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Abstract. Insects use various sensory organs to monitor proprioceptive and exte-
roceptive information during walking. The measurement of forces in the exoskele-
ton is facilitated by campaniform sensilla (CS), which monitor resisted muscle
forces through the detection of exoskeletal strains. CS are commonly found in
leg segments arranged in fields, groups, or as single units. Most insects have the
highest density of sensor locations on the trochanter, a proximal leg segment.
CS are arranged homologously across species, suggesting comparable functions
despite noted morphological differences. Furthermore, the trochanter—femur joint
is mobile in some species and fused in others. To investigate how different mor-
phological arrangements influence strain sensing in different insect species, we
utilized two robotic models of the legs of the fruit fly Drosophila melanogaster
and the stick insect Carausius morosus. Both insect species are past and present
model organisms for unraveling aspects of motor control, thus providing extensive
information on sensor morphology and, in-part, function. The robotic models were
dynamically scaled to the legs of the insects, with strain gauges placed with correct
orientations according to published data. Strains were detected during stepping on
a treadmill, and the sensor locations and leg morphology played noticeable roles in
the strains that were measured. Moreover, the sensor locations that were absent in
one species relative to the other measured strains that were also being measured by
the existing sensors. These findings contributed to our understanding of load
sensing in animal locomotion and the relevance of sensory organ morphology in
motor control.
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1 Introduction

The ability to monitor and respond to dynamic, mechanical stimuli is an important
aspect of robust locomotion. Multiple sensory structures sensitive to proprioceptive
stimuli can be found in insect legs (Fig. 1A). Their collective output can be integrated
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in the nervous system to modify or reinforce motor output, contributing to adaptability.
Sensing the magnitudes and dynamics of forces that arise during walking provides useful
information to the locomotor system [1, 2]. Changes in force that each leg experiences
are accompanied by changes in load. Because the gravitational load that the body exerts
on the legs must be continuously supported [3], the measurement of forces in the legs
can influence individual legs to transition between their stance and swing phases during
walking [4], ultimately influencing interleg coordination [5, 6].

Campaniform sensilla (CS) are sensory organs that facilitate force measurements,
monitoring resisted muscle forces through the detection of strains in the exoskeleton [7,
8] (Fig. 1A1). Resisted muscle forces arise as legs transition during stepping from the
swing to the stance phase, during which body weight support is initialized. CS are
embedded within the exoskeleton, with cap-like structures that deform when the
surrounding cuticle is strained. Electrophysiological experiments have shown that CS
fire during the onset of the anterior extreme position (anterior-most position at the onset of
stance phase, AEP) [8, 9] (Fig. 1A2). This type of CS activity can enhance the
magnitude of muscular contractions, increasing support for the added load [7, 10, 11].
CS also signal the termination of the stance phase at the posterior extreme position
(posterior-most position at the termination of stance phase, PEP) [6, 12] (Fig. 1A2).
Between the onset and termination of stance phase, the neuronal responses of CS adapt
under exposure to force [2, 13].

Leg CS are generally located in the proximity of joints [ 14]. There, they can be found
infields, groups, or as single sensors [ 15—18]. In groups and fields, CS caps are commonly
elliptical, with the orientation of their axes producing directional sensitivity [8, 13, 14,
19-21]. This is beneficial for two reasons, as multiple sensors with the same orientation
allow for range fractionation in force encoding and redundant measurements reduce
noise [1, 22]. Moreover, different components of forces can be measured depending on
the orientation of a sensor relative to limb segments. For example, axial torques, as seen
during supination and pronation movements, create helical forces that can be detected
by sensors with a long-axis orientation of 45° relative to the limb’s long axis [6, 13].

