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Abstract. Load sensing is critical for walking behavior in animals, who have
evolved a number of sensory organs and neural systems to improve their agility.
In particular, insects measure load on their legs using campaniform sensilla (CS),
sensory neurons in the cuticle of high-stress portions of the leg. Extracellular
recordings from these sensors in a behaving animal are difficult to collect due to
interference from muscle potentials, and some CS groups are largely inaccessible
due to their placement on the leg. To better understand what loads the insect leg
experiences and what sensory feedback the nervous system may receive during
walking, we constructed a dynamically-scaled robotic model of the leg of the
stick insect Carausius morosus. We affixed strain gauges in the same positions
and orientations as the major CS groups on the leg, i.e., 3, 4, 6A, and 6B. The
robotic leg was mounted to a vertically-sliding linear guide and stepped on a
treadmill to simulate walking. Data from the strain gauges was run through a
dynamic model of CS discharge developed in a previous study. Our experiments
reveal stereotypical loading patterns experienced by the leg, even as its weight
and joint stiffness is altered. Furthermore, our simulated CS strongly signal the
beginning and end of stance phase, two key events in the coordination of walking.

Keywords: Campaniform sensilla · Insects · Dynamic scaling · Strain gauges ·
Legged locomotion · Robotics

1 Introduction

Locomotion is fundamentally an interaction with the environment, which is a challenge
for animals and robots alike. Animals have evolved a wide array of sensory organs
and neural control systems that give them an innate ability to solve this problem [1–3].
Robots, on the other hand, need to be meticulously designed to accomplish these feats.
By constructing robotic models of animals, it may be possible to better understand how
their sensors and nervous systems function and simultaneously build robots that leverage
biological mechanisms to maneuver more capably.

Load sensing is critical for walking animals [1, 4]. Insects measure this load using
campaniform sensilla (CS). CS are not simple sensors; in fact, they measure force in a
highly dynamicway [5]. Due to their dynamics, CS are very sensitive to changes in force,
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Load Feedback from a Dynamically Scaled Robotic Model 129

including transient changes in the effect of body weight [6], movements of the substrate
under their feet [7], and small variations in bending moments on each leg segment that
naturally occur over the course of a step [5]. In a previous study, we made a CS model
of how the forces on the leg are transduced into neural signals [8]. Related CS models
describe how forces on the halteres of dipterans are transduced into signals [3]. Such
models give insight into what neural signals the nervous system may receive due to the
dynamic forces experienced as the animal moves through its environment.

Despite many insect-like robots having been built in the past few decades, few robots
directly incorporate insect-like load sensing [9]. Some robots such as Octavio have
applied animal-like walking control networks to drive walking through a combination
of sensory feedback and central pattern generators [10]. Despite the success of this study,
the robot had only rudimentary ground contact sensing via a toggle switch, meaning that
the robot could not measure the dynamics of force over the course of the step. In contrast,
other robots such asHubodog2 [11] andDrosophibot [12] have implemented animal-like
load sensing in the legs bymounting strain gauges to the leg segments. However, it can be
difficult to tune the bias of the amplifiers to set a threshold to determine ground contact
white ensuring the load signal does not saturate. We hypothesize that using our dynamic
CSmodel as a filter for strain measurements in a robot will alleviate both of these issues.
The model is very sensitive to changing loads, enhancing transitions between stance
and swing, and its model adapts its output in response to a constant load, meaning that
amplifier bias may be canceled out over time.

In this study, we investigate what dynamic load feedback the nervous system may
experience while the leg makes contact with the ground, supports and propels the body,
and then breaks contact with the ground. We hypothesize that the dynamics of the CS
will accentuate increases in load at the initiation of stance while eliminating the others.
We also hypothesize that these features are robust to changes in sensor configuration.
For example, weight can be added to the leg and the servomotor’s P gain can be changed
without greatly affecting responses to increasing and decreasing load.

