
SYMPOSIUM

Behavior, Electrophysiology, and Robotics Experiments to Study
Lateral Line Sensing in Fishes
Melanie Haehnel-Taguchi,* Otar Akanyeti1,† and James C. Liao‡

*Faculty of Biology, Albert-Ludwigs Universit€at Freiburg, Hauptstraße 1, Freiburg D-79104, Germany; †Department of

Computer Science, Aberystwyth University, Penglais Campus, Aberystwyth SY23 3FL, UK; ‡The Whitney Laboratory for

Marine Bioscience, Department of Biology, University of Florida, St. Augustine, FL 32080, USA

The first two authors contributed equally to this work.

From the symposium “Sensory Feedback and Animal Locomotion: Perspectives from Biology and Biorobotics” presented

at the annual meeting of the Society for Integrative and Comparative Biology, January 3–7, 2018 at San Francisco,

California.

1E-mail: ota1@aber.ac.uk

Synopsis The lateral line system is a sensory system unique to fishes and amphibians. It is composed of distributed

mechanosensory hair cell organs on the head and body (neuromasts), which are sensitive to pressure gradients and water

movements. Over the last decade, we have pursued an interdisciplinary approach by combining behavioral, electrophys-

iology, and robotics experiments to study this fascinating sensory system. In behavioral and electrophysiology experi-

ments, we have studied the larval lateral line system in the model genetic organism, zebrafish (Danio rerio). We found

that the lateral line system, even in 5-day-old larvae, is involved in an array of behaviors that are critical to survival, and

the deflection of a single neuromast can elicit a swimming response. In robotics experiments, we used a range of physical

models with distributed pressure sensors to better understand the hydrodynamic environments from the local perspective

of a fish or robot. So far, our efforts have focused on extracting control-related information for a range of application

scenarios including characterizing unsteady flows such as K�arm�an vortex streets for station holding. We also used robot

models to test biological hypotheses on how morphology and movement of fishes affect lateral line sensing. Overall, with

this review we aim to increase the visibility and accessibility of this multi-disciplinary research approach.

Introduction

Fishes have evolved for over 500 million years in

water and all (more than 30,000 known species) pos-

sess a distributed sensory system called the lateral

line. This elaborate sensory system consists of neuro-

masts made of support cells and a cluster of hair

cells whose apical cilia and stereovilli bundles are

embedded in a dome-shaped, gelatinous cupula

(Dijkgraaf 1963). The interaction between local fluid

movements and the cupula causes deflections of the

hair cells and the opening of mechanically gated ion

channels allows cations to enter. Depolarization of

the hair cells leads to glutamate release at the hair

cell-afferent synapse and triggers action potentials in

lateralis afferent neurons (Hudspeth and Corey

1977). There are two types of neuromasts: superficial

and canal neuromasts. Superficial neuromasts project

from the surface of the skin into the water and are

sensitive to local flows near the body. In contrast,

canal neuromasts are found in hollow, fluid-filled

canals right below the surface and are sensitive to

flows within the canal, governed by the pressure gra-

dients across the canal pores, which are open to the

environment (Kroese and Schellart 1992; Engelmann

et al. 2000).

The refined ability to sense local flows and pressure

gradients around the head and body enables fishes to

respond to changes in their immediate surroundings.

We think that the function of the lateral line system is

two-fold. First, it is important for sensing the external

environment. Previous studies have shown that the

lateral line system plays a role in many critical

� The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.

All rights reserved. For permissions please email: journals.permissions@oup.com.

Integrative and Comparative Biology
Integrative and Comparative Biology, pp. 1–10

doi:10.1093/icb/icy066 Society for Integrative and Comparative Biology

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article-abstract/doi/10.1093/icb/icy066/5049401 by LITS - M

ount H
olyoke C

ollege user on 19 O
ctober 2018

Deleted Text: 500 
Deleted Text:  
https://academic.oup.com/


behaviors such as rheotaxis (Oteiza et al. 2017), track-

ing hydrodynamic trails (Dehnhardt et al. 2001), lo-

calizing prey (Coombs and Conley 1997), and evading

predators (Stewart et al. 2013). Second, it can provide

sensory feedback through afferent and efferent path-

ways for controlling the movements of the body.

There is compelling evidence that flow-relative control

is key to enhance sensing and swimming performance

as well as mediating respiratory locomotor coupling

in fishes (Akanyeti et al. 2016).

