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The Role of Actively Created Doppler shifts in Bats –
Behavioral Experiments & Biomimetic Reproductions

Xiaoyan Yin

(ABSTRACT)

Many animal species are known for their unparalleled abilities to encode sensory information

that supports fast, reliable action in complex environments, but the mechanisms remain

often unclear. Through fast ear motions, bats can encode information on target direction

into time-frequency Doppler signatures. These species were thought to be evolutionarily

tuned to Doppler shifts generated by a prey’s wing beat. Self-generated Doppler shifts from

the bat’s own flight motion were for the most part considered a nuisance that the bats

compensate for. My findings indicate that these Doppler-based biosonar systems may be

more complicated than previously thought because the animals can actively inject Doppler

shifts into their input signals. The work in this dissertation presents a novel nonlinear

principle for sensory information encoding in bats. Up to now, sound-direction finding has

required either multiple signal frequencies or multiple pressure receivers. Inspired by bat

species that add Doppler shifts to their biosonar echoes through fast ear motions, I present a

source-direction finding paradigm based on a single frequency and a single pressure receiver.

Non-rigid ear motions produce complex Doppler signatures that depend on source direction

but are difficult to interpret. To demonstrate that deep learning can solve this problem,

I have combined a soft-robotic microphone baffle that mimics a deforming bat ear with

a CNN for regression. With this integrated cyberphysical setup, I have able to achieve a

direction-finding accuracy of 1 degree based on a single baffle motion.
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Xiaoyan Yin

(GENERAL AUDIENCE ABSTRACT)

Bats are well-known for their intricate biosonar system that allow the animals to navigate

even the most complex natural environments. While the mechanism behind most of these

abilities remains unknown, an interesting observation is that some bat species produce fast

movements of their ears when actively exploring their surroundings. By moving their pinna,

the bats create a time-variant reception characteristic and very little research has been

directed at exploring the potential benefits of such behavior so far. One hypothesis is that

the speed of the pinna motions modulates the received biosonar echoes with Doppler-shift

patterns that could convey sensory information that is useful for navigation. This dissertation

intends to explore this hypothetical dynamic sensing mechanism by building a soft-robotic

biomimetic receiver to replicate the dynamics of the bat pinna. The experiments with

this biomimetic pinna robot demonstrate that the non-rigid ear motions produce Doppler

signatures that contain information about the direction of a sound source. However, these

patterns are difficult to interpret because of their complexity. By combining the soft-robotic

pinna with a convolutional neural network for processing the Doppler signatures in the time-

frequency domain, I have been able to accurately estimate the source direction with an error

margin of less than one degree. This working system, composed of a soft-robotic biomimetic

ear integrated with a deep neural net, demonstrates that the use of Doppler signatures as a

source of sensory information is a viable hypothesis for explaining the sensory skills of bats.
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Bats (order Chiroptera) are a group of animals that have achieved a remarkable evolu-

tion success and are known for their echolocation ability [2]. By emitting calls out to the

surroundings and then receiving echoes that reflect from various targets nearby, bats can

identify, locate, and characterize the targets in the darkness [3]. To date, up to 1,400 bat

species have been documented [3], and they are traditionally categorized into two suborders:

megabats and microbats. The former is largely fruit-eating, and the latter includes about

1,200 species that echolocate [4].

Biosonar is widely utilized for navigation, foraging, and hunting in different environments.

Like other echolocating animals, such as birds [5], whales [6] and dolphins [7], bats have

outstanding echolocation performance. They have developed a sophisticated biosonar system

through the long evolution process of about 50 million years [8]. Bats send out sound waves

that bounce off prey and potential obstacles to probe their surroundings [2, 3]. The ability

to extract remarkably detailed information about their environment from biosonar signals

allows bats to accomplish extraordinary sensing and navigation tasks.

Bats are the only mammals capable of genuine sustained flight, and they could do maneuvers

such as tight turns, hovering, and perched landing in an upside-down manner [9]. They could

1
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