Fig. 1. A) Robotic model of the middle leg of Carausius morosus attached to linear guide. The
linear guide can only move in the vertical direction (Z axis). As the leg steps on the treadmill, the
linear guide is free to move, meaning that the leg must support its weight when stepping. B) A
Carausius morosus middle leg for comparison to its biological counterpart.
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130 W. P. Zyhowski et al.

2 Methods

2.1 Robotic Leg Construction

The robotic leg in Fig. 1 consists of three MX-28 dynamixel servomotors along with
3D printed parts, which were used to construct a 14.79:1 scale model with the same
segmental proportions as the middle leg of the stick insect Carausius morosus (C. moro-
sus) [13, 14]. Figure 2 shows the leg with the thorax-coxa (ThC), coxa-trochanter (CTr),
and femur-tibia (FTi) joint axes labeled. The proximal servomotor (ThC) is attached
to a linear guide to simulate the weight and movement of the insect body. Two strain
gauge rosettes on the leg capture the strain data and are connected to operational ampli-
fiers to boost the signal. Each rosette measures the transversal and axial strain of the
leg segment. The location and orientation of the rosettes is comparable to the location
and orientation of major CS groups on the stick insect leg: the proximal femur rosette
measures axial (CS group 3) and transversal (CS group 4) strain, and the proximal tibia
rosette measures axial (CS group 6B) and transversal (CS group 6A) strain [2, 7]. An
OpenCM 9.04 microcontroller converts the analog amplified strain signal into a 12-bit
digital signal that is sent to the control computer over a serial connection.

Fig. 2. A) 3 degree of freedom robotic model of the middle leg of C. morosus. Joint axes, joint
angle measurements, and leg segments are labeled. The locations of strain rosettes are indicated.
B) The inset shows the orientation of each strain rosette relative to the long axis of the leg segment
on which it is mounted. C) An illustration of a C. morosus leg indicating locations of CS groups.

2.2 Robot Forward and Inverse Kinematics

The kinematic model for the system has the same degrees of freedom as the insect [13,
14]. Great care was taken to properly scale the kinematics of the C. morosus middle leg
for the robot (values in Table 1). The kinematic spatial (i.e., global coordinate system)
chain was constructed with the product of exponentials,

gd = eξ̂1θ1eξ̂2θ2eξ̂3θ3gst (1)

where θ1 is the angle of the ThC joint, θ2 is the angle of the CTr joint, and θ3 is the angle
of the FTi joint [15]. The matrix exponentials produce the augmented 4 × 4 matrix gd ,
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Load Feedback from a Dynamically Scaled Robotic Model 131

, which contains the rotation matrix and coordinates of the end effector (i.e., the foot)
in relation to the spatial reference frame. gst(0) describes the end effector in the leg’s
zero configuration, that is, when the leg is in its neutral posture. Each joint’s impact on

the end effector’s position and orientation is described by the augmented matrix eξ̂nθn .
ξ̂n represents the axis of rotation for the nth joint.

Table 1. Vectors of model parameters in zero configuration. ω is a unit vector in direction of
twist, q is point on the axis of rotation (mm)

Zero Configuration Vectors

x y z

ω1 0 −sin (37°) −cos (37°)

ω2 1 0 0

ω3 1 0 0

q1 0 63.35 17.30

q2 0 91.39 19.62

q3 0 228.41 −83.62

qend 0 360.69 −183.28

The footpath was modeled and scaled after that of C. morosus [13]. To calculate the
inverse kinematics, Newton-Raphson determined the necessary angles to achieve the
footpath in Fig. 3. Because the leg has 3 non-parallel joint axes, there is a unique set of
joint angles that places the foot in any particular 3D position in space.

Fig. 3. Left graphs show stance and swing angles of robotic C. morosus middle leg (ThC upper,
CTr middle, FTi lower) plotted against the x-coordinate of the foot in space as in [13]. The swing
phase and stance phase each last 2 s. The right graphs show the projected scaled footpath of the
C. morosus. The upper right graph is projected in the y-x plane, the lower right graph is projected
in the z-x plane.
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132 W. P. Zyhowski et al.

