson 1980;
Cruse 1985; Hiebert et al. 1996). In addition, coordina-
tion across multiple legs is aided by long-range, inter-
segmental mechanosensory pathways (Grabowska et al.
2022). Similarly, mechanosensory feedback is required
to coordinate different body segments during crawling
(Hughes and Thomas 2007; Song et al. 2007). In in-
sect flight, mechanosensory feedback tunes the flight
rhythm on a stroke-by-stroke basis, with mechanosen-
sory feedback from the hindwing playing a major role in
structuring the motion of its anterior serial homologue
(Gettrup 1965; Frye 2001; Dickerson 2020). This is the

case for both locusts, in which campaniform sensilla en-
code hindwing motion that in turn controls forewing
twist (Gettrup 1965), and moths, in which the hind-
wing stretch receptor helps control lift generation by
the forewing (Frye 2001). Although flies do not possess
a true hindwing, recent work suggests that the afore-
mentioned haltere plays a similar role (Dickerson et al.
2019).

At the highest level, mechanosensory feedback is in-
tegrated in control circuits in the brain, where it helps
to elicit appropriate changes in motor behavior and es-
timate the state of the body. For example, activating
chordotonal neurons in the legs of Drosophila can elicit
forward walking (Medeiros et al. 2022). When walk-
ing flies encounter a dead-end, touch-sensitive neu-
rons on the body and legs can elicit backward walk-
ing (Sen et al. 2019). These changes in motor behavior
are mediated by circuits in the brain (Sen et al. 2019;
Medeiros et al. 2022). While some fly mechanosen-
sors may directly project to the brain (Tsubouchi et
al. 2017), most mechanosensory feedback is carried by
ascending neurons (Chen et al. 2023). In the brain,
mechanosensory feedback can directly modulate de-
scending neurons that control locomotion (Sen et al.
2019) or be integrated with other types of sensory
feedback in deeper layers. For example, the central
complex—the navigational center of the insect brain—
integrates mechanosensory feedback from the legs (Lu
et al. 2022; Lyu et al. 2022) and halteres (Kathman and
Fox 2019) with other sensory feedback to keep track of
the fly’s heading during walking and flight. Likewise, in
mammals, mechanosensory feedback ascends to mul-
tiple brain regions, including the brainstem, the cere-
bellum, the thalamus, and the cerebral cortex, where it
provides critical information about the state of the lo-
comotor system (Frigon et al. 2021).

Regulation of mechanosensory feedback

A fundamental feature of mechanosensory feedback in
animals is that its effects are not fixed but can be flex-
ibly attenuated when disruptive or self-generated and
enhanced when advantageous (Azim and Seki 2019).
Mechanosensory feedback can be adjusted already
in the periphery. A well-documented example is the
muscle spindle, whose sensitivity is tuned by the activ-
ity of gamma motor neurons that regulate the level of
tension in the muscle fibers of the spindle (Macefield
and Knellwolf 2018). Another example are fly halteres.
Like the wings, halteres possess a set of steering mus-
cles that receive visual feedback to regulate muscle
activity and, with that, haltere motion. This way, vi-
sual feedback directly affects the mechanosensory feed-
back provided by the halteres and, in turn, the hal-

£20¢ 1snBny gQ UO Josn ssa00y JoquisN 9IS Ad GZ9061 2/2G0PEII/ADIEE0 "0 L/I0P/B[oILE-80UBAPE/GI/L0D"ANO-0ILBPEOE//:SARY WO PEPEOIUMOQ



teres’ effects on flight control (Dickerson et al. 2019). A
conserved mechanism for regulating mechanosensory
feedback in the periphery across species is presynaptic
inhibition, where specialized interneurons inhibit the
mechanosensory axons as they enter the spinal cord or
ventral nerve cord in a task- and context-dependent
manner (Watson 1992; Rudomin and Schmidt 1999;
Rossignol et al. 2006). For example, mechanosensory
axons of locusts and mice receive presynaptic inhibi-
tion during walking (Wolf and Burrows 1995; Koch et
al. 2017). Removal of this inhibition in mice results
in excessive flexion and perturbed gait, suggesting that
presynaptic inhibition is critical to prevent reflexive re-
sponses that would otherwise disrupt rhythmic step-
ping (Koch et al. 2017).

Regulating the effects of mechanosensory feedback is
not limited to the periphery. Feedback can be flexibly
adjusted at multiple levels, from circuits in the spinal
cord or ventral nerve cord to circuits in the brain (Azim
and Seki 2019). In stick insects, for example, a balance
of excitation and inhibition within a population of spe-
cific interneurons in the ventral nerve cord is thought to
reverse the sign of postural reflexes during locomotion
(Driesang and Biischges 1996).