Groups and fields of CS are more commonly found in proximal leg segments [23].
The trochanter, a limb segment located between the coxa, the most proximal limb seg-
ment, and femur, the limb-segment between trochanter and tarsus, acts as a focal point for
forces generated by multiple leg and body muscles [24, 25]. In the stick insect Carausius
morosus, four fields of CS on the posterior, anterior, and dorsal faces encode external
loads and strains [25, 26]. Within each field, the sensors’ long-axis orientations are sim-
ilar, creating functional subunits [26]. Extensive electrophysiological investigations in
C. morosus have shown that groups G1 and G2 on the posterior and anterior trochanter
monitor load in the posterior and anterior direction, respectively [19, 26, 27]. G3, on the
dorsal trochanter, encodes increases in dorsal load and decreases in ventral load [25],
while G4, also on the dorsal trochanter, shows mirrored directional sensitivities and
directly responds to depressor muscle contractions [25]. Together, G3 and G4 encode
the increases and decreases of load in the dorsal-ventral plane of the coxa—trochanter
joint [25].
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Other insects, even the significantly smaller and lighter fruit fly Drosophila
melanogaster, have CS in some of the same leg locations, indicating potential func-
tional homology; however, morphological differences have been noted [1, 17, 28]. The
D. melanogaster trochanter contains the trochanter field (TrF), which is homologous to
G3 + G4 and consists of two subunits [15, 17, 18]. Further, a group of three sensors can be
found on the posterior trochanter, all with the same axis orientations. Unlike in C.
morosus and the cockroach Periplaneta americana, D. melanogaster and the blow fly
Calliphora vomitoria do not have anterior trochanteral CS [1].

Although both species have CS on their trochanter, the trochanter—femur joints’
mobility may influence strain sensing in these locations. This joint in C. morosus is
fused [29-31], while in D. melanogaster the joint’s mobility has not been conclusively
determined [32-35]. Changing the mobility of this joint may contribute to changes in
the orientation of the leg, impacting force distributions across the various leg segments. In
this manner, leg orientation has been found to directly affect CS discharge [25].
Although the principal aspects of locomotion are comparable between different insects,
characteristics such as body weight, leg and sensor morphology, and average walking
speed may influence the activity of leg CS. Body weight has been shown to be reflected in
the range of cap sizes [1] as well as the number of CS. C. morosus, with an average mass of
800 mg, has more CS than the 1-mg D. melanogaster. However, the 30-mg juvenile
cockroach contains a similar number of CS as D. melanogaster. This suggests that the
fly’s CS fields may monitor the same force despite the insect’s size [1]. Nonetheless,
flies are significantly smaller than the insects that have commonly been used to study
leg CS function, which introduces methodological limitations.

A key element for investigating the function of load sensors within neuromuscular
systems is understanding what strains arise in different limb segments during cyclic
movements. While larger insects like cockroaches and stick insects allow for the direct
measurement of strains [36] and neuronal activity [6, 13, 19, 23, 25, 26, 28, 37, 38],
smaller insects like D. melanogaster, while advantageous because of its vast genetic
toolbox, only produce minute forces that are difficult to monitor using modern tools.
Thus, approaches like that of Zyhowski et al. (2023), which used a stick insect-inspired
robotic leg to analyze strain patterns similarly to electrophysiological experiments in
real animals, provide an opportunity to investigate strain in smaller insects.

In the present study, we utilized an updated robotic leg modeled from D.
melanogaster [39] and a robotic leg modeled from C. morosus [40], with both legs
dynamically scaled to each insect. These legs should experience inertial, viscous, elas-
tic, and gravitational forces proportionally similar to the corresponding insect legs. We
investigated what strains are detected by sensors with correct orientations and what is
detected by the fields that are present in some species and absent in others. The results
underlined that the sensor locations and leg morphology influenced the detected strains in
the proximal leg segment, creating noticeable differences in which aspects of load
changes throughout the stance phase were captured. Further, the “missing” sensor loca-
tions detected tensile strains similar to those detected by sensors in existing locations on
the other animal. These findings aid our understanding of load sensing and the relevance
of sensory organ morphology.
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2 Materials and Methods

2.1 General Setup

Based on previous publications [39, 40], the legs consisted of three MX-28 AT Dynamixel
servomotors (Dynamixel, Seoul, Korea) connected in series via brackets and hollow
3D-printed limb segments manufactured with Onyx [41] using a Markforged Mark 2
(Markforged, Waltham, MA, USA). MATLAB (2021b; MathWorks, Natick, MA, USA)
controlled the servomotor angles to execute footpaths based on the inverse kinematics
published in Zyhowski et al. (2023; Fig. 1 B, C). For the D. melanogaster model, the
inverse kinematics were calculated in the same manner; however, a shorter step trajectory
was implemented based on published data [34]. Consequently, the legs stepped on a
treadmill (as in Zyhowski et al., 2023), simulating an anteriorly directed body movement
similar to those seen in walking animals. During the stance phase in each step, the leg
supported the carriage’s weight and simulated body weight using a linear guide (Fig. 1).
To simulate different walking speeds, we altered the duration of the stance phase: (1) 2-
s swing, 2-s stance; (2) 2-s swing, 4-s stance; and (3) 2-s swing, 6-s stance.

