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1 Introduction

Insects adapt their locomotor behavior in response to
changes in environment and context by altering both inter-
and intra-leg coordination. Past studies have investigated the
adaptivity of coordination using neurophysiological, elec-
trophysiological [1, 2], neurotheological [3, 4], or synthetic
approaches that were based on computer simulations [5] or
physical robots in the real world applications [6]. However,
the detailed mechanism still remains unknown.

To elucidate the mechanisms, we apply an external and
precise method of interference with neural motion control,
based on the electrostimulation of leg muscles. Here, we
propose the method, called “Motion Hacking (Fig. 1)” [7,8],
based on engineering techniques.

Figure 1: Motion Hacking

First, we investigated externally controlled joint torques
induced by stimulating one out of three leg muscles (pro-
tractor, retractor, and levator) in the stick insect Carausius
morosus. For a given parameter set of a burst of pulse-width
modulated electrostimulation, we found a piecewise linear
relationship between the burst duration and the generated
joint torque. Linearity holds for a burst duration range be-
tween 100 and 500 ms, corresponding to the typical values
of swing and stance durations of walking in stick insects.
The result suggests that the extent and timing of movement
generated by joint torques of a single leg can be controlled.
This is a necessary prerequisite for hacking the motion of a
leg via external muscle stimulation in free walking insects.

Figure 2: Experimental setup. Upper left window shows the
preparation for electrostimulations of the target three mus-
cles based on anatomy of stick insects [1, 5]

2 Materials and Methods

We tested 20 adult female C. morosus from our labora-
tory colony at Bielefeld University. We selected three leg
muscles (protractor, retractor, and levator) in the middle-
right leg for electrostimulation. When stick insects walk,
they use the protractor muscle to swing the leg forward dur-
ing swing phase, the retractor muscle to move the leg back-
ward during stance phase, and the levator to initiate a swing
phase [1,4,5]. Thus, we selected these muscles to effectively
control of walking of the stick insects.

For the electrostimulation of these muscles, we devel-
oped a “hand-made” electrostimulator. We designed an ex-
tension circuit board for Raspberry Pi 3 B+ (Raspberry Pi
Foundation), including isolated 4 channel pulse width mod-
ulation (PWM) signal outputs. The stimulator can flexi-
bly change the parameters of the stimulation PWM signals,
e.g., frequency (1–120Hz), duty dactor (0–100%), ampli-
tude (output voltage, 0–18V), which enables the investiga-
tion of the effect of these parameters on motion generation
due to muscle stimulation.

As a first step towards the control of stick insect walk-
ing, we investigated externally induced joint torques gen-
erated by stimulating one out of the three leg muscles in
the stick insect. Figure 2 shows the experimental setup for
the electrostimulation. We measured the corresponding joint
torques when we stimulated one muscle in the middle-right



Figure 3: Linear relation between stimulation burst dura-
tion and generated joint torque in protractor muscle. The
warm to cold color gradient of plotted points indicates the
sequence numbers of stimulations, suggesting that we did
not find muscle fatigue effects by electrostimulations

leg of a constrained animal. To measure the joint torque,
we used a custom-made force transducer with strain gauges.
Before the experiments, the measured force was calibrated
by using some weights. By measuring the force F generated
at a fixed point of animals’ leg for each condition, we cal-
culated the generated torque τ = F × l, where l denotes the
length of the fixed moment arm of the leg.

3 Results

Here, we investigated the relationship between the burst
duration Ti [s] of the electrostimulation for muscles and
the generated torques τi [µNm] at the corresponding joints,
where i is the index number of stimulations. During one
trial, we stimulated one muscle n(> 50) times under the
fixed parameters (frequency, duty ratio, and amplitude) and
measured the torque generated at the corresponding joint.

Figure 3 shows the torque profile against the burst du-
ration of the PWM signals for the protractor muscle of the
middle-right leg in an animal. The parameters were set as 50
Hz, 2.0 V, and 30 % duty factor. The results indicate a linear
relationship between the burst duration Ti and the generated
joint torque τi. We found that the linearity holds for a burst
duration range of 100–500 ms, corresponding to the typical
values of swing and stance durations of walking in stick in-
sects, which property preserves over the parameters and 20
animals.

4 Discussion

The result suggests that we can control joint torques of
a single leg so as to “what extent” and “when” we want it
to move, which is a necessary prerequisite for hacking the
motion of a leg via external muscle stimulation in free walk-
ing insects. Next, we will statistically analyze the obtained
data by using Hierarchical Bayesian model [9]. This kind of
model can predict the relative contribution of several param-
eters affecting the torque generation, while considering indi-
vidual differences among animals. Model-based prediction
of joint torque generation given a certain muscle stimulation
would be an important step for controlling insect walking
via the“Motion Hacking” methodology.
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