Today’s research on the lateral line system is highly

interdisciplinary, attracting talented scientists and

engineers from different backgrounds. Recent advan-

ces in flow visualization (e.g., digital particle image

velocimetry) and computational fluid dynamics meth-

ods have made it possible to study fluid-structure

interactions at different scales (Akanyeti et al. 2011;

Windsor 2014; Herzog et al. 2017). Molecular, ana-

tomical, neurophysiological, and theoretical studies

revealed important insights into the function and ca-

pabilities of individual neuromasts and the lateral line

system as a whole (Hassan 1992; Ren and Mohseni

2012; Haehnel-Taguchi et al. 2014; Webb 2014; Lv

et al. 2016). Organismal studies have taken advantage

of pharmacological and laser treatments to ablate the

lateral line system to interpret its function during rel-

evant behaviors (Coombs and Conley 1997; Mirjany

et al. 2011; Kohashi et al. 2012; Suli et al. 2012;

Groneberg et al. 2015; Carrillo and McHenry 2016).

3D printed physical models and miniature pressure

sensors allow us to systematically explore how mor-

phology and movement of fishes affect lateral line

sensing and swimming (Kruusmaa et al. 2014;

Akanyeti et al. 2016, 2017). In addition, the accessi-

bility and regenerative abilities of lateral line hair cells

offer unique opportunities to study fundamental pro-

cesses in hearing, development, and cell differentiation

(Coffin et al. 2013).

Over a span of a decade, we (i.e., the authors)

employed a combination of behavior, electrophysiol-

ogy, and robotics approaches to better understand the

function and organization of the lateral line system.

Here, we summarize our own lateral line research and

highlight the important findings. When appropriate,

we also discuss relevant studies from other laborato-

ries to put our research into context. However, we do

not attempt to provide a comprehensive literature re-

view of this diverse and fast-growing field; for this see

Coombs et al. (2014).

Behavior experiments

The zebrafish larvae is a powerful vertebrate model

organism in developmental, genetics, behavior, and

neurophysiology research (Briggs 2002; Fero et al.

2010; Kalueff et al. 2013; Roberts et al. 2013;

Wyatt et al. 2015). They have a tractable lateral

line system (as depicted in Fig. 1) which allows us

to investigate the hair cell function in vivo, which is

advantageous to the field of auditory and vestibular

research (Nicolson et al. 1998; Coffin et al. 2013).

It was shown that the lateral line system allows the

larva to sense the strike of a predator especially in

the absence of visual cues (McHenry et al. 2009;

Fig. 1 (A) Schematic diagram of a zebrafish larva and its lateral line system at 7-day post fertilization (lateral view). Small circles

represent the locations of the superficial neuromasts. At this age, the larvae possess only superficial neuromasts. Neuromasts are

named according to their anatomical position: lateral branch (L), terminal lateral branch (Lt), secondary lateral branch (LII), dorsal

branch (D), medial branch (MI), otic (O), mandibular (M), opercular (OP), supraorbital (SO), infraorbital (IO), and nasal (N) neuro-

masts. (B) Schematic diagram of a neuromast containing mechanosensory hair cells and support cells (lateral view). Each hair cell

carries a kinocillium and a bundle of stereovilli at its apical surface, which are enclosed in a gelatinous cupula. The hair cells are

innervated by peripheral projections of afferent neurons and two types of efferent neurons. Together, afferent and efferent neurons

form the lateral line nerve.
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Stewart et al. 2013). To investigate whether the lat-

eral line system plays role in evading suctions, we

tested larval fish in a circular arena with a suction

chamber located at the bottom (Olszewski et al.

2012). In control experiments with lateral line intact

animals, the larvae consistently oriented away from

the suction and elicited a burst swimming once they

were dragged by the current. When the whole pos-

terior lateral line was ablated using the aminoglyco-

side antibiotic neomycin, the ability of larvae to

avoid the suction source was greatly diminished.

Larval rheotaxis in a flow chamber was demon-

strated by Suli et al. (2012), which was also greatly

diminished after the disruption of the lateral line

system. The behavior of fish returned to normal after

some time when hair cells were regenerated. The

subject of rheotaxis in larval zebrafish was recently

revisited by Oteiza et al. (2017), who combined be-

havior, neural imaging, and flow visualization

approaches to provide a computational model on

how the lateral line system mediates rheotaxis in lar-

val zebrafish.

Electrophysiology experiments

To understand how the nervous system encodes and

processes hydrodynamic stimuli, it is necessary to

observe the neuronal activity of the lateral line sys-

tem. Hair cells generate graded excitatory and inhib-

itory potentials in response to the deflection of their

kinocilia (Corey and Hudspeth 1983; Ricci et al.