Strains were detected using strain gauge rosettes (C5K-06-S5198-350-33F; Micro-
Measurements, Raleigh, NC, USA). Using operational amplifiers, their signals were
amplified and converted to 12-bit digital signals using an OpenCM 9.04 microcontroller
(Robotis Inc., Lake Forest, CA, USA). Strain gauges were placed onto the proximal-
most end of the femur in each leg based on published scanning electron images of C.
morosus [42] and D. melanogaster [15] (Fig. 1 Bi-B3, Ci-C3). Because CS are most
sensitive to strains along their short axis, we oriented the strain gauges to match the short
axis orientations of the majority of the CS within each location [8, 13, 14, 20, 21, 43]
(Fig. 1A2). This also determined our labeling of each location, with axial describing the
group with more short axes along the axial plane of the leg, and transverse the group
with more short axes along the transverse axes of the leg. For locations with CS that have
mirrored axes (G2, G3 + 4, TrF) we used two of the strain gauge axes, set perpendicular to
each other by 90°, to capture the naturally occurring sensitivities of the CS fields. For the
locations without a perpendicular subgroup (G1, TrG), we also recorded from two strain
gauge axes to measure any strains that the animals do not capture (Fig. 1 B3, C3).

2.2 Legs

To compare how different leg morphologies may contribute to different proximal strains,
we used two different robotic legs, one for each insect (Fig. 1 B1-B2, C1-C1). For the
stick insect, we used a scale of 25:1, which is an upscaled version of the Zyhowski et
al. (2023) leg. For the fly, we used an updated version of the Goldsmith et al. (2019)
Drosophibot leg, scaled 400:1. By scaling the legs in this manner, both robotic legs had
the same length dimensions.
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In addition to scaling, the stick insect leg was further modified by adding a round,
silicone foot. In preliminary experiments, this increased friction with the substrate, which
prevented the leg from slipping on the treadmill. These types of friction-increasing
components are common in insects such as the adhesive organs found on the C. morosus
tarsus [44]. The same foot was also attached to the Drosophila leg (Fig. 1A1).

Figure 1B1 shows the robotic stick insect leg, which had 3 degrees of freedom and
was modeled after the morphology detailed in Cruse et al. (1995). The leg consisted of
the coxa, a fused trochanter—femur, and tibia (limb-segment between femur and tarsus)
segments. The movement of the leg was generated by the thorax—coxa (ThC, §;), coxa—
trochanter (CTr, &?), and femur-tibia (FTi, 93) joints. Figure 1C1 shows the robotic fly
leg, which also had 3 degrees of freedom and was modeled in a similar fashion based on
the design from Goldsmith et al. (2019, 2022). It is important to note that both legs had
the same degrees of freedom but differed in their axes of rotation (how the movement is
generated). Specifically, the ThC and CTr joints rotated the legs in different planes. The
FTi joint had the same axis of rotation in both robotic legs.

2.3 Dynamic Scaling

Because the robot legs are much larger and more massive than insect legs, it is necessary
to dynamically scale their motion relative to that of the insects. Elastic and viscous forces
have been shown to dominate the dynamics of insect leg joints [45—47], with legs pos-
sessing gravity-independent posture that slowly returns to equilibrium when disturbed.
In contrast, robot legs (in particular, servomotors) are massive, meaning that even mod-
erate accelerations during motion may result in large inertial forces. Furthermore, when
powered down, robot legs hang with gravity, in stark contrast to insect legs [46]. These
differences in dynamics were accounted for here in two ways. First, when the robot leg
was powered up, the servomotors at their joints had programmed equilibrium angles and
produced torque proportional to the deviation from these equilibrium angles, functioning
like springs and imbuing the leg with an “active” elasticity. Powered up legs no longer
hanged with gravity. Second, increasing the stepping period of the robot reduced leg
acceleration and, therefore, inertial forces. The resulting robot legs exhibited a balance of
inertial, viscous, elastic, and gravitational forces comparable to an insect, despite the
magnitude of these forces being much larger in the robot legs.