2.3 Robotic Control

Data was collected using a MATLAB script to command servomotor angles through the
OpenCM 9.04 microcontroller acting as an intermediary. On a desktop computer, the
MATLAB script solved the inverse kinematics problem to calculate angle commands
for the servomotors that would generate the desired foot path. The script sent the angle
commands over a serial connection to the OpenCM 9.04 microcontroller. The OpenCM
broadcasted the angle commands to the servomotors in the leg, and then returned the
current servomotor angles and strain gauge readings, converted from analog to a 12-bit
digital value, to the desktop computer.

2.4 Treadmill and Dynamic Scaling

The robotic leg stepped on a treadmill to simulate pushing the body forward. Because
the ThC servomotor was mounted to a linear guide which is a vertically-sliding carriage,
the leg also supported the carriage’s weight during each stance phase. The treadmill’s
speed was matched to the stepping of the leg. The treadmill speed was synced with the
use of a calibrated tachometer.

To ensure that the robot is dynamically scaled to the insect, that is, that it experiences
a similar balance of inertial, viscous, elastic, and gravitational forces, the stepping cycle
of the robot must be scaled to its dynamics in the same way as the animal’s. In particular,
the cycle period needs to be proportional to the natural frequency of the leg oscillation
in both the animal and the robot. Insects are quite small, and gravity does not affect
them considerably; similarly, when the robot is powered on, the leg is supported against
gravity. This means that the leg does not act like a pendulum, but like a spring and mass.
As a result, the natural frequency depends on the elastic stiffness of the joints and the
moment of inertia of their limbs. AC. morosus leg is approximately a 11mg [13] slender
rod and the stiffness around the femur tibia joint is approximately 10−6 Nm/rad [19].
This means the natural period is 0.132 s, so a step of one second is 6 times longer than the
natural period. The robotic leg follows the same characteristic. Its main source of inertia
is the moment of inertia of the servomotor rotor which is approximately 1×10−2 kgm2,
and the stiffness is approximately 1 Nm/rad. This gives the robotic leg a natural period
of 0.63 s, so four seconds is the dynamically scaled step time of the robotic leg, also 6
times longer than the natural period.

3 Results

The robotic leg of the C. morosus completed 50 sequential steps in its baseline con-
figuration (no weight added to the linear guide’s carriage, default servomotor P gain)
for Fig. 4. Data collected from each of the two strain gauge rosettes gave the axial and
transversal strain of the femur and tibia. The geometry of the leg and orientation of the
strain sensors gave a great deal of information about each other. The axial strain of the
femur is the largest because this segment primarily supports the weight of the body, and
it continues to increase after stance begins as it aligns the plane of the leg with gravity.
As it rotates past the vertical orientation, the signal decreases. The transversal strain has

Biomimetic and Biohybrid Systems : 11th International Conference, Living Machines 2022, Virtual Event, July 19-22, 2022,
         Proceedings, edited by Alexander Hunt, et al., Springer International Publishing AG, 2023. ProQuest Ebook Central, http://ebookcentral.proquest.com/lib/wvu/detail.action?docID=7151167.
Created from wvu on 2022-12-22 15:18:35.

C
op

yr
ig

ht
 ©

 2
02

3.
 S

pr
in

ge
r I

nt
er

na
tio

na
l P

ub
lis

hi
ng

 A
G

. A
ll 

rig
ht

s 
re

se
rv

ed
.



Load Feedback from a Dynamically Scaled Robotic Model 133

about 1/3 the amplitude and the opposite sign of the axial strain, consistent with the
Poisson’s ratio of typical solid materials.