2013). Primary afferent neurons generate action

potentials in response to the release of glutamate at

the hair cell-afferent synapse. At rest, this results in a

spontaneous base frequency of action potentials

(Glowatzki and Fuchs 2002). Glutamate release

increases when hair cells are excited and become

depolarized, which is faithfully reflected in an in-

crease in action potential frequency in the afferent

neurons (Keen and Hudspeth 2006).

In the posterior lateral line, the afferent neurons

form the lateral line nerve together with efferent

fibers (Metcalfe et al. 1985). Extracellular recordings

from the lateral line nerve in different fish species

have shown that afferent activity can encode the fre-

quency of water flow and that the lateral line system

is stimulated in laminar and turbulent flows

(Montgomery and Coombs 1992; Engelmann et al.

2000, 2003; Weeg and Bass 2002; Chagnaud et al.

2008). Also, efferent signals could be identified

from extracellular recordings of the lateral line nerve

and may increase or decrease their activity in re-

sponse to hydrodynamic stimuli (Russell 1968;

Flock and Russell 1973; Russell and Roberts 1974).

The cell bodies of the primary afferent neurons

are in the lateral line ganglia, and to our knowledge,

so far only afferent neurons of the posterior lateral

line were the subject of electrophysiological investi-

gations. Selective recordings from individual afferent

neurons in the posterior lateral line ganglion have

provided insight into the coding properties of the

lateral line system. Afferent neuron activity has

been recorded both intracellularly in whole cell patch

configuration (Liao 2010; Liao and Haehnel 2012)

and extracellularly in loose patch configuration

(Obholzer et al. 2008; Trapani and Nicolson 2011;

Haehnel et al. 2012; Levi et al. 2015; Lv et al. 2016).

With whole cell patch recordings, we were able to

show that action potentials are generated in response

to neuromast deflections caused by water jets (Liao

2010). Physiological properties of afferent neurons,

such as excitability and spontaneous activity, vary

in relation to their anatomical position and to which

neuromasts they innervate (Liao and Haehnel 2012).

The results indicated that smaller cells tended to in-

nervate more rostral neuromasts and were more ex-

citable, while larger cells innervated more caudal

neuromasts and were less excitable. Next, we became

interested in the question of how afferent neurons

encode the mechanical deflections of the lateral line

neuromasts. For controlled and precise mechanical

deflections, we developed a stimulation device driven

by a piezo actuator; this device was used to deflect

the neuromasts over a range of frequencies and ve-

locities (Haehnel-Taguchi et al. 2014; Levi et al.

2015). The main results from these studies are: (1)

the stimulation frequencies up to 60 Hz were faith-

fully encoded by the afferent neurons and the firing

of action potentials phase-locks to the stimulation

frequency (Levi et al. 2015); (2) the activity of

afferent neurons increased linearly between 0.1 and

1mm/s of increasing deflection velocities (Haehnel-

Taguchi et al. 2014); (3) the response of lateral line

afferent neurons was phasic-tonic during the deflec-

tion phase, which suggests a tuning to a change of

flow; (4) deflection of a single neuromast could elicit

a locomotor response (as measured by fictive swim-

ming recordings); (5) there was an increased proba-

bility of eliciting a locomotor response with increased

lateral line activity; and (6) each afferent neuron was

innervated up to three neighboring neuromasts, which

was evident in the afferent recordings when multiple

neuromasts were stimulated. This corroborated the

anatomical findings showing afferent neurons contact

hair cells of neighboring neuromasts with the same

hair cell orientation (Faucherre et al. 2009).

Afferent recordings have become a useful tool to

study the efficiency of ototoxic agents (Stewart et al.

Lateral line sensing in fishes 3
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2017). Further they can be employed to study the

details of synapse function and transmitter release,

by providing signals from the postsynaptic neurons

(Obholzer et al. 2008; Lv et al. 2016). These

approaches can be complemented by measurements

of the presynaptic currents in hair cells using whole-

cell patch clamp techniques (Ricci et al. 2013; Lv

et al. 2016; Olt et al. 2016). These tools will be of

great advantage in elucidating the details of the

mechanotransduction process in hair cells, which to

date is still not fully understood (Nicolson 2017).