We scaled the stepping period of the robotic legs by maintaining the same ratio
between the motion’s frequency and the leg’s natural frequency (which depends on the
balance between it elastic and inertial forces) in the robot and the insect. For example, C.
morosus has an approximate natural period of 0.132 s [40] and a step period of around 1 s
[48]; a step is approximately six times longer than the natural period. The robotic C.
morosus leg was similar in that its natural period was 0.63 s [40], with a step period of
approximately 4 s. The robotic D. melanogaster step time was calculated with the same
process, and its step period was also approximately 4 s [34, 39].
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Fig. 1. Experimental Setup; (A) nano-CT rendered leg of Drosophila melanogaster. Image
taken from Dinges et al., 2022, modified in color. Limb segment labels were added; TrF and TrG
approximate locations were labeled; (A1) schematic drawing of a CS experiencing compressive
strains, schematic cap undergoes lateral displacement; (A2) example trajectories of a Drosophila
front leg step cycle. The trajectories were traced from tracked leg movements courtesy of the
Biischges Lab (University of Cologne). PEP — posterior extreme position, AEP — anterior extreme
position; (B) image of robotic stick insect leg; (B1) location of strain gauges on robotic stick
insect leg; (B2) close up of B1, indicating axis orientations of strain gauges; joint angles are noted on
the anterior face of the leg (B3) schematic drawing of CS morphology taken from published SEM
images; gray circles indicate indentations in the cuticle; crosshairs display perpendicular
compression axes at each location (C) image of robotic Drosophila melanogaster leg; (C1)location
of strain gauges on robotic D. melanogaster leg; (C2) close up of B1, indicating axis orientations of
strain gauges; joint angles are noted on the anterior and dorsal faces; (C3) schematic drawing of CS
morphology taken from published SEM images; trans, transverse; both axial and transverse are
relative descriptors. A, anterior face; D, dorsal face; P, posterior face.
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Fig. 1. (continued)

2.4 Data Analysis

Strain was detected over the course of 10 steps and averaged. The rate of change was
calculated using averaged and smoothed strain data. All analyses were completed using
MATLAB. Images were compiled using Core]IDRAW (X8; Alludo, Ottawa, Canada).

3 Results

To investigate how insect leg morphology, stepping speed, and sensor presence and
location affect strain monitoring during walking, we evaluated the strains that stick
insect- and Drosophila-like robotic leg segments experience during treadmill stepping.

3.1 Strains Detected by CS-Like Sensors

To test how changes in stepping speed affect strain monitoring in the legs, we recorded
strain during stepping on a treadmill at three different speeds. The speeds were modulated
by altering the duration of the stance phase (2 s/4 s/6 s), ultimately prolonging the duration
for which the leg was required to support the “body”.

The two strain locations on the anterior face of the leg, G2 transverse and G2 axial,
detected different strains during the stance period. G2 transverse contains 6 CS and G2
axial contains 12 CS in the stick insect, and the CS of each subfield share the same short-
axis orientations, with the two groups perpendicular to each other (Fig. 1 B3). In the
robotic leg, G2 transverse detected decreases in strain, peaking at the AEP of the stance
phase, indicating tensile strain. The detected strains decreased gradually over time after
the AEP, with a small peak at the PEP. The rate of change in strain reached its lowest
value at the AEP and its highest at the PEP (Fig. 2B). The G2 axial group was exposed to
the inverse during stepping (Fig. 2A). Unlike G2 transverse, this location was under
compressive force during the stance phase. At the AEP, a gradual increase in detected
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strain began, which peaked at the PEP. The rate of change in strain increased slightly at
the AEP, while it showed the greatest decrease at the PEP (Fig. 2B).

On the dorsal leg face, the more transverse G3 and the more axial G4 (Fig. 1B3),
detected tensile strain with peaks in intensity at different times in the stance phase. In the
animal, G3 contains 8 CS and G4 12 CS, with both locations showing similar short-axis
orientations. G3 in the model, similarly to G2 axial, began monitoring strain at the AEP
with the gradual increase in strain peaking at the PEP. This location experienced
compressive force during the stance phase, with the greatest compression at the PEP.
The rate of change in strain showed a positive peak at the AEP and a negative peak at the
PEP. G4 also experienced compressive strains during the stance phase. However, unlike
G3, it was exposed to the greatest amount of strain during the AEP rather than the PEP.
Following this AEP peak, there was a gradual decrease in strain, with a further, smaller
increase at the PEP. Similarly to G3, there was a positive rate of change at the AEP,
followed by a negative peak at the PEP.