The model output in Fig. 5 shows that the responds of the femur axial CS (Group
3) greatly increased at the onset of stance. Once stance was half completed and strain
began do decrease, Group3’s response was silenced. The same situation was seen with
tibia axial CS (Group 6B) and tibia transversal CS (Group6A), albeit on a smaller scale
as strain is smaller for the tibia [14]. Note the peak CS discharges at the beginning and
end of stance phase.

Fig. 4. Raw strain data from every strain gauge from 50 robot steps, with the average overlaid in
red and stance phase represented by the black bar. Positive changes in values indicate compression;
negative changes in values indicate tension. The Y axis has arbitrary units of strain (Color figure
online).

Fig. 5. Model CS output for mean of 50 steps in baseline configuration.

In Fig. 6, the leg walked 50 steps, with the linear guide weighed down with an extra
500 g. The shape of the strain for both the femur and tibia remained relatively unchanged
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134 W. P. Zyhowski et al.

from Fig. 4, except the amplitude increased. The model CS data in Fig. 7 also reflects
what was seen in Fig. 5, with strong signaling at the beginning and end of stance phase.
Group 3 was activated on the onset of stance then deactivated halfway through stance
once the leg plane flipped orientation. Group 4 increased once the leg was unloaded,
signaling that the stance phase had ended. Group 6B shows a similar pattern, with Group
6A activating at the end of stance. It should also be noted that the model response had
a better signal-to-noise ratio as the strain increased. This was particularly evident in
Groups 6A and 6B because the strain was relatively small compared to Groups 3 and 4.

Fig. 6. Raw strain data of 50 steps with additional 500 g, with the average overlaid in red. Stance
phase is represented by a black bar. Positive change in values indicate compression, negative
change in values indicate tension. Y axis has arbitrary units of strain (Color figure online).

Fig. 7. Model CS output for a mean of 50 Steps with an additional 500 g (Color figure online).

Figure 8 includes an additional 50 leg steps but with 1000 g of extra weight. The
amplitude of the strain on the tibia and femur increased further compared to previous
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Load Feedback from a Dynamically Scaled Robotic Model 135

loading conditions. The shape of the strain response remained approximately unchanged
despite the large increase inweight.While themodel CS responses in Fig. 9 are generally
similar to past trials, the exception is Group 3, whose responses show large fluctuations
in discharge over time. This is because the “ripple” in the load signal is amplified under
larger weight, and the CS model is sensitive to changing loads.

Fig. 8. Raw Strain data of 50 steps with additional 1000 g, with the overlay of average in red;
stance phase is represented by a black bar; Positive change in values indicate compression, negative
change in values indicate tension; Y axis has arbitrary units to signify strain (Color figure online).

Fig. 9. Model output for mean of 50 Steps and an additional 1000 g

Data in Fig. 10 was collected after doubling the servomotor P gain, which approxi-
mately doubled the stiffness of the leg. No additional weight was added. Like the other
configurations, Fig. 11 shows Group 3 activates at the start of stance and deactivates
once the load decreases. Group 4 did the opposite. Group 6A and 6B followed suit, but
at lower strain levels. It should also be noted that the increased stiffness helped reduce
the bounce of the leg upon impact.
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136 W. P. Zyhowski et al.

Fig. 10. Raw stain data with servomotor P gain doubled with the average overlaid in red. Stance
phase is represented by a black bar. Positive change in values indicate compression; negative
change in values indicate tension. The Y axis has arbitrary units of strain (Color figure online).

Fig. 11. Model output for a mean of 50 steps with doubled P gain

4 Discussion

In this study, strain data was collected simultaneously from four different locations on a
dynamically scaled robotic model of aC. morosusmiddle leg. It is challenging to collect
such data from the animal itself, and even successful attempts at recording from CS in
behaving animals have been limited in scope [6, 7, 17]. With this robotic model, we can
estimate the sensory signals that the nervous system may receive from all over the leg.