Moving forward

The above examples illustrate that mechanosensory
feedback is integrated in control circuits at multi-
ple levels to support a variety of locomotor func-
tions. Mechanosensory feedback mediates fast reflexes,
shapes locomotor rhythms, and contributes to ac-
tion selection and state estimation. Task- and context-
dependent enhancement or attenuation of feedback
guarantees smooth, robust movements. Despite our
broad knowledge about the integration and regulation
of mechanosensory feedback in animals, many critical
details remain unclear, which hampers broader robotic
implementation. How exactly are feedback pathways or-
ganized in control circuits? How do specific feedback
pathways contribute to robust locomotion? Moving for-
ward, we believe that connectomics, genetic tools, and
computational and physical models will provide impor-
tant insights into these questions.

Moving forward with connectomics

One obstacle to understanding mechanosensory feed-
back concerns the organization of feedback pathways in
the central nervous system. Although much is known
about the organization already (Abraira and Ginty
2013; Tuthill and Wilson 2016; Wu et al. 2021), we
lack comprehensive wiring diagrams. Such wiring dia-
grams would be powerful tools to generate and test hy-
potheses about the integration of mechanosensory feed-
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back in control circuits and constrain computational
models (Zarin et al. 2019; Lappalainen et al. 2023).
Thanks to recent advances in electron-microscopy-
based connectomics, mechanosensory wiring diagrams
are now in reach. Connectomics has developed ex-
tremely rapidly in the last five years, particularly for
Drosophila (Eschbach and Zlatic 2020; Phelps et al.
2021; Galili et al. 2022; Winding et al. 2023; Takemura
et al. 2023). There now exist multiple connectomes of
the Drosophila brain and ventral nerve cord in various
stages of reconstruction. Reconstruction and analysis
efforts are massively accelerated by collaborations in on-
line communities and new machine learning tools that
can reconstruct neurons, identify synapses, and predict
neurotransmitter identity with high accuracy (Azevedo
etal. 2022; Dorkenwald et al. 2022). Studies have already
begun to reveal the anatomical diversity and distinct
projection patterns of mechanosensory neurons from
different body parts and how they interface with cen-
tral circuits to influence behavior (Ohyama et al. 2015;
Hampel et al. 2020; Phelps et al. 2021; Dorkenwald et
al. 2022; Eichler et al. 2023). One of the earliest studies
identified how mechanosensory feedback from chordo-
tonal organs is integrated in a multilevel circuit in the
Drosophila larva to trigger rolling (Ohyama et al. 2015).
Similar efforts are underway to identify mechanosen-
sory feedback circuits for walking and flight in the adult.
A challenge for reconstructing mechanosensory path-
ways is that connectomics datasets do not include the
mechanosensory cell bodies in the periphery. There-
fore, mechanosensory axons must be identified with the
help of other datasets, such as light microscopy images
(Eichler et al. 2023). Whole-nervous system connec-
tomics is not yet within reach for mammalian-sized ner-
vous systems, but insect species other than Drosophila
are potential targets. Comparative connectomics will
be useful to identify which feedback pathways are con-
served and which represent species-specific adaptations
(Galili et al. 2022).

Moving forward with genetic tools

Where connectomics can provide a static roadmap of
mechanosensory pathways, genetic tools allow record-
ing and manipulating these pathways in behaving ani-
mals with ever-increasing specificity. In Drosophila, ze-
brafish, and mice, neural activity can now be imaged in
the spinal cord or ventral nerve cord during tethered lo-
comotion (Nelson et al. 2019; Vaadia et al. 2019; Bohm
etal. 2022; Hermans et al. 2022). Experimental access to
the activity of mechanosensors and their downstream
targets is a huge advantage. As outlined above, activity
patterns cannot easily be predicted from movement, be-
cause the nervous system can adjust feedback in a task-
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and context-dependent manner (Azim and Seki 2019).
Imaging the activity of locomotor circuits at multiple
levels during behavior can reveal when and where in
the processing hierarchy are specific types of feedback
available for control. In addition, chronic knock-outs
and acute optogenetic tools allow manipulating these
feedback pathways in behaving animals (Bohm et al.
2016; DeAngelis et al. 2020; Wu et al. 2021; Chockley
et al. 2022). Importantly, these tools allow targeting
pathways that cannot be targeted with traditional tech-
niques. A good example are the internal, cerebrospinal
fluid contacting neurons mentioned above (Fig. 1A).
Targeting these cells with genetic knock-outs, optoge-
netics, and calcium imaging in behaving zebrafish re-
vealed that their feedback contributes to optimizing lo-
comotion speed (Bohm et al. 2016; Wu et al. 2021).
Likewise, insect chordotonal neurons and mammalian
muscle spindles are notoriously difficult to manipulate
in locomoting animals with traditional techniques, be-
cause they are deeply embedded in the legs (Fig. 1A).
Studies in Drosophila and mice have started to use ge-
netic manipulations to study the contribution of these
mechanosensors to the control of locomotion (Akay et
al. 2014; Chockley et al. 2022; Santuz et al. 2022). Al-
beit powerful, genetic manipulations come with their
own set of challenges (Wolff and Olveczky 2018). Due
to the redundancy of mechanosensory feedback path-
ways and their interactions with locomotor circuits at
multiple levels, manipulations can have little effect on
locomotion or unintended effects that are difficult to in-
terpret (Dallmann et al. 2021). In particular, the effects
of silencing specific mechanosensors might be compen-
sated for during development considering the impor-
tance of locomotion for animals. A promising strategy
is to complement manipulation experiments with com-
putational and physical models.

