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Abstract

Biologically — Plausible Load Feedback from Dynamically Scaled Robotic Model Insect Legs

William Zyhowski

Researchers have been studying the mechanisms underlying animal motor control for many
years using computational models and biomimetic robots. Since testing some theories in animals
can be challenging, this approach can enable unique contributions to the field. An example of a
system that benefits from this modeling and robotics approach is the campaniform sensillum (CS),
a kind of sensory organ used to detect the loads exerted on an insect's legs. The CS on the leg are
found in groups on high-stress areas of the exoskeleton and have a major influence on the
adaptation of walking behavior. The challenge for studying these sensors is recording CS output
from freely walking insects, which would show what the sensors detect during behavior. To
address this difficulty, 3 dynamically scaled robotic models of the middle leg of the stick insect
Carausius morosus (C. morosus) and the fly Drosophila melanogaster (D. melanogaster) were
constructed. Two of the robotic legs model the C. morosus and are scaled to a stick insect at a ratio
of 15:1 and 25:1. The robotic fly leg is scaled 400:1 to the leg of the D. melanogaster. Strain
gauges are affixed to locations and orientations that are analogous to those of major CS groups.
The legs were attached to a linear guide to simulate weight and they stepped on a treadmill to
mimic walking.

Using these robotic models, it is possible to shed light on how the nervous system of insects
detects load feedback, examine the effect of different tarsi designs on load feedback, and compare
the CS measurement capabilities of different insects. As mentioned earlier, robotic legs allow for
any experiment to be conducted, and strain data can still be recorded, unlike animals. | subjected
the 15:1 stick leg to a range of stepping conditions, including various static loading, transient
loading, and leg slipping. | then processed the strain data through a previously published dynamic
computational model of CS discharge. This demonstrated that the CS signal can robustly signal
increasing forces at the beginning of the stance phase and decreasing forces at the end of the stance
phase or when the foot slips.

The same model leg can then be further expanded upon, allowing us to test how different
tarsus designs affect load feedback. To isolate various morphological effects, these tarsi were
developed with differing degrees of compliance, passive grip, and biomimetic structure. These
experiments demonstrated that the tarsus plays a distinct role in loading the leg because of the
various effects each design had on the strain. In the final experiment, two morphologically distinct
insects with homologous CS groups were compared. The 400:1 robotic fly middle leg and the 25:1
robotic stick insect middle leg were used for these tests. The measured strains were notably
influenced by the leg morphology, stepping kinematics, and sensor locations. Additionally, the
sensor locations were lacking in one species in comparison to the other measured strains that were
already being measured by the present sensors. These findings contributed to the understanding of
load sensing in animal locomotion, effects of tarsal morphology, and sensory organ morphology
in motor control.
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1. Introduction

Locomotion is dependent on the capacity to detect and react to dynamic stimuli. Insects
have numerous sensory organs that respond to such stimuli. As a result, they serve as useful models
for the creation and control of robots. There is a lot of knowledge about how insects control their
movement, but many internal aspects of their sensory and neural control systems remain unknown.
By creating these bio-inspired robotic models, it may provide insight into the function of an
insect’s nervous system and sensory networks while also creating robots that utilize these
beneficial biological mechanisms.

One commonly studied insect sensor is the campaniform sensillum (CS). CS are
mechanoreceptors embedded in the insect’s cuticle which encode load (1-3). They are typically
located in groups where they experience high stress and undergo microscopic strains when loaded
(4,5). CS create dynamic discharge patterns, with many adapting their rate of firing action
potentials in response to tonic forces. The ability of CS to encode many aspects of the force exerted
on the leg has been demonstrated in recordings from standing and walking animals (6,7). However,
it can be difficult to record from multiple CS groups at once.

To record strain from all sensors in the leg as it steps, 3 dynamically scaled robotic legs
based on model insects Carausius morosus (C. morosus) and Drosophila melanogaster (D.
melanogaster) that incorporate sense organs were developed. Two of the robotic legs are based on
the C. morosus which have a ratio of 15:1 (Figure 1) and 25:1 compared to the stick insect. In
comparison to the fly, the robotic D. melanogaster leg is scaled 400:1. The robotic stick leg (15:1)
underwent biological experiments, different types of leg loading, and foot slipping. This data was
then run through a mathematical model of how the receptor converts strains into neural activity

(8). The robotic model was further expanded upon with the addition of various tarsi styles that



have different degrees of compliance, passive grip, and biomimetic structure. The robotic model
also allowed us to compare homologous CS groups using the 25:1 stick leg and the 400:1 fly leg,
even though these species are noticeably different. Using this information, | propose theories about
the role of sensory organ morphology, tarsal morphology, and load sensing in animal locomotion
and motor control. Chapter 2 presents background on the function of CS and prior work modeling
them. Chapter 3 outlines the methodology for the design and implementation of each robotic leg
model. Chapter 4 details the verification of the robotic leg model utilizing the 15:1 robotic stick
leg to encode forces in various biological experiments. Chapter 5 expands upon the 15:1 robotic
stick leg with the addition of tarsi with differing degrees of compliance, passive grip, and
biomimetic structure. Chapter 6 explores the comparison of strain changes that occurred during
stepping in the 25:1 stick and 400:1 fly robotic legs. Chapter 7 is the discussion and chapter 8 is

the conclusion.

Figure 1: Dynamically scaled C. morosus robotic leg attached to linear guide
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2. Background

2.1 Campaniform Sensilla (CS)

Animal legs experience a range of forces during walking. Generally modest forces are
produced by the muscles during the swing phase. During the stance phase, much stronger forces
are generated when the legs contact the ground. In insects, CS receptors measure the strain on the
exoskeleton to detect forces (1,3,9). The CS operates by generating action potentials when
cuticular deformations compress a CS which makes the collar indent the cuticular cap. This
compresses the dendrite causing its mechanotransduction channels to open. (2). Figure 2 depicts a
schematic of a CS cap.

Numerous clusters or groups of CS are found on the exoskeleton near high stress areas of
the leg. Due to their oval shape, most CS are directionally sensitive. They respond best to
compression along the short axis (1). This implies that depending on how they are oriented within
the cuticle, even adjacent CS may have varying sensitivities to strain (9,10). Additionally, CS can
be round which makes them sensitive in all directions, or exhibit directional sensitivity if the cap
and surrounding collar are asymmetrically coupled (11). These various axis orientations create
functional subunits within each field because of similar short-axis orientations of multiple sensors
(10). Groups 3 and 4, for instance, are perpendicular to one another and are located on the dorsal
side of the stick insect trochanter (Figure 3A). This enables these groups to measure the strain on
the leg as it bends downward (group 4) and upward (group 3).

According to earlier research, CS discharges in walking happen almost exclusively when
muscles contract against resistance during the stance phase. CS then function as proprioceptive

sense organs monitoring the animal’s behaviors by detecting the net effect of resisted muscle



forces and variation in leg load (12). When an insect is walking, these signals are used to modify
the timing of phase transitions and strength of muscle contractions (13,14).

Since the net rotational forces are about the joint and independent of joint angles, it is
possible to calculate the strains in the exoskeleton at the locations as a function of joint torques
(15). Recent research has concentrated on the signals produced by the tibial group of CS joint
torques calculated by inverse dynamics. These torque timecourses were obtained from stick insects
that were allowed to freely move across flat or sloping surfaces (16-19). These studies have
demonstrated the dynamic sensitivities of the receptors, which enable them to precisely monitor
variation in forces (16-19). The rate of change of forces, which previous studies have referred to
as “yank”, dominates the sensory discharge (20). The ongoing variation of the muscle contractions
that produce the gradual, smooth movements that distinguish animal walking behavior from that

of many robots may depend on these sensitivities (21).

cuticular cap collar

Figure 2: Diagram of Campanifor Sensilla from Griinert et al. 1987 (22)

The C. morosus has four fields of CS on its anterior, dorsal, and posterior faces that are
used to encode external loads and strains (9,10). G1 and G2 on the posterior and anterior
trochanters, respectively (Figure 3A), monitor load in the posterior and anterior direction,

according to electrophysiological studies conducted on C. morosus (10,23,24). The dorsal



trochanter's G3 encodes increases in dorsal load and decreases in ventral load (9), while the dorsal
trochanter's G4 mirrors these signals (9). The load variations in the dorsal-ventral plane of the
coxa-trochanter joint are encoded by G3 and G4 together (9).