The efferent modulation of the lateral line system

has been studied to an even lesser extent compared

with its afferent pathways. Neuromasts receive input

from cholinergic and dopaminergic efferent fibers

(Metcalfe et al. 1985; Bricaud et al. 2001). The cho-

linergic efferent system that innervates the hair cells

of the auditory, vestibular and, in fishes, the lateral

line system is conserved among vertebrates (Köppl

2011). It had been suspected that the cholinergic

system is involved in providing corollary discharge

to inhibit the sensory components during locomo-

tion (Feitl et al. 2010), which was confirmed in an

electrophysiological study in tadpoles (Chagnaud

et al. 2015). The function of the dopaminergic sys-

tem which provides extensive projections to the neu-

romasts, the lateral line ganglia, and the medial

octavolateralis nucleus are unknown to date

(Haehnel-Taguchi et al. 2018). Recently it was shown

that dopaminergic fibers may act on hair cells via

paracrine dopamine release on D1 receptors (Toro

et al. 2015). The dopaminergic efferent neurons,

which originate from a nucleus in the ventral dien-

cephalon, respond to mechanosensory stimuli in a

dose dependent fashion, suggesting a possible feed-

back function (Reinig et al. 2017). Electro- and opto-

physiological approaches promise to enhance our

understanding of efferent modulation greatly in the

future, not only for the lateral line system but also of

hair cell systems in general, especially since the af-

ferent and efferent structures in the mammalian au-

ditory system are difficult to access. Overall,

investigating the factors and behavioral states that

may affect and modulate lateral line sensing will be

an intriguing direction for future research.

Robotics experiments

Developing artificial lateral line systems

Inspired from the lateral line neuromasts and ciliated

sensory cells in invertebrate systems (e.g., setae of

crustaceans and filiform hairs of cricket’s cerci), a

variety of approaches have been proposed to develop

artificial flow sensors. Many of these approaches are

based on micro-electro-mechanical systems (MEMS).

While there are variations in design, fabrication, and

readout methods, the main principles of MEMS

sensing remain the same. A cantilever, projecting

into the flow, is deformed due to the mechanical

load applied by the moving fluid. These deforma-

tions change the electrical properties (e.g., capaci-

tance and resistance) of the cantilever which are

picked up by specialized circuits (Rizzi et al. 2014).

For an extensive review on MEMS-based and other

artificial hair cell designs, see Tao and Yu (2012) and

Liu et al. (2016).

While good progress has been made in

manufacturing and testing artificial hair cells in con-

trolled laboratory conditions, they have yet to be

employed in real-world applications. Current re-

search efforts focus on understanding how size, ge-

ometry, and material properties of the cantilever

affect the sensor performance, designing an antipar-

allel cantilever to achieve bi-directional flow sensitiv-

ity, developing an artificial cupula to increase the

sensitivity, reliability, and robustness of the sensors

(Kottapalli et al. 2017), building flexible sensor

arrays (Jiang et al. 2017), and developing a multi-

model artificial lateral line system (DeVries et al.

2015). In addition, there are efforts to adapt artificial

lateral line systems for remote sensing in the field,

for instance in rivers and water dams (Tuhtan et al.

2016), monitoring blood flow through the heart and

increasing the aero/hydrodynamic efficiency of trans-

portation vehicles.

Locomotion and sensing in unsteady flow regimes

To complement artificial hair cells, off-the-shelf min-

iature pressure sensors have been successfully

employed to map the pressure distribution along

robots and other physical models. So far in our re-

search, we have mainly employed these pressure-

based artificial lateral line systems. While much is

known about the pressure-flow relationship in steady

flows, our understanding has been limited to a few

special cases in unsteady conditions (e.g., dipole

fields are generated in still water by a vibrating

sphere).

In an attempt to understand more complex flows,

we chose to study K�arm�an vortex streets (KVS). In

laboratory experiments, a KVS is generated by plac-

ing a cylinder in a steady flow. The flow moving past

a cylinder creates vortices that shed alternately from

each side of the cylinder. KVSs provide an opportu-

nity to study a range of hydrodynamic conditions in

a focused way because we can systematically change

the frequency (i.e., vortex shedding frequency) and

4 M. Haehnel-Taguchi et al.
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spacing (i.e., wake wavelength) of vortices by altering

flow speed and cylinder size. In addition, a KVS

includes four sub-hydrodynamic regions, each of

which presents a unique set of sensing and control

challenges. These regions are: suction region, where

flow recirculates toward the cylinder; vortex forma-

tion region, where vortices are developed but still

attached to the core; actual vortex street, where vor-

tices are detached from the core and travel with

constant velocity; and relatively steady flows on

each side of the cylinder (Akanyeti et al. 2011).

Previous studies (e.g., Liao 2007; Przybilla et al.