Moving forward with computational models

In the context of goal-directed locomotion, a useful
framework to design and analyze manipulation exper-
iments is control theory (Madhav and Cowan 2020).
Based on system identification, this engineering frame-
work allows generating testable hypotheses of how dif-
ferent types of feedback contribute to locomotor per-
formance. Roth et al. (2016) used this framework to
study the relative contribution of mechanosensory and
visual feedback to the flower tracking behavior of feed-
ing hawkmoths during flight. Using an artificial flower,
the authors provided independent and conflicting vi-
sual and mechanical flower stimuli. The analysis re-
vealed that feedback from mechanosensory neurons in
the proboscis is sufficient to perform tracking behav-
ior, and is weighted linearly with parallel feedback from

visual neurons. In another study, Cellini and Mongeau
(2022) took advantage of control theory to tease apart
the contribution of mechanosensory and visual feed-
back to gaze stabilization in flying flies. The analysis
revealed that mechanosensory feedback from halteres
actively damps head movements when body motion is
self-generated. Similar studies have helped to under-
stand how mechanosensory feedback contributes to the
task-level control of rapid running (Cowan et al. 2006;
Mongeau et al. 2015).

When locomotion is not related to a specific task
like flower tracking or gaze stabilization, determin-
ing and measuring the inputs and outputs of the lo-
comotor system required for a top-down, control-
theoretic approach is challenging. An alternative ap-
proach is bottom-up modeling, where the locomotor
system is synthesized from low-level principles, in-
cluding physiologically plausible feedback pathways.
Markin et al. (2016) took this approach and developed
a neuromechanical CPG model of the cat hindlimb
with physiologically plausible feedback from cutaneous
mechanosensors in the paw and muscle spindles and
Golgi tendon organs in the leg. The model allowed the
authors to selectively remove mechanosensory feedback
pathways and test the resulting effects on walking. For
example, without muscle spindle feedback from the calf
muscle, the simulated cat hindlimb was still able to
walk, but without Golgi tendon organ feedback from the
same muscle, it was unable to produce robust walking
and collapsed after a few strides. Similar kinds of mod-
els are being used to study the relative contribution of
mechanosensory feedback pathways in other walking,
crawling, and swimming animals (Proctor and Holmes
2018; Schilling and Cruse 2020; Sun et al. 2022; Hamlet
etal. 2023; Russo et al. 2023). The ability to easily change
the gain of feedback pathways in these models helps re-
veal the effectiveness of feedback across the parameter
space and generate specific, testable hypotheses for ex-
periments. Moving forward, progress will be accelerated
by using realistic computational models that are openly
shared for use across labs (Lobato-Rios et al. 2022).