Although morphologically different, other insects, such as the fruit fly D. melanogaster
(Figure 3B), have CS in some of the same leg locations, suggesting potential functional homology
(4,25,26). The two subunits that make up the trochanter field (TrF), which is homologous to G3
and G4, are located on the D. melanogaster trochanter. (25,27,28). Additionally, three sensors with
identical axis orientations are present in a group on the posterior trochanter. The anterior

trochanteral CS is present in the C. morosus but absent in the D. melanogaster (4).

FTi Joint

(A)

CTr Joint

Tibia

FTi Joint

Coxa Trochanter

(B)

CTr Joint

Dorsal
Posterior

TrG
Coxa

Trochanter Anterior

Ventral



Figure 3: (A) Diagram of CS locations on stick insect leg modified from image courtesy of Dr. Sasha Zill (Anterior
view). Groups 3,4, 6B, and 6A are marked. Leg components and joints are labeled except the ThC joint is absent on
this diagram. (B) Diagram of CS locations on fly leg based on Dinges et al. 2022 (Anterior view) (29). TrF and TrG

groups are marked. Leg components and joints are labeled except the ThC joint is absent on this diagram

2.2 Bio-inspired Robot Models

For years, researchers have used biomimetic robots and computational models to learn
more about the processes that underlie animal motor control (30). Why build a physical robot to
study motor control instead of a computer simulation? Robotic models of animals must confront
the full physics of the environment being modeled which can complement purely computational
models. Currently, multi-body physics simulators almost always model leg segments as “rigid
bodies” that cannot bend, which makes it difficult to measure the minute strain of the leg segments
as the leg moves. Insights into how insects detect strain have been gained by using computational
modeling techniques like Finite Element Analysis (FEA) to predict how complex shapes like insect
leg segments would deform under stress (29,31-34). A difficult problem that a robotic model
inherently solves is finding and applying a realistic stress profile to the model. Additional factors
that affect the load on each leg segment include ground contact forces such as static and sliding
friction are notoriously difficult to model (35,36).

The ability to use robotic representations of animal legs to create walking robots that
directly apply biological principles to locomotion is another benefit of such models. A
neuromechanical model of insect walking (37) was used to create the SCASM (Sensory Coupled
Action Switching Modules) single-leg stepping controller (38) that was later incorporated into
Bill-Ant (39) to investigate how load feedback affected the coordination of the joints throughout
one leg. The robot Octavio (40) was created using the same neuromechanical model, and its one
leg and entire body were tested using biologically based control networks (40,41). The full
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dynamics of a walking animal were simplified in both of these one-legged robotic models.
However, with each single-leg model, the researchers were able to test in depth how the design
and fine-tuning of the control system produced reliable stepping without the additional challenges
brought on by the presence of additional legs. Furthermore, once the other legs were included,
their findings appeared to be sufficiently generalizable to be applied to leg control. The use of
single leg robotic models (like those in my work) to comprehend the control of walking in both
animals and robots is supported by advancements like these.

In order to mimic CS, several contemporary robots, such as Hector (42), Mantisbot (43),
and Drosophibot (44), have utilized strain gauges. These robots were created as bio-inspired
replicas of three different insects: the stick insect, praying mantis, and fruit fly, respectively. To
the authors' knowledge, only Drosophibot's strain gauge feedback filter can mimic the dynamics

of CS, and this function has only been put to the test in simulation.



3. Methodology

3.1 Robotic Legs Construction

Three Dynamixel servomotors (MX-28), Dynamixel brackets, and 3D-printed parts make
up each of the three robotic legs in Figure 4. The servomotors are connected in series to apply
balanced loads to each servomotor shaft. This is crucial because it enables the strain to concentrate
at CS sites just as it does in the animal. The robotic legs are constructed to have the same segmental
proportions as the middle leg of a C. morosus and D. melanogaster, the legs are 15:1, 25:1, and
400:1 scale models respectively (12,45-47). Table 1 lists these ratios. Each leg segment is
constructed of hollow square tubes. The tubes were produced using a Markforged Mark 11 3D
printer (48) and the material Onyx (49). Hollow tubes are used in the construction process because

the insect exoskeleton can be approximated as hollow tubes (50).

Table 1: Comparison of C. morosus and D. melanogaster leg segment to that of the robotic C. morosus and D.
melanogaster leg (mm). The C. morosus leg segment lengths are from Table 1 of Theunissen et al. 2015 (46).

Middle Leg Segments (mm)
coxa | femur | tibia
C. morosus 142 | 116 11.2
D. melanogaster 0.07] 071 0.70
Stick Robotic Leg (15:1) | 21 | 171.50 | 165.60
Stick Robotic Leg (25:1) | 34.5 | 284 274
Fly Robotic Leg (400:1) | 28 284 280

The thorax-coxa (ThC), coxa-trochanter (CTr), and femur-tibia (FTi) joints are marked on
the legs in Figure 5. The ThC servomotors are attached to a carriage that can freely move along a
linear guide with a vertical orientation. The carriage mimics the mass and motion of an insect's
body. The strain data is captured by strain gauge rosettes. The rosettes' positions and orientations

are analogous to those of the major CS groups on the fly and stick insect (51-53). A more detailed



description of the locations and orientations of the CS on the fly and stick robotic legs can be found

in Gesa et al. 2023 (47).

Figure 4: Robotic Leg Pictures. (A) C. morosus 15:1 scaled leg, (B) C. morosus 25:1 scaled leg, (C) D.

melanogaster 400:1 scaled leg
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Figure 5: Robotic middle legs with three degrees of freedom. The leg segments, joint axes, and joint angles are

indicated. (A) C. morosus 15:1 scaled leg, (B) C. morosus 25:1 scaled leg, (C) D. melanogaster 400:1 scaled leg
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3.2 Robot Kinematics

The legs were created to have the same ranges of motion as the middle leg of the C.
morosus and D. melanogaster (45,46,54,55). A series of homogenous transformation matrices that
are linked together using the product of exponentials formula shown in equation (1) can be used
to represent the forward kinematics of the legs (56). The angle of the ThC joint in the legs is 6,,

the angle of the CTr joint is 8,, and the angle of the FTi joint is 85 (56):
ga(04,05,05) = e$1018202 633939“ Q)

The configuration of the foot in relation to the body is described by the 4x4 matrix g4,
which is expanded in equation (2). The foot is rotated in space according to the upper-left 3x3
block of the matrix, R. The foot is positioned in space according to the upper-right 3x1 vector, p.

The lower-left 1x3 vector is 0, and the lower-right element is 1:

R(64,0,,0 0,,0,,0
gd(01,02,93):[ ( 9 3) P 102 3)] @)

Each matrix exponential edi%i in equation (3) is built in the same configuration, but with joint-
specific twists, &;, constructed from the information in Table 2. The upper-left 3x3 rotation matrix
R is constructed using Rodrigues’ rotation formula (equation (4)) and the upper right 3x1
translation matrix p is calculated from components of the twist (equation (5)). In those formulas /
is the identity matrix, Q; is a skew matrix of w;, and v; (equation (6)) is the linear velocity. The
Jse matrix represents the end effector in zero configuration, which defines when the three joint
angles are equal to 0. To position the foot in 3D space, the angles 6,, 8,, and 8; must be calculated
utilizing inverse kinematics. In this inverse kinematics problem, 3 joint angles to position the foot
in a specific 3D point must be calculated; each foot position has a unique set of joint angles. This

means that after establishing a footpath, the joint angles could be uniquely specified. To find the
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values of 6,, 6,, and 85 that satisfy f =0, I first defined the function f in equation (7) and then

used a quasi-Newton method integrated into fsolve of MATLAB (57).

