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Summary. In this paper, we show how ”bio-inspired” robotics can benefit from a
more generalized approach than case-by-case emulation. This generalization is obtained
by investigating the design constraints found in biological organisms using a reverse-
engineering approach. To achieve this, we have developed two novel technologies that
are well suited to analyze the biomechanics and neural control in insect flight. First,
we present a micro-electro-mechanical (MEMS) force sensor for measuring flight forces.
Second, we describe a 6000Hz high speed vision system for characterizing wing kine-
matics in real time. Finally, we integrate these technologies within a tethered flight
”simulator” for open and closed-loop investigations of sensory-motor pathways. Initial
results are presented and future research perspectives are discussed.

1 Introduction and State-of-Art

1.1 The Need for Generalization in ”bio-inspired” Robotics

Robotics and biology have a strong potential to interact and mutually bene-
fit from each other. On the one hand, biology provides engineering with model
organisms and a wealth of knowledge concerning nature’s mechanisms. On the
other hand, robotics provides biology with novel technical tools as well as rigor-
ous reverse-engineering approaches.

The intermediate size scales ranging from the millimeter to the microme-
ter is a domain particularly interesting for this interdisciplinary research to
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take place. Nature has evolved very successful organisms at these size scales.
Evolutionary processes have had millions of years to improve their design.
Engineering, however, has only recently started building at these scales with
the advent of microelectronics in the past twenty years. In turn, this recent
expansion of micro-technologies is providing biological research with new ex-
perimental paradigms and has also fostered interest in small scale biological
organisms.

Recently, many efforts have concentrated on engineering products by mimick-
ing nature, such as the design of dry adhesives inspired by gecko foot hair [IJ.
Unfortunately, these efforts have had little practical impact yet. One of the main
causes of this struggle is that biological organisms have evolved highly special-
ized solutions using nature’s building blocks. These building blocks differ in very
fundamental ways from the ones used by man, therefore making the artificial
version suboptimal in design or even impossible to build.

Our approach focuses on the higher level aspects of these systems, where
biological and engineered system are still comparable because the generalization
level is adequate. The basic common challenge shared by natural and artificial
devices are environmental design constraints. It is only by understanding and
physically quantifying the limiting factors found in nature that one can learn
how to better cope with them in engineering. Beyond this, their paths diverge
quickly. In other words, the field of bio-inspired robotics is truly in need of
reverse-engineering approaches to go beyond case-by-case emulation.

1.2 Owur Contributions

In this paper, we present two novel technologies for analyzing insect flight con-
trol. We chose the neuromotor flight control system of the well-studied fruit fly
Drosophila melanogaster as a model system to study sensor motory pathways.
The fruit fly is capable of impressive flight maneuvers that depend on extremely
rapid and precise wing actuation modulated by reflexive control loops. For these
reasons, flies have recently attracted interest for the purpose of developing mi-
cro aerial vehicles [2]. Lessons learned from understanding the link between the
neurophysiology and biomechanics of their flight behavior may also be of value
to other types of autonomous microrobotic systems.

Tethered flight experiments provides a powerful technique for analyzing flight
control for several reasons. First, tethered flight allows the use of detailed be-
havioral metrics such as the MEMS force sensor and high speed computer vision
system proposed in this paper (Fig. [I]). Second, the environment is controllable
and therefore ideal to present precise visual inputs by using specialized displays.
Finally, the artificial decoupling of behavior and its subsequent sensory feedback
allows novel experimental paradigms to be implemented (Fig. ).

1.3 Problem Statement and Related Work

One goal of this work is to produce a technology that can measure the flight forces
produced by a tethered fruit fly. The fruit fly beats its wings at around 200Hz,
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Fig. 1. Overview of the technical tools and their application in the reverse-engineering
approach adopted here. The tethered flight paradigm is depicted on the left. The green
boxes show the technologies employed in our approach and described in detail in this
paper.

generating instantaneous lift forces ranging up to 50uN and containing relevant
harmonics up to 3kHz. To measure these forces, a sensor must be able to sample
at a sub-micro Newton resolution and a bandwidth above 6kHz. From a practical
point of view, the sensor must be easily tethered to the fruit fly in the correct
orientation. Previous attempts to directly measure flight forces were limited in
terms of bandwidth and resolution [3]. Modern MEMS technology provides new
options for practical and compact solutions, which can be extended to multiple
degrees of freedom (DOF) [].

Another goal of this work is to develop a technology to instantaneously mea-
sure the wing kinematics. The wings move along complex trajectories whose
faithful and complete reconstruction requires a minimum sampling frequency of
2kHz to be reconstructed correctly [5l 6]. Moreover, a high spatial resolution
of the wing position is necessary because the variations in wing kinematics are
subtle. Previous attempts to characterize wing kinematics in real time resulted
in a system based on an optical photodiode which measured relative stroke am-
plitude [7]. Our new system based on computer vision system has the advantages
that it produces a more complete kinematic reconstruction and that it is highly
adaptable since it relies on digital technologies.
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2 MEMS Force Sensor: Technical Approach and Results

We developed a capacitive MEMS micro force sensor that has a high sensitiv-
ity (1.35mV/N), good linearity (<4%) and a large bandwidth (8kHz) []]. We
achieved these characteristics using a configuration of bulk micromachined dif-
ferential triplate comb drives (Fig.[2]). We applied a high-yield fabrication process
using deep-reactive ion etching (DRIE) on silicon-on-insulator (SOI) wafer. We
used four lithographic masks to construct the high aspect ratio devices. The pro-
cess features dry release of both suspended structures and the entire device in
order to protect fragile components. The sensor’s mechanical characteristics are
defined by the springs’ dimensions, which can be modified on the lithographic
mask to achieve various stiffnesses and sensitivities. Based on the same principle,
multi DOF force sensors can be built for the combined measurement of flight
forces and torques.