Moving forward with physical models

Another approach to evaluate a specific mechanosen-
sory feedback mechanism is to implement it on a robot
(Ijspeert 2014). Force feedback during walking is a good
example. A series of experimental studies suggest that
force feedback from mammalian Golgi tendon organs
and insect campaniform sensilla provides reflexive, pos-
itive feedback that can contribute to inter-leg coordina-
tion (Duysens and Pearson 1980; Duysens et al. 2000;
Zill et al. 2009; Dallmann et al. 2017). However, due to
redundancy of feedback pathways, it has been challeng-
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ing to provide causal evidence for this mechanism in
walking animals. For example, position and movement
feedback is thought to contribute to inter-leg coordina-
tion as well (Cruse 1985; Hiebert et al. 1996). But using
a minimalistic legged robot, Owaki and Ishiguro (2017)
confirmed the sufficiency of the load-based mechanism
for establishing inter-leg coordination. In their exper-
iments, each robotic leg was driven independently of
the others by its own CPG. Incorporating force feedback
from the legs was sufficient to coordinate the CPGs and
generate different stepping patterns. Robots have been
similarly useful to test the effectiveness of mechanosen-
sory feedback pathways in other animals and types of
locomotion (Ijspeert 2001; Ijspeert et al. 2007; Righetti
and Ijspeert 2008; Hagen et al. 2021; Sivitilli et al. 2022).
The advantage of robots over simulations in such stud-
ies is that the effects of mechanosensory feedback on lo-
comotion can be tested in environments similar to those
encountered by animals. The physical interactions with
the natural environment provide a realistic source of
sensory noise and other complex conditions that may
be simplified or nonexistent in simulations. Moving for-
ward, this “robotics-inspired biology” approach will be
accelerated by decreasing cost and increasing availabil-
ity of electronic components, actuators, sensors, fabri-
cation equipment, and access to open-source software
(Gravish and Lauder 2018). In addition, size-agnostic
design and fabrication workflows will facilitate building
robots at animal scales, including that of small insects
(Jayaram et al. 2020).

While incorporating simple proprioceptive feedback
has proven successful for controlling robots across sizes
(Wensing et al. 2017; Jayaram, Jafferis, et al. 2018; Doshi
et al. 2019; Gong et al. 2019), incorporating more ad-
vanced forms of mechanosensory feedback has been
limited due to several implementation challenges. For
example, physiologically plausible controllers can be-
come highly complex and laborious to tune. This has led
to the emergence of model-free reinforcement learn-
ing as an alternative approach for developing locomo-
tion controllers (Lee et al. 2020). Rather than emu-
lating specific neural pathways, these controllers learn
how to process the stream of mechanosensory informa-
tion optimally for the locomotor tasks at hand. Intrigu-
ingly, current robots require extremely high-bandwidth
closed-loop controllers (~1kHz) for effective locomo-
tion (Chung et al. 2023), whereas animals operate at
much lower bandwidth (~10 Hz; Nishikawa et al. 2007).
One possible explanation is that robotic controllers
do not yet implement the parallelization, distribution,
and hierarchical organization of mechanosensory path-
ways that make processing in nervous systems so ef-
fective (Merel et al. 2019). A promising approach for
achieving this is to move away from conventional com-
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puting to neuromorphic computing—eflicient, parallel,
low-power computing inspired by the nervous system
(Calimera et al. 2013; Thakur et al. 2018; de Croon et al.
2022).

Ultimately, when looking for inspiration for engi-
neered systems, it is important to consider that biolog-
ical solutions are not necessarily optimized to perform
one particular function (Haberland and Kim 2015). For
example, some fly mechanosensory neurons involved in
walking are also involved in grooming (Ravbar et al.
2021) and courtship (McKelvey et al. 2021). In addi-
tion, non-locomotor factors like development and phys-
iology can constrain the distribution of mechanosen-
sory neurons (Aiello et al. 2021). Therefore, it will be
crucial to ask which aspects of animal mechanosen-
sation are truly necessary to improve robotic perfor-
mance, and which are bugs. An example of the latter
are sensory delays, which can constrain the effectiveness
of mechanosensation at high-speed locomotion in ani-
mals (More and Donelan 2018). Robots can easily out-
perform animals in terms of conduction delays (con-
duction speed through an electrical wire approaches
the speed of light, resulting in insignificant delays) and
other component specifications (e.g., onboard process-
ing power).

Conclusions

Mechanosensation is a key sense that enables animals to
move robustly in complex, natural environments, and it
holds great promise for the design of the next generation
of locomoting robots. We argue that bio-inspired engi-
neering would benefit greatly from (1) a detailed under-
standing of the encoding properties and distribution of
animal mechanosensors and (2) the integration and reg-
ulation of mechanosensory feedback in the nervous sys-
tem. Moving forward will require complementary ex-
perimental and engineering approaches, including con-
nectomics to map mechanosensory feedback pathways
in the nervous system, genetic tools to record from and
manipulate these pathways, computational and physi-
cal models to evaluate their effectiveness, and new fab-
rication and computing techniques to emulate them in
robotics. We envision that these approaches will help us
study the mechanosensory control of locomotion under
increasingly natural conditions, which may reveal addi-
tional functions that are not apparent in simplified labo-
ratory settings. As the space of possible experiments and
analyses grows, there is an increased need for interdisci-
plinary collaborations of engineers and biologists taking
a comparative approach across species and types of lo-
comotion to identify general principles worthy of imita-
tion. Interdisciplinary meetings like the 2023 SICB sym-
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posium “The role of mechanosensation in robust loco-
motion” are invaluable for moving forward together.
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