£0; R 91) 91)
esifi — [ (0 p(l ] ©)
R(0;) = I + Q;(sin®,) + Q*(1 — cos6;) (4)
p(0) = (I1-R(8))(w; X v;) + w;w!v;0; )
V= —w; X (q; (6)

Table 2: Zero configuration vectors. The direction of the twist unit vector is indicated with w, point on the axis of
rotation is indicated with g. (mm)

Zero Configuration Vector

Stick Leg (15:1) Stick Leg (25:1) Fly Leg (300:1)
X y z X y z X y z
w; | 0] —sin(37°) | —cos(37°) | 0 | —sin(37°) | —cos(37°) | cos (20.1) | cos (88.68) | cos (69.96)
w, |1 0 0 1 0 0 —sin (1.4) | —cos (1.4) 0
w; |1 0 0 1 0 0 cos (1.4) sin (1.4) 0
q |0 63.46 15.03 0 50 0 0 45.23 15.78
q, |0 91.39 22.36 0 105.05 14.87 -4.56 67.26 4.26
qg; | 0| 230.45 -80.90 0| 333.04 -154.43 -11.27 355.31 4.28
Qena | 0| 362.42 -180.99 | 0| 500.46 -319.80 -18.12 632.87 4.31
?(01' 0, 03) = ﬁ(el' 0,, 93) - [xdesired' ydesired'zdesired]T = 6 (7)

The footpaths depicted in Figure 6 were created based on the footpaths of the C. morosus
and D. melanogaster (45). This was accomplished with piecewise polynomials to generate the
desired trajectory. When the robot's tarsus was lowered to the treadmill, care was taken to ensure
that the tarsus' velocity matched that of the treadmill. This required the tarsus to overshoot the
location of the touchdown at the end of the swing, accelerate rearward until its speed matched the
treadmill, and then lower to contact the treadmill. Failure to match the tarsus and treadmill speed

resulted in "bouncing” of the leg at the start of stance, which is not seen in walking insects (54).
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Figure 6: Servomotor angles and footpath for stick and fly robotic legs



3.3 Robotic Control

To control the servomotors, a desktop computer was used to run the MATLAB script.
Inverse kinematics was used to determine the servomotor angles from the desired footpath in
Figure 6. The angles were then transferred via serial communication to an OpenCM 9.04
microcontroller, that transferred them to the MX 28 dynamixel servomotors. A 60 Hz sample rate
was used on the serial bus. The OpenCM also collected the analog strain data and returned it to
the MATLAB script. The 12-bit onboard analog to digital converter (ADC) of the OpenCM was

used to achieve this. An illustration of this control structure is in Figure 7.

Computer Open CM Ob A Strain G
(Matlab) HMicrocontro!Ierh 4be ] PAMPS e Strainfauges
:
MX-28

Servomotors

Figure 7: Control structure of robotic legs

3.4 Treadmill and Linear Guide

To enable movements that simulate the leg pushing the body forward, a variable speed
treadmill was used. A linear guide was also utilized so that during the stance phase, the linear guide
forces the leg to support itself and the guide's weight. A calibrated tachometer is used to
synchronize the treadmill with the leg actuators. An illustration of one of the legs (15:1 stick insect)
attached to the linear guide and the treadmill it walks on is shown in Figure 8. The same

configuration was used for each leg.
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Figure 8: Diagram of leg setup and treadmill. Green arrows denote the type and direction of movement.

3.5 Dynamic Scaling

It is necessary to dynamically scale the robot to the insect. Thus, the inertial, viscous,
elastic, and gravitational forces acting on it are balanced in the same way as in the animal of interest
(58). The actuation frequency must be the same proportion of the natural frequency of the leg
oscillation in both animals and robots to achieve this. This ensures that the robot experiences scaled
forces that are similar to what the insect would experience. | therefore estimate the animal's femur-
tibia joint natural frequency, compare it to the animal's stepping period, and use the natural
frequency of the robotic leg's femur-tibia joint to choose a suitable stepping period for the robot.

The insect’s leg is roughly a slender rod with a mass of 11 mg (45) and length of 1.2 cm,
meaning its moment of inertia about its end is approximately J, = % -mL? =53x10"1kg -

m?. The passive elastic forces of its muscles determine the stiffness of its femur tibia joint which

6 Nm
rad

isabout kr = 10~ (59). Consequently, the femur-tibia joint’s natural period is approximately
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T, = 2m/\/kr/]o = 0.14 s. A stick insect's step lasts about 1 second (45), which means that each
step is roughly six times longer than the natural period. As a result, the robot's step period should
be six times longer than its natural period. The servomotor's rotor is the primary source of inertia

for the femur-tibia joint which is equal to about J, = 1072 kg - m2. The feedback controller for

the servomotor results in a stiffness of roughly kr = 1 %Z. The femur-tibia joint's natural period

of oscillation as a result is approximately T,, = 2m\/ks/Jo = 0.63 s, and 6 times this value is
approximately 4 s. This makes the dynamically scaled step period for the robotic leg 4 s. Using
the same procedure, the robotic D. melanogaster's step time was determined to be 4 s as well

(55,60).
3.6 Strain Gauges

Strain gauges transduce strain as a change in resistance. If coupled with a Wheatstone
bridge, when the gauge is disturbed, a slight voltage drop is created across bridge. The OpenCM's
ADC and the majority of ADCs are unable to read such tiny voltages. To resolve this issue the
signal was amplified using a differential operational amplifier (Op-Amp) in conjunction with two
unity buffers to achieve a designated gain of 250, which is a sufficient gain for the ADC to operate.
The Op-Amp and Wheatstone bridge which is configured in a quarter bridge is all on one printed
circuit board (PCB) whose circuit is in Figure 9. To change the bridge’s offset, it has a manually
adjustable trimmer potentiometer. Three of these circuits were present on each PCB, enabling the

connection of up to three strain gauges per board.

16



( A) Vee

T 560 kQ
| —AM—
22 kQ
I Output
——O

Potentiometer
o
350 Q
WW
|
AVARVA
2

Straf;@a\ugc
350 Q
VWW

N
~
=
o)

560 kQ

.||_J.

Figure 9: (A) Adjustable Wheatstone bridge and op-amp circuit, (B) PCB with three adjustable Wheatstone bridges

and op-amps

3.7 Data Processing

A moving median filter with a 13-timestep window was used to filter the strain data.
Without changing the strain profile over time, this filter eliminated single-step fluctuations in the
data caused by electrical noise or ADC issues. This filter made it possible to reliably collect strain

data that could then be used to directly simulate their sensory discharge using the CS model.
3.8 Campaniform Sensilla Sensory Discharge Model

Leg bending results in an adaptive sensory discharge from CS. Although the tonic bending
moment is reflected in the discharge of the smaller CS in extracellular recordings (13), the rate of
change of leg bending is encoded by a power-law function of the peak firing rate of the larger CS
discharge (61). Additional dynamical characteristics of the large amplitude CS include hysteresis

under cyclic bending (6,62), discharge adaptation in response to tonic bending (50), and phasic
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activation in some groups when bending decreases quickly (7,63). The ability to recognize when
the load on the leg suddenly increases due to gait or outside factors (61) or decreases suddenly due
to foot slipping (19) is one of the dynamic responses of CS that is hypothesized to contribute to
the adaptive nature of insect locomotion.

In the past, a straightforward nonlinear phenomenological model was created in which all
of the dynamic responses previously mentioned could be explained by a single adaptive
mechanism (8). In particular, the bending load u relative to an adaptive threshold x that follows
the instantaneous bending load dominates the model output y:

y=max(0,a-(u—x)+c-u+d) (8)

T % =sign(u—x) - |lu—x|? 9)

where the constant parameters a, b, ¢, d, T and are tuned to mimic the dynamics of animal sensory
recordings. The model generalizes well, as demonstrated by earlier work. A model that has been
tuned to reproduce the response to a single stimulus can also reproduce the response to different
stimuli without having to change the parameter values (8). Table 3 contains the values used in this
study. They are based on the large tibial CS's responses. Future research will involve gathering

recordings from the trochanteral CS to use in fine-tuning the model.

Table 3: CS model parameters

Model Parameters
Group/Parameter a b c d T
6B 338.9952 | 2.2707 | 7.1531 | -27.9311 | 0.0250
6A 338.9952 | 2.2707 | 7.1531 | -27.9311 | 0.0250
3 338.9952 | 2.2707 | 7.1531 | -27.9311 | 0.0250
4 338.9952 | 2.2707 | 7.1531 | -27.9311 | 0.0250
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3.9 Tarsal Construction

This section provides a brief overview of tarsal construction. For more in-depth
information reference Goldsmith et al 2023 (64). Three different styles of tarsi were designed each
with two substyles. The substyles consist of a silicone grip at the tip, or no silicone grip attached.
The silicone grips design is to improve the passive grip between the tarsus and the substrate
(treadmill). Each tarsus is numbered 1-3 according to its style, as shown in Figure 10A, with an
asterisk (*) to indicate the presence of the exterior silicone in the design.

Style 1, which denotes Designs 1 and 1*, is a rigid cylindrical segment that is 45 degrees
offset from the tibia's long axis. Style 2 keeps the 45-degree offset and cylindrical shape, but it
also features a flexible tibia-tarsus (TiTar) joint. The tarsal membranes and cuticle's elastic
properties are mimicked by a ball-and-socket joint filled with silicone rubber to produce this
compliance. Style 3 is a six tarsal segment design that mimics the stick insect and adds full
compliance.