-
! 20prm 1000

Fig. 2. SEM image of the developed 2 DOF force sensor (center image). The left image
provides a detailed view of one of the springs. The right image shows a close-up view
of the comb structures.

3 High Speed Vision: Technical Approach and Results

We sample wing positions at 6kHz using a newly developed high speed computer
vision system [9]. This high frame rate is reached by using a camera with dynamic
regions of interest (ROI) to increase temporal resolution from localized sampling
without loss of spatial resolution. The number of transferred pixels is reduced
by only exposing the areas around the current wing. To achieve this, the system
is initially calibrated during an offline procedure by extracting mean wing paths
(Fig. B).

During real time acquisition, these wing paths are used as a guide to position
the search windows. Only the pixels along the wing paths are processed, further
reducing the computation time. The tracking is initialized by positioning the
search window at one of the path extrema. When the wing passes through the
search window, it triggers the wing following (Fig. ). An extended Kalman filter
fits an a priori kinematic model to past wing position measurements, allowing
the position of the next search window to be computed and providing an analysis
of kinematic data in real time. Using this approach, we sampled the wing position
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Fig. 4. State machine of the wing beat analyzer. During wing detection (left side), the
ROLI is kept fixed at one of the extrema of the wing paths until a wing passes through
it. During wing following (right side), the position of the next ROI is adapted to follow
the wing through its path.
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at 6250Hz with a resolution of 1°, using a ROI of approximately 3600 pixels
(Fig. Bl and [) This is more than four times faster than other computer vision
based tracking systems reported to date[I0} [IT].

Fig. 5. Typical sample from the tracking sequence. Leading and trailing edges are
indicated by circles. The position and size of the ROI is adapted at each time step
according to the prediction of the wing position. This reduces the amount of pixels
exposed, transferred and processed, thus increasing temporal resolution without loss
of spatial resolution.

Wing edge position [degrees]

Time [ms]

Fig. 6. Tracking results for one wing with the camera running at 6250Hz. The positive
and negative edge fit (red and blue lines) correspond to the EKF process state at a
given measurement. The kinematics of the positive and negative edge are modeled by a
truncated Fourier series with a fixed shape. The spatial offset and amplitude, as well as
the temporal phase and frequency, constitute the process state vector. The EKF serves
not only to predict the future position of the wing, but also to extract behavioral
metrics from the measurements in real time.

4 Experimental Applications

Cold-immobilized fruit flies were glued to the probe of the MEMS force sen-
sor (Fig. [[). After warming, the flies initiated flight. The force sensor with the
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Fig. 8. Typical flight force measurements using the MEMS force sensor for two flies.
n1=n2=275 wing beats. Colored areas show 25%-75% percentile range.

attached fly was positioned under the high speed camera, where forces and wing
kinematics were measured synchronously (see Fig[d)). The wings were backlight
with an infrared light source, which is invisible to the fruit fly’s visual system
[12]. We used custom-built LED screens based on a design from the Dickinson

Lab at Caltech [I3]. The screens were employed to visually stimulate the flies at
update rates of 300Hz (see Fig. ).
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This experimental setup is used to address different questions relating to flight
control. A typical approach consist of presenting a planned sequence of patterns
and measuring the behavioral output synchronously. This open-loop approach
is well suited to perform a system’s identification analysis of flight since inputs
and outputs to the biological black box are known.

In one example of the analysis of flight control, we analyze the lift response by
displaying vertically-moving sinusoidal gratings on the LED screens at various
velocities and measuring the fly’s response. We then fit standard models from
classic control theory [I4] to the data sets to identify control strategies. The
combined measurement of kinematic and dynamic data also provide a means to
catalog biomechanical maneuvers linked to low-level flight control.

The real-time capabilities of our read-out systems can be used to control ex-
ternal devices such as strobe lighting. By triggering the strobe on the precise
phase that is extracted from the high speed vision system, high-quality pho-
tographic reconstructions of the wing and mechanosensory kinematics are per-
formed. These images will allow more detailed analysis of the wing kinematics
than before [6].

Another application of the real-time capabilities consists in employing the
measured output to control the visual input, effectively closing the control loop.
For instance, a pattern can be moved left or right as a function of the yaw
torque. This adds an entirely new dimension to the experiments used to verify
the control models.
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5 Conclusion and Research Perspective

There is a requirement for micro-force measurement and high speed tracking for
the analysis of biological micro systems, as well as for micro and nano-robots.
Our results show the ability of robotic tools to provide such measurements by
achieving the challenging sensitivities and bandwidths that are necessary. Our
results also emphasize the potential of real-time read-out systems at these scales,
by showing how their application extends the experimental paradigms to closed-
loop strategies.

In the application of these technologies, we show how our tools can benefit
the field of biology by opening the doors to a system’s identification approach.
Our tools precisely control the visual inputs and directly measure the behavioral
outputs of our biological "black box”. In turn, this allows the use of reverse-
engineering approaches based on classic control theory.

Finally, we show how our work can contribute to bio-inspired robotics by an-
alyzing a biological organism using robotics tools at a generalization level where
nature and man-made systems are truly comparable. The generalized analysis
of design constraints in fruit-flies may lead to novel approaches of robotics at
similar dynamic scales.
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