G1 is located on the posterior leg face in C. morosus and consists of 11 CS, which are
largely oriented in the transverse direction (Fig. B3). Here, during stepping, G1 detected
strain similarly to G4, with a primary peak at the AEP, followed by a gradual decline
and a smaller peak at the PEP. It was also under compressive force during the stance
phase. The rate of change in strain followed the same pattern as those of G2 axial, G3,
and G4, with a positive peak at the AEP and negative peak at the PEP.

In the fly model, the anterior leg face contained no CS (Fig. 1C3); the CS closest
to the anterior face (TrF transverse) detected tensile strain with a peak at the AEP. In
the animal, this location contains five CS, all with the same short-axis orientation. This
sensor location detected a rapid increase in strain with peak values at the AEP. The strain
gradually decreased for the rest of the stance phase without a further increase at the PEP.
The rate of change in strain only showed a positive peak at the AEP. This location
was under compressive force during the stance phase. The more posterior subfield of
the TrF, here referred to as TrF axial, contains 8 CS in the animal, all with the same
short-axis orientation (Fig. 1C3). Similarly to TrF transverse, this location detected the
greatest amount of strain at the AEP in our model; however, it detected tensile and not
compressive forces. There was also a gradual decrease in strain through the rest of stance,
with no further peaks. The rate of change in strain only showed a negative peak at the
AEP.

The only remaining CS location of the fly, TrG, detected compressive strain. In
the animal, it consists of three CS, all with the same short-axis orientation (Fig. 1C3).
Similarly to TrF transverse, this location in our model experienced compressive forces
and detected rapid increases in strain, peaking at the AEP. There was no further peak in
strain measurement for the rest of the stance phase. Consequently, the rate of change in
strain only increased at the AEP.

For all locations, independent of the modeled species, there were no apparent dif-
ferences in the detected strains at different stepping speeds (Fig. 2A). This suggests that
inertial forces do not dominate the dynamics and that the dynamic scaling of the leg was
successful.
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Fig. 2. Strain during stepping at different speeds; (A) strain recordings (microstrain) of the
robotic stick insect (G2/G3/G4/G1) and D. melanogaster (TrF/TrG) at different stepping speeds;
black line, 2 s swing, 2 s stance; grey, 2 s swing, 4 s stance; light grey, 2 s swing, 6 s stance; (B)
rate of change (microstrain per s) curves for the 2-s swing/2-s stance strain recordings; trans,
transverse; both axial and transverse are relative descriptors. Lines under plot G2 trans., schematize
the swing phase using dotted lines, and stance phase using the solid line for each tested speed.
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3.2 Undetected Strains

To test what would be measured by subfields and CS locations that exist in some species
but not others, we detected strain in both axes of existing subfields as well as in artificial
sensor locations. For the stick insect, this included the subfield perpendicular to the
posterior transverse sensors, referred to as posterior axial (Fig. 1B2). For the fly, the added
locations were on the anterior face and mirrored relative to those on the posterior face.
These locations are referred to here as anterior transverse and anterior axial (Fig. 1C2).
Further, a sensor perpendicular to the posterior transverse location was used, referred to
here as posterior axial (Fig. 1C2). The experiments were completed using a step period of
2-s swing and 2-s stance phases.

In the stick insect, the only sensor location that does not have two subgroups is that
of the posterior face, where the axial orientation is non-occurring (Fig. 3A). The strain
that this sensor monitored was relatively consistent throughout the stance, with a peak at
the PEP. This location was under tensile force during the stance phase, suggesting that it
would not generate tonic sensory discharges during walking. The measurements at this
location mirrored those of G3, which was under compressive force during the stance
phase.

In the fly model leg, we used three artificial locations (Fig. 3B). A strain gauge
mounted on the limb’s anterior face mirrored the orientation of the strain gauge normally
found on the posterior face. Additionally, the perpendicular axis of the posterior trans-
verse strain gauge was also used as its artificial subgroup. All three artificial locations
were under tensile displacement during the stance phase. Furthermore, the measured
strains at all locations peaked at the AEP, similarly to the fly model. Both the poste-rior
axial and anterior transverse groups mimicked the strains measured at TrF axial. The
anterior axial also showed a similar response. Furthermore, this location seemed to
monitor minor compressive forces at the PEP.