For the tarsal segments in the metathoracic legs of the female wild-type D. melanogaster
(Berlin-K, RRID:BDSC 8522), nano-CT imaging from reference (29) was used to create the ball-
and-socket joints. The model of C. morosus stepping is not anticipated to be significantly affected
by modeling tarsomere joints after D. melanogaster because tarsal morphology is homologous
among insect species (65). The joints between segments 1 and 2 and 5 and the pretarsus in the
Drosophila nano-CT scans and the corresponding Style 3 designs are seen in Figure 10C-D. SEM
images of the stick insect tarsus were scaled proportionally to determine each segment length
(66,67). As substitutes for the pulvulli, Design 3* also includes silicone pads on the ventral side
of Segments 1-4 and a pad on the pre-tarsus to represent the arolium. Due to the unguitractor

mechanism's additional complexity, the claws and other active grip components are left out of this
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study's designs (68). Additionally, previous research on cockroaches indicates that the removal of
claws does not affect walking behavior on smooth surfaces, where the primary mechanism would

be friction or adhesive pads (69).
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baseline tarsus

Figure 10: (A) Tarsus designs from Goldsmith et al. 2023 , (B) Baseline configuration tarsus, (C) Joint design from

Goldsmith et al 2023 (64) (D) Nano-CT scans of D. melanogaster from reference (29)
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4. Robotic Model Verification (15:1 Stick Insect)

Chapter 4 is based on my previously published paper in Frontiers in Neurorobotics
(Zyhowski et al. 2023 (12)) . It was published in a special issue entitled “The Roles of Self-

organization and Sensory Adaptation for Locomotion in Animals and Robots”.
4.1 Encoding of Forces

For the robotic leg model, 1 am interested in two characteristics of CS sensory discharge:
the discharge is caused by bending loads rather than inertial forces from leg motion; and the large
CS caps induce phasic sensory discharge in response to bending loads. To test these characteristics
the 15:1 C. morosus robotic leg was used to replicate a biological experiment where an insect leg
was subjected to a ramp-and-hold-and-release stimulus as shown in Figure 6 of Zill et al. 2012 (9).
In the original experiment, the sensory discharge of the large CS on the leg signals the ramp portion
of the stimulus and then adapts during the hold portion of the stimulus when the distal end of an
insect's leg is fixed in place. The CS discharge is zero when the distal end of the leg is free. This
suggests that inertial forces generated by the insect's motion are not the cause of the sensory
discharge, rather the discharge is caused by bending imposed by external forces. To confirm that
the lack of discharge in the unfixed case was not caused by injury to the leg, the experiment is
repeated after fixing the distal end of the leg segment, and the same discharge returns. The robot's
CS model discharge should have these characteristics for it to be a model of insect strain sensing.

The robot's CS model can represent the characteristics captured in the biological
experiment. Figure 11 depicts the robot's CS sensors' response to a ramp-and-hold-and-release
stimulus with the distal end of the leg fixed, free, and then again fixed. The strain reflects the
bending moment placed on the leg segment when the distal end of the leg is fixed, and it displays

a distinct trapezoidal shape over time (Figure 11B and H). The Groups 3 and 4 model CS outputs
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clearly signal the beginning and end of the stimulus (Figures 11A and G). The strain output is
almost zero when the leg is free to move (Figure 11E). Additionally, the zero output of the CS
model (groups 3 and 4, Figure 11D) reflects this absence of strain. These findings suggest that the
strain in the leg segment is not caused by inertial forces produced by the leg's motion, but rather
by external forces and moments imposed by contact forces with the environment. It also indicates
that the robot's motion has been dynamically scaled to correspond to that of the insect and that the
robot's model discharge may correspond to the discharge that the animal experiences. Szczecinski
etal. 2021's Table 3, which presents a quantitative comparison of the model discharge to the animal
sensory discharge and the mean absolute error between them, provides additional support for this.
The mean error for most trials is less than 10%, mean error 19.5%, and the error standard deviation

is 21.9% (8).

23



(A)  Fixed Leg (D)  Free Leg (G) Fixed Leg
2 100 (63t Gpy > & 100 30 & 2100 30 <
& N N oA - &
< 20 22 w0 =2 {20 &
& 50 % &% 50 S & 50 &
3 10 = = 10 = = (10 =
= = = _ = _—
2 7 @ 7 2 2
= 0 0 == 0 0 =< 0 0 =
0 2 4 0 2 4 0 2 4
(B) (E) (H)
T 600 , 600 600
3 axial
= 400 4 400 400
g 200 200 200
12 "‘transverse
= 200 -200 -200
© 0 2 4 F) 0 2 4 @m 0 2 4
S 4 4 4
g
E
22 2 2
-
S
=]
= 0 0 0
0 2 4 0 2 4 0 2 4
time (s) time (s) time (s)

Figure 11: (A) The model CS discharge of a single ramp-and-hold-and-release stimulus with the distal end of the
trochanterofemur fixed. (B) The strain of the trochanterofemur with distal end fixed. (C) Servomotor angles of the
ramp-and-hold-and-release motion. (D) The model CS discharge of a single ramp-and-hold-and-release stimulus
with the distal end of the trochanterofemur free to move. (E) The strain of the trochanterofemur with distal end free.
(F) Servomotor angles of the ramp-and-hold-and-release motion (G) The model CS discharge of a single ramp-and-
hold-and-release stimulus with the distal end of the trochanterofemur fixed. (H) The strain of the trochanterofemur

with distal end fixed. (1) Servomotor angles of the ramp-and-hold-and-release motion
4.2 Baseline Operation
The trochanterofemoral and tibial CS groups' strain and model discharge are plotted in

Figure 12 with four steps of output when the robot (15:1) is in the "baseline configuration,” or

when no weight is added. Since every step the robot took was essentially the same as every other

24



step, the strain and CS model discharge were almost indistinguishable step by step. The weight of
the "body" creates a significant bending moment due to the orientation of this segment, which
explains the largest axial trochanterofemoral axial strain. Due to the rate-sensitivity of CS
discharge, the trochanterofemoral axial CS model discharge of group 3 rises quickly as stance
starts. The large CS discharge model changes during the first half of the stance before becoming
silenced in the middle of it. Once more, this is because CS discharge is rate sensitive. At this point,
the leg's altered orientation with respect to gravity causes the strain to decrease. The
trochanterofemoral transversal CS model discharge of group 4 increased at the conclusion of the
stance phase which is indicative of rate-sensitive “rebound” found in insect CS sensory discharge
(19). Due to the tibia's orientation, which reduces strain, a smaller version of the same condition
happened with the tibial CS in groups 6B and 6A (46). The start and finish of the stance phase are

clearly indicated by the model discharges which are denoted by black bars in Figure 12.

25



Trochanterofemur CS Model Output Tibia CS Model Output

250 100 80 20
9P3 GP4 GPé6B GP6A
= 200 / 226!l 15 2
[ e v A
< 150 < Z <
@ 50 & 40 10 g
= 100 = = 5
= = = | =
2 . 2 220 5 2
= S0 l l \ = =
0 . 0 0 0
0 5 10 15 0 5 10 15
Trochanterofemur Strain (CTr) Tibia Strain (FTi)
2000 —_ = 4
axial 600
= 1500 | '
> 400
= I
; 1000
=)
2 500 | 200
5 transverse
= 0 H“'&? 0 b
-500 -200
0 5 10 15 0 5 10 15
time(s) time(s)

Figure 12: Recordings of middle robotic stick leg (15:1) stepping in baseline configuration. Raw strain data of 4
steps for the trochanterofemur and tibia are the bottom two graphs. Black bars denote the stance phase. Positive
changes in strain denote compression; negative changes in strain denote tension. The top two graphs are CS model

outputs (Groups 3, 4, 6B, and 6A). They are in line with their respective strain graphs.