We applied a dynamic CS model [5] to filter the average strain data. This filter
accentuates the dynamic changes in force that occur when stance phase begins and ends.
These are critical events to the timing of stepping across the legs [18, 19]. Since the timing
of load is so important to the coordination of the stepping of an insect’smultiple legs [1, 4,
18, 19], a robot that employs such filtering may have improved coordination compared
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Load Feedback from a Dynamically Scaled Robotic Model 137

to a robot that does not. We will explore this idea in future studies by implementing
this dynamic CS model in a closed-loop walking controller for a six-legged robot. We
hypothesize that dynamic load sensing will produce interleg coordination that is robust
to changes in body weight or actuator properties.

Our study has several limitations. For example, in Fig. 5 the tibia transversal strain
was quite small, resulting in a poor signal-to-noise ratio. However, this is unsurprising
because the tibia is nearly aligned with gravity during walking, meaning that it experi-
ences very little bendingmoment. Furthermore, due to the Poisson Effect, the transversal
sensor only experiences about 1/3 the strain of the axial sensor [7]. Another complication
was the bouncing of the leg at the start of stance phase for the baseline configuration. It
seems unlikely that the animal would experience similar bouncing, because it actively
grips the substrate. Changing the weight of the body or stiffness of the servomotors
greatly reduced the bounce, suggesting that this bounce was due to resonance in the
leg’s mechanics. In the future, we plan to add an active tarsus with which to grip the
substrate, which may reduce bounce. We also plan to further explore the effects of the
leg’s material properties on the sensory signals.

4.1 Comparison to Biomechanics and Neurophysiology

The linear guide was a critical part of the experiment because it allowed for the recording
of the leg strain due to the leg’s and linear guide’s weight and not the strain of the leg
pushing against a fixed bracket. As a result, the posture of the leg could change but the
applied force was nearly constant, just as in walking. Preliminary experiments in stick
insects suggest that CS respond differently between the controlled force, uncontrolled
posture condition as we tested in this study and the constrained posture, uncontrolled
force condition that is typical for experiments characterizing CS responses [5, 20–22].
Despite our robot only being one leg, we may be capturing important features of leg
loading, that is, controlling the force but not constraining the posture.

The model could reliably distinguish the start and end of stance phase. This is evi-
denced by high-amplitude discharge from Groups 3 and 6B at the start of stance with
relatively invariant amplitude and silencing when the force decreased. Groups 4 and
6A showed the opposite trend, with high-amplitude discharge at the start of swing and
silencing by the end of swing. These results mimic the active signaling of unloading that
has been described in insect CS [1, 6].

It is important to note that our model emulates the characteristics of the larger CS
rather than the smaller, more tonic CS. In ramp and hold tests, tonic receptors showmore
prolonged discharges and incomplete adaptation to sustained loads [20, 21]. This could
produce discharges throughout the stance phase, unlike Groups 3 and 6B in our robotic
model. In addition, the discharges of receptors of opposite orientations (i.e., Group 3
vs. Group 4, Group 6B vs. 6A) are completely reciprocal in tests using ramp and hold
force application and release in the leg plane. Similar reciprocal patterns of activity are
seen both in the model simulations and in biological experiments in partially restrained
animals showing “single leg stepping” [22].

The results of the robotic leg and model suggest new experiments in the biological
system that could test this interpretation. Although technically challenging, it would
be beneficial to examine the responses of the tibial sensilla to forces applied to the leg
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138 W. P. Zyhowski et al.

using the waveforms of strain seen in the present study, including those obtained when
additional loads must be supported.

4.2 Application to Robotics

The type of dynamic sensing presented in this studymay improve the practicality of strain
gauges in legged robots by making it easier to calibrate the sensors. This is important
because simplifying calibration may reduce the burden of designing robots with many
redundant sensors as seen in animals [9, 13]. We hypothesize that robots would be more
graceful if they utilized more sensory feedback from additional modalities, as animals
do [13, 23]. More robust sensory filtering may eliminate the need for careful calibration,
removing one engineering hurdle to building robots with orders of magnitude more
sensors.
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