While the anterior CS locations are seen in the stick insect but not the fly, the arti-
ficial anterior transverse location detected the same strain as the stick insect’s anterior
transverse field (G2; Fig. 3). However, the artificial anterior axial sensor in the fly did
not monitor the same strain as the stick insect anterior axial sensor (G2 axial). In the fly,
this location experienced compressive force, while it experienced tensile force in the
stick insect. Additionally, the fly anterior axial experienced the greatest strain at the AEP,
while the stick insect anterior axial did so at the PEP.

The artificially placed posterior axial sensors, which do not exist in either animal,
were under tensile force during the stance phase. However, this location was under the
greatest strain at the PEP in the stick insect, while it experienced the greatest strain at the
AEP in the fly.

4 Discussion

We compared changes in strain during stepping in two robotic legs, which were mod-
eled after the morphology of two motor control model organism, C. morosus and D.
melanogaster. We believe comparative studies not only benefit our understanding of
proprioceptive function but also how species-specific morphology can affect homolo-
gous organs. The strains detected by the strain gauges reflected the onset of the AEP
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All sensors on the robotic leg; (A) strain recordings of all strain gauges placed on the

robotic stick insect leg; (B) strain recordings of all strain gauges placed on the robotic D.
melanogaster leg; black lines mark proximal CS, colored lines mark artificially placed strain

gauges

; trans, transverse; both axial and transverse are relative descriptors. Bar along x-axes

marks stance phase.

in both robotic legs. However, only the robotic leg model of C. morosus had sensors in
locations predominantly sensitive to strains arising at the PEP, which is similar to results

from electrophysiological recordings of all four stick insect trochanteral fields [25].
The stick insect G2 transverse, G4, and G1 transverse registered strain peaks at
the AEP, while G2 axial and G3 peaked at the PEP. In the D. melanogaster model, TrF
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transverse, TrF axial, and TrG all peaked at the AEP, with no further peaks at the PEP. This
suggests that different trochanteral CS locations monitor different phases of the stance
phase in the stick insect, while D. melanogaster trochanteral CS predominantly monitor
the onset of stance. Additionally, in the stick insect leg model, the strain detected between
the AEP and PEP was reflected in the course of sensor activity, which showed similarities
between neighboring locations (Fig. 2A). The most anterior location (G2 transverse)
detected peak tensile force at the AEP. Its subfield, G2 axial, detected compression at
the PEP, as did its dorsal neighboring field, G3 transverse. G3 transverse’s subfield, G4
axial, detected compressive strain at the AEP, and its posterior neighboring field, G1
transverse, detected the same compressive strain at the AEP. Similar to G2 transverse,
the artificially placed G1 axial experienced tensile force, but showed different dynamics,
with an extreme at the PEP (Fig. 3A). This pattern of strain monitoring suggests a phase
shift-like progression in field activity, with two neighboring fields monitoring the same
strains in a posterior-to-anterior tracking of the AEP to the PEP.

Unlike the stick insect model, in the robotic fly leg, all sensor locations registered the
greatest strain at the AEP (Fig. 2A), including the artificial locations (Fig. 3B). These
fundamental differences may be influenced by differences in body size. For example, in
investigations of wing CS, the CS of larger insects with lower wingbeat frequencies
functioned as magnitude detectors, while the CS of smaller insects with higher wingbeat
frequencies only fired at single instances within the wing stroke [49]. In this way, sen-
sors in larger insects primarily detected force magnitude, while those in smaller insects
primarily detected timing. Similar to the shorter wingbeat periods, the faster average
stepping in D. melanogaster compared to C. morosus may also reduce their tempo-ral
integration capacity and, thus, enforce a reduction in monitoring of stance phase
initiation [48-51].

Another possible explanation for the observed differences in load variation between
species is the unique posture of the legs, in particular, how each leg is extended and
supinated throughout stance. In general, extending the leg increases the moment arm of
ground reaction forces at the foot, which should increase stress (and thus strain) on the
proximal parts of the leg. Furthermore, because strain gauges (and CS) are directionally
sensitive, pronating and supinating the leg will misalign the strain gauges from the
axes of the predominant stresses. Because each animal’s stepping motion is unique,
these effects combine differently in each. Furthermore, our study was limited by the

accessibility of the D. melanogaster robotic trochanter. We placed the trochanteral CS
on the femur of both legs, which further changed their orientation throughout the step. In
future investigations, we will extend the robotic Drosophila trochanter to fit the necessary
CS and further explore the impact of the mobile trochanter—femur joint on load sensing.