4.3 Static Loading

After recording robot strain and modeling the large CS discharge as the leg (15:1) stepped
on the treadmill, I added loads to the linear guide to test how changes in body weight might affect
the CS discharge an insect would experience while walking. The location of the CS on the leg
affected how sensitive the CS model discharge was to the amplitude of added weight. The strain

and discharge from one step in each of the three configurations which are, no additional weight or
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"baseline,” 500 g added to the carriage on a linear slider, and 1000 g added are plotted in Figure
13 for comparison. Except for an increase in amplitude, the shape of strain for each sensor location
stays mostly constant as mass is added. On the other, the tibial CS model discharge significantly
alters in response to the additional body mass, whereas the trochanterofemoral CS model discharge
is insensitive to it. This is probably because the CS model is rate-sensitive (8). At every location,

CS groups clearly mark the start and finish of the stance phase.
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Figure 13: Recordings of the middle robotic stick leg (15:1) step in different static weight configurations (baseline,
500 g, and 1000 g). Raw strain data for the trochanterofemur and tibia are the bottom two graphs. Black bars
denote the stance phase. Positive changes in strain denote compression; negative changes in strain denote tension.
The top two graphs are CS model outputs (Groups 3, 4, 6B, and 6A). They are in line with their respective strain

graphs.
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4.4 Transient Loading

During locomotion, such as when a neighboring leg transitions into the swing phase, a leg
may experience an abrupt increase in load (21,59). | imposed a transient load on the (15:1) robotic
leg during its stance phase to see if CS discharge might represent these increases. The experiment
involves using a second servomotor to temporarily pull the linear guide downward via a cable that
is coupled to a spool. When the stance first begins, the servomotor produces a force stimulus that
looks like a half sine. Figure 14 shows the effect of this stimulus on the strain. The CS model
discharge is rate sensitive because it continuously tries to return to the baseline, as was already
mentioned. The transient load increases the tibial strain and lengthens the period of increasing
trochanterofemoral strain, resulting in an increase in the model discharge for the axial sensors of

1.5 to 2 seconds.

28



Trochanterofemur CS Model Output Tibia CS Model Output

400 150 150 40
Q Y @
= 300 = A 30 &
5 GP3 100 5 5 100 GP6B 5
gn 200 GP4 gn 5o "( GP6A 20 &
= = = =
5 05 £ S0 5
2 100 zZ =@ I 10 .2
= \’\ = - \,\ <
0 4 0 0 : 0
0 2 4 0 2 4
Trochanterofemur Strain Tibia Strain
4000 2000
E 3000 base 1500
= transient
-= 2000 / 1000
% 1000
=
; 500
= 0
) 0
transient
-1000 base ?
0 2 4 0 2 4
time(s) time(s)

Figure 14: Recordings of middle robotic stick leg (15:1) step in two configurations (baseline, transeint weight).
Raw strain data for the trochanterofemur and tibia are the bottom two graphs. Black bars denote the stance phase.
Positive changes in strain denote compression; negative changes in strain denote tension. The top two graphs are CS
model outputs (Groups 3, 4, 6B, and 6A) for the baseline and transient configuration. They are in line with their

respective strain graphs.

4.5 Slipping Conditions

According to a recent study, a walking animal may be better able to detect tarsus slipping
during the stance phase due to the adaptive nature of CS sensory discharge (19) I put this theory
to the test with the robotic model leg (15:1) by causing the tarsus to slip mid-stance as the leg
stepped on the treadmill. The normal walking kinematics were modified in such a way that the

foot slides laterally across the treadmill surface as the tibia flexes inward and then extends outward
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during the stance phase (Figure 15). The distal end of the tibia is freed when the tarsus loses contact

with the treadmill, and the tibia is no longer subject to a bending moment.
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Figure 15: Standard stance joint angles and slip stance joint angles

As the bending moment on the tibia abruptly vanishes during the slip, the tibial strain drops
quickly to zero silencing the axial (Group 6B) tibia CS model discharge and activating the
transverse (Group 6A) tibia CS model discharge as shown in Figure 16. Normally occurring at the
end of stance, this Group 6A discharge would be an unexpected signal that could trigger several
motor actions, including, to name a few, a decrease in the activation of the tibia flexor muscle (70)
or the initiation of the swing phase to realign the leg (71). The opposite trend is seen when the

direction of the slip is changed; this results in a decrease in transverse strain and group 6B model
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discharge. The trochanterofemur strain is also impacted by tarsal slip, which results in a phasic

increase in the CS model discharge.
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Figure 16: Recordings of the middle robotic stick leg (15:1) step in two configurations (baseline, slip). Raw strain
data for the trochanterofemur and tibia are the bottom two graphs. Black bars denote the stance phase. Two tone

gray box denotes the timing of forced slip. Positive changes in strain denote compression; negative changes in strain
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denote tension. The middle two graphs are CS model outputs (Groups 3, 4, 6B, and 6A) for baseline configuration.
The top two graphs are CS model outputs (Groups 3, 4, 6B, and 6A) for slip configuration. They are in line with

their respective strain graphs.

32



5. Expanding the Model

Chapter 5 is based on a previously published paper in Biomimetic and Biohybrid Systems
(reference Goldsmith et al. 2023 (64)). This was a collaborative effort to explore tarsal morphology

on my 15:1 scale C. morosus robotic leg.
5.1 Robotic Tarsi

The general magnitude of the trochanterofemoral strains for Styles 1 and 3 was 25-50%
greater than that observed with no tarsus in either direction as shown in Figure 17. This outcome
is expected because adding an angled tarsus segment to the robotic leg (15:1) increases the
moments felt by the rest of the leg by lengthening the moment arm between the ground contact
point and the FTi joint. The peak strain for Style 2 was, however, about 20% lower than in both
designs with no tarsus. The significant amount of deflection in the compliant TiTar joint is
probably to blame for this difference. The highly flexible interior of the joint enables the joint
axis to shift from the center of the "ball" to the point where the distal segment contacts the joint
walls resulting in additional deflection. This kind of deflection produces elastic restoring
moments, which decreases the reaction moments experienced by the limb resulting in moments
that are sufficient enough to offset the negative effects of the larger moment arm angle in Style 2.

As with Style 2, Design 3* showed a decrease in the magnitude of transverse
trochanterofemur strain when compared to the no-tarsus baseline. This is probably because the
treadmill is the first point of contact for the Design 3* tarsus. The segments twist around their
major axis to maintain anterior ground contact during stance because of the high friction between
the silicone pads on the tarsus and the treadmill. As such, the blending of deflecting and rolling

likely results in restorative moments that offset the increased moment arm.
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For each tarsus configuration, the trochanterofemoral strains develop and weaken more
gradually, producing a curve that resembles a parabola and usually peaks in the middle of stance.
The tarsal moment arm is what causes this progression of strain, highlighting the effects of
various leg joint angles. Design 3* stands out as the exception to this more gradual strain. The
strain is highest axially right before stance, and it progressively lessens until liftoff. The strain
remains mostly constant throughout the stance in the transverse direction. The high degree of
grip and compliance in this design, which causes the twisting effect, is most likely what causes
these strain profiles. With the tarsus fully deforming to the ground at the beginning of stance, the
leg bears its entire weight, resulting in the highest strain value. The tarsus then continuously
deflects and rolls in response to the ground reaction force (GRF) due to the absence of slipping,
increasing restorative elastic axial moments. The initial position of the tarsus during stance
creates a constant transverse moment arm, resulting in a largely constant transverse strain.

The tibia strain data showed some effects from applying a tarsus that wasn't seen elsewhere.
The strain readings became much more sensitive to the pronation/supination of the leg, especially
in the transverse direction. This meant that for Styles 1 and 2, the tarsus tip began the stance
positive and turned negative as it approached the posterior aspect of the FTi joint. The Design 1*
strain is where this is most visible. Contrary to the no-tarsus design, where axial and transverse
strains are scaled opposites and consistent with simple tension or compression of the leg surface,
this strain propagation is unbalanced. Every tarsus style, however, disrupted this inverse scale
relationship, causing axial torsion to occur along the tibia. The only tarsi design that produced
purely positive tibia transverse strain throughout the stepping cycle were those in Style 3. These

tarsi's twisting behavior may be the cause of this occurrence.
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Figure 17: Recordings of strain for middle robotic stick leg (15:1) for an average step for each tarsal design. Each
design is denoted with a specific color. Designs without silicone grip are solid, while those with silicone grip are
dashed. Black bars denote the stance phase. Positive changes in strain denote compression; negative changes in

strain denote tension.
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6. Expanding to Other Model Insects

Chapter 6 is based on a previously published paper in Biomimetic and Biohybrid Systems
(reference Dinges et al. 2023 (47)). This was a collaborative effort to expand the model to a D.

melanogaster leg and compare similar CS morphology to that of the C. morosus.
6.1 Comparison of Stick (C. morosus) and Fly (D. melanogaster) Strain

The strain was measured on two robotic legs (25:1 C. morosus, and 400:1 D. melanogaster)
while stepping at three different speeds in order to examine how variations in stepping speed
impact leg strain (Figure 18). The stance phase's duration (2 s, 4 s, 6 s) was changed to modulate
the speeds, which is in line with how insects adapt their walking speed. The walking speed is
indicated by a black line for 2 s swing, 2 s stance, a gray line for 2 s swing, 4 s stance, and a light
gray line for 2 s swing, 6 s stance.

During the stance period, distinct strains were detected at the G2 transverse and G2 axial
strain locations on the anterior face of the leg. G2 transverse detected strain decreases in the robotic
leg, peaking at the start of the stance phase. With a brief peak at the end of the stance, the strains
gradually decreased over time. The inverse is detected in the G2 axial gauge in contrast to the G2
transverse. At the beginning of the stance, the strain gradually increased and peaked at the end.

Tensile strain was detected on the dorsal leg face with peaks in intensity at different times
during the stance phase on the more transverse G3 and the more axial G4. Comparable to G2 axial,
G3in the model started encoding strain at the start of stance and peaked at the conclusion of stance.
During the stance phase, compressive force was applied to this location; the compression was
highest at the step's conclusion. Compressive strains were also felt by G4 during the stance phase.
In contrast to G3 the beginning of stance as opposed to the end was when it was most stressed.

There was a gradual decrease in strain after this stance peak, with an additional, smaller increase
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at the end. G1 is mostly oriented transversely and is found on the posterior leg face of C. morosus.
Here, G1 and G4 detected strain during stepping in a similar manner, with a primary peak at the
beginning of stance, a gradual decline, and a smaller peak at the conclusion of the step.

The anterior leg face of the fly model has no CS, while the CS nearest to the anterior face
was the TrF transverse, which peaked at the beginning of stance. Throughout the remainder of the
stance phase, the strain progressively decreased without increasing again at the end of the step.
TrF axial refers to the more posterior subfield of the TrF. In the model, this location also detected
the highest strain at the start of the stance phase, similar to TrF transverse; however, it detected
tensile forces rather than compressive forces. Moreover, there were no more peaks in the strain
throughout the remainder of the stance, only a steady decline.

Compressive strain was detected at the TrG joint, the only CS location found on the fly's
trochanter. Comparable to the TrF transverse, that location underwent compressive forces and
experienced increases in strain, which peaked at the beginning of the step. Throughout the

remaining stance phase, the strain measurement did not reach another peak.
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Figure 18: Strain recordings of robotic fly (400:1) and stick (25:1) middle leg at different stepping speeds. Black
line denotes 2 s swing, 2 s stance, gray line denotes 2 s swing, 4 s stance, and light gray line denotes 2 s swing, 6 s
stance. Postitive changes in strain denote compression; negative changes in strain denote tension. Fly strain (top

graphs) and Stick strain (bottom graphs) are seperated by light gray dashed line.

6.2 Comparison of Undetected Strain

Strain was measured on both robotic legs (25:1 C. morosus, and 400:1 D. melanogaster)
in artificial sensor locations and both axes of existing CS groups to examine what would be
measured by CS locations that are present in some species but absent in others (Figure 19). This
included the posterior transverse sensors' perpendicular posterior axial subfield in the stick insect.
The fly's additional CS groups were on the anterior face and were mirrored in relation to those on
the posterior face. These are referred to as anterior transverse and anterior axial. A sensor
designated as the posterior axial sensor, which is perpendicular to the posterior transverse location
was added as well. A two-second swing and two-second stance phase was used as the step period
for this experiment.

The only sensor location lacking two subgroups in the stick insect is the posterior face,
where axial CS does not occur. Throughout the stance, the strain gauge registered a comparatively
constant amount of strain, which peaked at the conclusion of the stance phase. The strain data was
in line with the G3 group.

Three fabricated locations in the fly model leg are utilized. Mirroring the orientation of the
posterior face strain gauge, an anterior face strain gauge was affixed to the limb. The posterior
transverse strain gauge's perpendicular axis served as its artificial subgroup as well. The measured
strains peaked at the start of stance at all locations, comparable to the fly model. The anterior
transverse and posterior axial groups mirrored the strains seen at TrF axial. A similar output was
also seen in the anterior axial sensor.
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In contrast to the fly, the stick insect has anterior CS locations. However, the strain that the
stick insect's anterior transverse field perceived was also detected by the artificial anterior
transverse location G2. However, the fly's artificial anterior axial sensor did not track the same
strain as the stick insect's G2 anterior axial sensor did. Whereas the stick insect had tensile force,
the fly had compressive. Moreover, the stick insect's anterior axial sensor was strained more at the
end of stance than the fly's anterior axial which is strained at the beginning.

D. Melanogaster (Fly) Strain

- — — - Anterior Transverse

600 Anterior Axial
= — = =TrF Transverse
400 /r b0 TrF Axial
m
2 200
g
-]
= 0
172}
[=]
-
2 =200
=
-400
_6“0 1 1 1 1 1 | | |
0 0.5 1 1.5 2 2.5 K] 3.5 4
C. morosus (Stick) Strain e — -G2 Transverse
600 G2 Axial
- — = =G3 Transverse
400 G4 Axial
- G1 Transverse
3 200 Posterior Axial
g
S o
A B S Y
=] \ _— T = -
B I
S-200 N
z —
-400
-600 I I I I I 1 1 ]
0 0.5 1 1.5 2 2.5 3 3.5 4

40



Figure 19: Strain recordings of robotic fly (400:1) and stick (25:1) middle leg with added artificial CS locations.
Artifical locations are anterior axial, anterior transverse, and posterior axial on the fly leg. Artificial locations are
posterior axial on the stick leg. Black line denotes stance. Postitive changes in strain denote compression; negative

changes in strain denote tension.
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7. Discussion

7.1 Discussion Summary

This work is based on multiple previously published papers (for reference (12,47,64))
through work of my own and collaboration with my lab colleagues. In Section 7.2, | discuss my
15:1 scale C. morosus robotic leg and explain how | verified its usefulness as a model through
various forms of testing. The model is further expanded upon by adding different tarsus designs in
section 7.3. Section 7.4 involves the loading comparisons of the 25:1 scale C. morosus and 400:1
D. melanogaster robotic legs. Section 7.5 discusses the applications these types of robotic models
have and how incorporating load sensing could improve the implementation of future robots. |
address the robustness of the model in section 7.6. Section 7.7 discusses how these model types
compare to the real biomechanics and neurophysiology of the actual insects. The limitations of

this study are described in detail in Section 7.8, along with potential future solutions.
7.2 Robotic Stick Insect Leg

In Chapter 4 |1 compared the robotic 15:1 scale leg to that of a stick insect which verified
this robotic modeling approach with biological experiments and investigated what force signals
the insect’s nervous system might be encoding in more complex scenarios. Strain gauges were
positioned on the robotic leg in four orientations that paralleled the main CS groups (Groups 3, 4,
6A, and 6B) found on stick insect’s middle leg. Tests that mimicked the responses of biological
CS receptors were carried out on the mechanical leg. Once it was determined that the force
encoding of the robotic model matched that of the animal, | used it to simulate a sensory discharge
that would occur in vivo during an animal's gait. By perturbing the leg with constant and transient

loads and causing its tarsus to slip, it was possible to gain insight into how CS in the animal may
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signal such conditions. As a result, this study can offer special insights into the different kinds of
force signals that the stick insects experience and how this information might be applied to the
control of a walking robot.

The CS model discharge highlights the dynamic changes in force that take place at the start
and end of the stance phase, similar to the CS discharge of insects (19,71). This is due to the model
discharge's high sensitivity to the rate of force change, similar to the sensilla discharge (15). The
coordination of walking in insects depends on detecting the beginning and end of the stance phase
(13,59,72,73), emphasizing the significance of CS and their sensory discharge dynamics. |
speculate that compared to a walking robot without such filtering, one with it might have better
interleg coordination. Future research using six-legged robots and closed loop control will
investigate this.