For the stick insect, the leg extends to reach the AEP, flexes throughout the first
half of stance, then extends throughout the second half of stance to reach the PEP

[42]. As a result, the lever arm of the ground reaction force on the body starts large,
then decreases, then increases. Simultaneously, the plane of the leg begins pronated and
supinates throughout stance, meaning that stresses are initially not aligned with G4 axial,
then align with G4 axial mid-stance, and finally misalign at the end of stance. These
mechanisms appear to counterbalance one another, resulting in a relatively constant but
ultimately “dual-peaked” profile in the stick insect G4 axial recording.
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In contrast, the fruit fly leg remains quite flexed when reaching the AEP and then
extends throughout stance to reach the PEP. Furthermore, the leg is neither pronated
nor supinated at the AEP and is supinated at the PEP. These monotonic progressions
from flexion to extension and from neutral to supination do not produce the same “dual-
peaked” strain profiles seen in the stick insect. Instead, all the recordings from the fruit fly
are “single-peaked”. Although both species’ legs perform the same roles of supporting
and propelling the body, these differences in posture would certainly change the way that
stress is applied to and resisted throughout the leg. Such postures may be the result of
locomotion speed differences, as discussed above. An evolutionary and developmental
survey of insect species, their locomotion speeds, their leg posture, and CS placement
may reveal broader correlations between these behavioral and morphological properties.

The rate of change in strain at each sensor location may reflect neuronal activity
during walking. CS discharges reflect both the amplitude and the rate of change of
strain [2]. The aforementioned differences between the legs further suggest that the
stick insect sensor locations monitor strain throughout the stance phase while those
of D. melanogaster monitor strain solely at phase onset. Future investigations should
model sensory discharges in response to the strain signals we recorded to gain insight
into the features of loading that are emphasized within the nervous system. Potential
experiments (i.e., using optogenetics) could illuminate if CS in Drosophila are active
during the complete stance phase, during phases in which the rate of force changes, or
solely at the onset of stance, as our experiments suggest.

The differences between the two legs in the functionality of the sensor locations
legs, as discussed above, may also explain why Drosophila has fewer CS locations on its
trochanter and the stick insect does not possess a G1 subfield. The D. melanogaster
model’s axial trochanter field detected tensile force at the AEP, which is what the missing
locations would also monitor in this setup. The stick insect model’s G3 transverse was
under compression during the stance phase and detected similar strain developments as
the missing posterior axial subfield. Additionally, all “missing” locations were exposed
to tensile strain during stance phase, which may not lead to CS activity [43]. Notably,
the present study was limited by the simplification of the sensor field by using strain
gauges. The exact orientations of the caps within each field may vary, which could lead to
sensory activation in individual sensors at different time points. Moreover, there may be
differences in cellular properties between neurons associated with larger and smaller caps
within one location.

In future studies, this experimental technique could be used to predict which CS
fields and groups other insect species possess, based on the species’ leg orientation and
walking kinematics. Accurate predictions would support our main hypothesis that CS
fields and groups that redundantly signal loads disappear over the course of evolution.
Inaccurate predictions would suggest that this hypothesis is incomplete or incorrect.
More closely examining the behavior of individual species may suggest other reasons
for CS fields and groups changing over evolutionary time.

The present study investigated strains in a proximal limb segment in two morpho-
logically different robotic legs. Generally, tension and compression were seen in the
proximal limb segment of both robotic legs with amplitudes independent of the stepping
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speed. Furthermore, the waveform of the strain did not change with stepping speed, indi-
cating that inertial forces were not dominating, and that the robotic models mimicked the
dynamics of insect locomotion. In both legs, all but one of the morphologically correct
locations were positioned in locations that are sensitive to compressive strains during the
stance phase. There are, however, key differences, including the monitoring of both the
AEP and PEP in the stick insect model and only the AEP in D. melanogaster. Further,
there were clear differences between the models in the amplitudes of the rates of change of
strain, with single peaks in the fly and dual peaks in the stick insect. These differences may
be due to joint angles, loads, or CS morphology and orientation. To investigate this
further, future experiments should analyze how joint movements may influence strain
sensing and apply a dynamic discharge model to the recorded strain to understand how
different sensors in different organisms may physiologically respond to load. These
results can be taken into account in future animal experiments, as understanding how
extremity morphology contributes to mechanosensory activity eases knowledge transfer
between species. In conclusion, the current work contributes to the understanding of how
differences in load sensors may influence neuromuscular systems and motor control.
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