There are several ways that insects appear to make use of CS sensory feedback. All leg CS are
responsive to force dynamics, and experiments with joint torques obtained from animals that are
free to walk (16) show that rather than just encoding the force level, the receptor discharges reflect
the rate of change of forces (15). To ensure efficient walking motions, these signals could be used
to modify muscle activity and account for force variations. For instance, tibial CS (Groups 6B and
6A) feedback may be used to modify the output of the leg muscles in order to prevent tarsus
slipping while walking (70). On the other hand, at the start of the stance phase, feedback from the
trochanteral CS (Groups 3 and 4) may increase muscle activity and quickly produce support and
forward motion (9). These results suggest that the CS receptor signals are used adaptively
depending on the receptor location and the behavior being carried out. Due to the challenge of
simultaneously recording from so many CS in a moving animal, it might be challenging to directly

confirm the function of such feedback. While it might not be feasible to carry out these tests on
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the insect, the robotic leg is not constrained by these issues, so | can conduct further research on

the leg to investigate load feedback in insects.
7.3 Tarsus Implementation

In order to investigate the impact of tarsi on strain readings, tarsi were designed and
implemented on the 15:1 scale robotic C. morosus leg in Chapter 5. To isolate morphological
effects, these tarsi were developed with differing degrees of compliance, passive grip, and
biomimetic structure. Silicone-based compliant tarsal joints were created to mimic the elasticity
of the animal's tarsal cuticle and joint membranes. While the leg stepped on a treadmill, I measured
the trochanterofemoral and tibial strains in both axial and transverse directions. Next, | calculated
the average profiles of strain over several steps and found that the strain profiles throughout the
leg showed several discernible effects from the addition of a tarsus (Figure 17). Because a tarsus
adds a moment arm between the ground contact point and the leg joints, the overall magnitude of
the strains is generally increased. Compliant components with sufficiently large deflections may
counteract this effect and result in strains that are smaller than the baseline. In many cases, the
tarsus-induced moment arm also increased the sensitivity of the femur strains, resulting in more
gradual growth and decay of the strain over the stance phase. As the tarsus tip moved along the
body plane, the angling in two of the designs in the tibia caused the tibia transverse to change signs
midway through stance. Passive grip seemed to increase tibia transverse strain and inhibit slipping
in these experiments, but it had little effect on femur strains.

In Style 3, the strain deviated from several of the general strain trends with the most
biomimetic tarsus designs, especially when it came to adding grip. Unlike Styles 1 and 2, where
the tibial transverse strain changed from tension to compression during stance, Style 3's designs

maintained compressive tibial transverse strain throughout. In Design 3*, femur strain peaked at a
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different time than in the other designs, and it was less in the transverse direction than in the case
without a tarsus. This behavior could be a result of increased ground contact and grip in this style,
as well as a far higher degree of compliance. The grip in Styles 1 and 2 was enhanced by the
addition of a silicone tip, but the ground contact area stayed small. Style 3 did not have this problem
because of its compliance, which greatly increased the contact area and allowed more segments to
touch the ground. This design was then able to twist and bend to great degrees throughout stance
to maintain its initial point of contact with the treadmill, especially with pulvulli included. This
resulted in the creation of unique moment arms and elastic restorative moments. The tarsus of stick
insects has been observed to undergo a comparable degree of deformation when they walk,
suggesting that the behavior of this design may further support its biomimicry rather than be a
drawback (74). The divergences between the most biomimetic designs and the patterns found in
more abstract segments point to a complicated interaction between ground force mechanisms in

the tarsus that will take more investigation to fully understand.
7.4 Comparisons of Stick and Fly Robotic Legs

In Chapter 6 strain changes that occurred during stepping in two dynamically scaled robotic
legs that were adapted after the morphologies of two model organisms for motor control: D.
melanogaster and C. morosus. The legs of D. melanogaster and C. morosus were scaled to the
insect at a ratio of 400:1 and 15:1, respectively. Comparative studies, in my opinion, help us better
understand how homologous organs may be impacted by species-specific morphology as well as
proprioceptive function. The strains that the strain gauges picked up indicated that both robotic
legs had entered stance. Only the C. morosus robotic leg model had sensors in places that were
sensitive to strains that arise at the end of stance which is consistent with recordings of stick insect

CS groups (9).
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While G2 axial and G3 peaked at the end of stance, the stick insect's G2 transverse, G4
transverse, and G1 transverse registered strain peaks at the beginning (Figure 18). TrF transverse,
TrF axial, and TrG all peaked at the start of stance in the D. melanogaster model; no additional
peaks occurred at the end of stance. This indicates that while the fly’s trochanteral CS primarily
monitors the onset of stance, trochanteral CS locations in the stick insect monitor different phases
of the stance phase. Furthermore, the stick insect leg model demonstrated similarity between
nearby locations during sensor activity, which indicated the strain detected between the beginning
and end of stance. The peak tensile force was detected at the most anterior location (G2 transverse).
At the end of stance, compression was detected by both its dorsal neighboring field, G3 transverse,
and its subfield, G2 axial. At the onset of stance, compressive strain was detected by G4 axial, the
subfield of G3 transverse, and by G1 transverse, its posterior neighboring field, at the same time.
The artificially positioned G1 axial felt tensile force, much like the G2 transverse, but it displayed
distinct dynamics, with an extreme at the end of stance (Figure 19). With two nearby fields
monitoring the same strains in a posterior-to-anterior tracking of the start to finish of stance, this
pattern of strain monitoring points to a phase shift-like progression in field activity.

In contrast to the stick insect model, all sensor locations in the robotic fly leg, including
the artificial locations, registered the highest strain at the beginning of stance (Figure 19). Changes
in body size could impact these underlying differences. Wing CS of larger insects with lower
wingbeat frequencies, for instance, served as magnitude detectors in CS investigations, whereas
the CS of smaller insects with higher wingbeat frequencies fired only once during the wing stroke
(75). In this sense, the primary sense that larger insect sensors picked up on was force magnitude,
while smaller insect sensors picked up on timing. Along with shorter wingbeat durations, D.

melanogaster's faster average stepping in comparison to C. morosus may also lower their capacity
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for temporal integration, which would require less monitoring of the start of the stance phase
(45,75-77).

The distinct leg posture, specifically the way each leg is extended and supinated during
stance, may also account for the observed variations in load variation between species. Longer
legs generally result in higher moment arms of ground reaction forces at the foot, which should
put more strain and stress on the proximal portions of the legs. The strain gauges will also become
misaligned from the axes of the predominant stresses if the leg is pronated or supinated because
CS and strain gauges are directionally sensitive. These effects mix differently in every animal
because their stepping motion is different. Additionally, the D. melanogaster robotic trochanter's
accessibility limited the study. The placement of the trochanteral CS on each leg's femur caused
the legs to further alter CS orientation as they walked. Subsequent studies will expand the
Drosophila robotic trochanter to suit the required CS and investigate the effects of the moving
trochanter-femur joint on load sensing in more detail.

The leg of the stick insect extends to the beginning of stance, flexes during the first half of
stance, and then extends again during the second half of stance to reach the end of stance (53).
Because of this, the ground reaction force's lever arm on the body initially increases, then
decreases, and finally increases. Concurrently, the leg plane pronates and supinates during stance,
resulting in stresses that are not aligned with G4 axial at first, aligned with G4 axial mid-stance,
and misaligned at the end of stance. A relatively constant but ultimately "dual-peaked" profile can
be seen in the stick insect G4 axial recording as a result of these mechanisms.

The leg of the fruit fly, on the other hand, stays flexed as it approaches the beginning of
the stance and then extends to the finish. Moreover, the leg begins and ends in a supinated position

rather than being pronated or supinated. The "dual-peaked" strain profiles observed in stick insects
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are not produced from flexion to extension and from neutral to supination. Rather, every fruit fly
recording is "single-peaked.” These posture variations would undoubtedly alter how stress is
applied to and resisted throughout the leg, even though the legs of both species serve the same
functions of supporting and propelling the body. As was previously mentioned, variations in
locomotion speed may be the cause of such postures. There may be more extensive relationships
between these morphological and behavioral characteristics if an evolutionary and developmental
survey of insect species, their leg posture, their locomotion rates, and the location of their CS is
conducted.

The reason Drosophila has fewer CS locations on its trochanter and the stick insect lacks a
G1 subfield could potentially be attributed to the variations in the two legs' sensor location leg
functionality, as previously mentioned. The missing locations would also monitor tensile force at
the start of stance, which is what the axial trochanter field of the D. melanogaster model would
have detected. Similar strain developments were detected by the stick insect model's G3 transverse,
which was compressed during the stance phase and had a posterior axial subfield missing.
Furthermore, the stance phase exposed all "missing™ locations to tensile strain, which might not
have resulted in CS activity (51). It should be noted that the use of strain gauges to simplify the
sensor field placed limitations on the current endeavor. Certain sensors may activate at different
times due to variations in the precise orientations of the caps within each field.

This experimental method could be used in future research to infer, from the leg orientation
and walking kinematics of the species, which CS fields and groups other insect species have. The
main hypothesis is that CS fields and groups that redundantly signal loads might have disappeared
over evolution. Further investigation into the behavior of individual species may point to additional

causes for the evolutionary changes in CS fields and groups.
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7.5 Applications in Robotics

The dynamic CS discharge model in Chapter 4 could make it easier to build and run robots
with numerous redundant sensors, much like insects do. Robots frequently employ a minimal
number of sensors to determine the complete state of the robot. This approach is used for practical
reasons because it is difficult to configure and calibrate sensors on a robot to function reliably. The
control hardware may use more power as a result of this method's increased computational load,
which could reduce the amount of time the robot can operate before the batteries are depleted.
Additionally, it raises the question of how small animals with limited resources, like insects, can
carry out the intricate calculations thought to be required to operate legged machinery. By
incorporating sensors that directly measure guantities of interest acting on the leg, insects and
consequently robots may reduce the complexity of calculations required for control. In contrast to
sensors that measure the forces of individual muscles, like Golgi Tendon Organs or individual
motors, like current sensors, insect CS may make controlling the leg easier by signaling forces
produced by groups of synergistic muscles, as stated in the early study of Pringle (1). Although
adding sensors to the robot may make it more complex, the dynamic CS model's robust signaling
of load increases and decreases may make calibrating these sensors easier. It will be interesting to
see if this method makes it easier to process data from redundant robot sensors. The intent is to
use this strategy in subsequent research on hexapod robots, each of whose legs are instrumented
similarly to the robotic leg used in this study.

To be more precise, dynamic load feedback processing may improve the interleg
coordination of walking robots. It is well known that the load carried by each leg affects the
coordination between the legs in insects and other arthropods (13,37,59,72). Animal locomotion

is supported by neuromechanical simulations (37,44,78) as well as robotic models (42,43). But as
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far as the authors are aware, no earlier study has integrated the dynamics of how CS measures load
into their robot controller. It can be challenging to adjust strain sensors so that they don't produce
erroneous leg load readings, both positive and negative. | believe that the adaptive nature of the
CS discharge model | have used will make it easier to accurately determine when the leg is in
swing or stance, which should improve interleg coordination in robotic applications.

Dynamic CS discharge modeling may also help with interleg coordination of robot leg
control. It is known that the patterning of the motor output that controls other leg segments is
influenced by the feedback from CS on one leg segment (79). Dynamic neural models (44) or
abstracted finite state machine controllers (80), in which the motion of each joint is dependent on
load feedback from across the leg, have been used as robot controllers to mimic this mechanism.
By providing precisely timed, high-amplitude signals when the tarsus contacts the substrate,
dynamic CS discharge may aid in such intraleg, intersegmental coordination. This could be

investigated by integrating the CS model into the closed-loop control of a walking robot,
7.6 Model Robustness

The nature of the CS model in Chapter 4 ensures that the feedback remains robust to
variations in loading. Robots experience a wide variety of unpredictably sensory stimuli, much
like insects do. My experiments show, for instance, that the trochanterofemoral CS discharge in
Figure 13 is not affected by variations in loading. The models’ output consistently identified the
start and end of the stance phase in each of the cases that | tested. This indicates that the adaptive
strain processing carried out by the CS model would increase the robustness of a control network
that sets the timing of each joint’s motion.

In certain cases, extra leg load information was encoded, despite the fact that the model

discharge was robust to changing load conditions. In Figure 16, Group 6A, for example, discharged
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when the foot slipped and the tibial strain rapidly decreased to zero, indicating that the tibia was
no longer being strained. The trochanterofemoral strain increased at the same time. The CS model's
adaptive properties cause it to emphasize load variations over time, signaling when the motor

control needs to be modified.
7.7 Comparison to Biomechanics and Neurophysiology

The signals from the strain gauges closely matched those found in CS after filtering and
processing. The mathematical CS model could process the measured strain to produce animal-like
signals in response to both increases and decreases in force such as in Figure 12. Similar to
biological receptors, strain gauges enable directional force reception. Moreover, processing strain
measurements using the CS model might mimic the diverse degrees of adaptation present in
biological sensors, especially the remarkable adaptation of large receptors to tonic forces. As a
result, the robotic leg successfully imitated some aspects of CS discharge in insects.

The model's ability to accurately distinguish between the beginning and end of the stance
phase is one distinguishing feature. The model outputs demonstrate this, with groups 3 and 6B
increasing amplitude at the beginning of stance and going silent as the force decreases. After a
brief period of silence and increasing at the end of stance, Groups 4 and 6A exhibit the opposite
trend. These outcomes closely resemble CS as it has been observed in insects (7,13). In contrast to
the smaller CS, whose discharge adapts less than that of the larger CS, it is significant to note that
the model mimics the characteristics of the larger CS (11). When animal legs are subjected to
ramp-and-hold-and-release stimuli, the sensory discharges of their small CS are more delayed and
their adaptations to sustained stimuli are less complete (9,11). For CS groups 3 and 6B, the model
does not mimic that effect. While the model can be altered to respond similarly to the smaller CS,

it was not for this study.
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7.8 Limitations

Though my experiments shed light on the role of adaptive load sensing in locomotion, the
study is not without limitations. To begin with, the single-leg robotic models do not capture all the
dynamics of a free-standing, walking animal. It is well known that the force felt by any one leg
can be shaped by the force on other legs (59). Even though | mounted the legs to a carriage that
could slide up and down, the rails of the carriage prevented the "bodies” from moving laterally,
anteriorly, or posteriorly. The fact that the robotic models are much larger than an insect (15:1,
25:1, 400:1) and that their mass is distributed differently across the legs (i.e., due to dense servos
at the end of leg segments) was another limitation of this study. By slowing down the motion of
stepping, | was able to compensate for the scale difference and avoid leg strain from vibration such
as (Figure 11E). Despite differences in mass distribution, more than 87% of the robot’s mass is
concentrated in the body because the leg and carriage together weigh 800 g, and less than 100 g
can move relative to the carriage. This number is consistent with a locust, whose body makes up
83% of its mass and whose legs comprise 17% of its mass (81,82). Consequently, | anticipate that
these findings will be broadly applicable to the animal even though the insects and the robots have
different sizes, actuators, and materials.

There were limitations specific to artificial tarsi as well. Insects can grasp objects or the
substrate by using an unguitractor mechanism that is affixed to their claws (68). This mechanism
of active grip was not implemented due to its complexity. This simplification may not have a major
effect on the results because previous biological studies have highlighted the limited function of
claws on smooth surfaces such as our treadmill (69). Conversely, because they maintain traction

on more uneven surfaces, claws enhance the overall robustness of ground contact (83). This
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simplification could be mitigated by reproducing the unguitractor mechanism to incorporate active
grip into the robotic model.

In order to directly compare the strain data across various experiments, | also used the same
walking kinematics. The nervous system, on the other hand, can adjust stepping kinematics to
account for changes in leg structure (losing a leg) or changing terrain. Further work must be done
to implement a control program that can modulate the walking kinematics. This control program
should utilize the load feedback generated by the CS model to alter its stepping motion in real-

time.
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8. Conclusion

The aim of this study was to demonstrate the validity of this type of robotic modeling to
investigate force encoding, extend the design to include tarsi and compare similar CS
morphologies of various insect species by using three dynamically scaled robotic models of the
middle leg of the stick insect C. morosus and the fly D. melanogaster. The difficulty of quantifying
such force encoding in an animal, especially one that is free to roam, is the motivation behind these
investigations.

By demonstrating that the (15:1) leg can replicate the biological studies carried out on the
animal, this goal was achieved. The fact that inertial forces were not dominating the limb further
demonstrated that it was, in fact, dynamically scaled adequately. Additionally, disturbances like
additional static or transient loading can be encoded by the leg CS. It has also been demonstrated
that leg slipping conditions are encoded by the tibia’s CS.

Incorporating different tarsus designs that impact load feedback significantly broadened
the model. The majority of insects employ tarsi to enhance their ability to locomote, however this
is something that is typically avoided when building robots because it complicates construction.
Different levels of compliance, passive grip, and biomimetic structure were present in each tarsus
design. Every tarsus contributed differently to the strain output, but more study is needed to include
active grip in the design.

In the final experiment, the robotic legs of C. morosus (25:1) and D. melanogaster (400:1)
were compared for their morphologically similar CS sites. Stepping kinematics, sensor locations,
and leg shape all had a significant impact on the measured stresses. Furthermore, the absence of
some sensor locations in one species in contrast to the other encoded strains that the real sensors

were already measuring has been demonstrated.
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