2010) have shown that behind the cylinder, fish dis-

play a variety of unsteady behaviors including

K�arm�an gaiting (slaloming between vortices),

entraining in no flow zones, quasi-steady swimming,

and getting in and out of KVSs (Fig. 2). Among

these behaviors, we have studied K�arm�an gaiting

the most. Over the years, we swam rainbow trout

(Oncorhynchus mykiss) in steady flows and KVSs at

varying flow speeds and cylinder diameters. The

results from these experiments have been summa-

rized in Liao and Akanyeti (2017). Briefly: (1) fish

reduced muscle activity and consume less oxygen

during K�arm�an gaiting than steady swimming (Liao

2004; Taguchi and Liao 2011); (2) depending on

body size, there was a range of flow speeds and cyl-

inder diameters that increase the probability of

K�arm�an gaiting (Akanyeti and Liao 2013a); (3) fish

were typically one–two body lengths downstream

from the cylinder while K�arm�an gaiting (in this re-

gion, vortices are strong, and the average flow speed

is significantly lower than the incoming flow speed);

(4) K�arm�an gait kinematics were closely related to

flow parameters, and could be modeled with a trav-

eling wave equation (Akanyeti and Liao 2013b); (5)

fish also K�arm�an gait behind tandem cylinders (i.e.,

two cylinders placed one after another) when down-

stream spacing between the cylinders was appropri-

ate (Stewart et al. 2016); and (6) both vision and

lateral line system played active roles during

K�arm�an gaiting (Liao 2006).

Pressure measurements in KVS

To better understand KVSs in a frame of reference

relevant to a swimming fish or a robot, we designed

a boat-shaped sensor platform consisting of an array

of 10 pressure sensors on each side (Venturelli et al.

2012). This platform was employed in a steady flow

and a KVS to measure local pressures in relation to

the orientation and lateral position of the platform.

After analyzing the pressure data, we found that: (1)

compared with the steady flow, the average

turbulence intensity was 30% higher in the KVS,

and at least 50% of the sensors were simultaneously

detecting the vortex shedding frequency as the dom-

inant frequency; (2) in both flow regimes, there was

a direct correlation between the orientation of the

platform and the pressure difference across sides,

which increased with turning angle; (3) in the

KVS, there was also a direct correlation between

the lateral displacement of the platform and the

pressure difference across sides, where again, the

pressure difference increased with lateral displace-

ment; and (4) in addition, we were able to track

and estimate the speed of shed vortices by calculating

cross-correlations among the neighboring sensors on

each side. Our results support the hypothesis pro-

posed by Chagnaud et al. (2008) that fish use a sim-

ilar method to track moving objects and estimate

flow velocity.

Next, a 3D printed fusiform platform (inspired

from fish head), consisting of 16 pressure sensors

(Chambers et al. 2014), was used. Compared with

2D horizontal arrays presented in Venturelli et al.

(2012), in this study, the sensors were distributed

in 3D. We also extended our investigation to nine

KVSs, which were generated by all possible combi-

nations between three cylinders and three flow

speeds. This allowed evaluating the individual effect

of flow parameters on sensing. For instance, some

KVSs have distinct vortex shedding frequencies but

similar wake wavelengths, whereas others have dis-

tinct wavelengths but similar frequencies. Another

distinction in these experiments was that the sensor

Fig. 2 Schematic diagram of a K�arm�an vortex street and a

rainbow trout (dorsal view) while entraining behind a D-shaped

cylinder (i), K�arm�an gaiting inside the vortex street (ii), and

steady swimming outside the vortex street (iii). Blue and red

colors indicate regions with low and high flow velocity,

respectively.
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platform was mobile. The head was first moved to

and away from the cylinder. It was then moved lat-

erally across the wake from one side of the cylinder

to the other. In both scenarios, the platform was

moving slowly to minimize any alterations that it

may induce on the flow. The main results are: (1)

the flow parameters derived from pressure measure-

ments provided sufficient information to differenti-

ate each KVS by estimating its cylinder size and flow

speed; (2) when moving laterally, the relative posi-

tion of the head with respect to the KVS’s centerline

was estimated using the measures of turbulence in-

tensity and the pressure difference between the tip

and side sensors; and (3) when moving toward the

cylinder, we could successfully identify the suction

zone, vortex formation region, and actual vortex

street using the measures of turbulence intensity,

strength of the vortex shedding frequency, and pres-

sure difference. In addition, the movement increased

the dynamic sensing range of the platform. This is

because when the sensor platform was static, it could

only take pressure measurements at one location and

a reference signal was required to analyze these

measurements. In contrast, this reference signal was

not required while moving. The platform was taking

snapshots of the environment at different locations.

By analyzing pressure variations over time, the ori-

entation and position of the platform was recovered

successfully. Overall, our results suggest that 3D

pressure measurements provide useful information

for detection, characterization, and localization of a

source that produces an unsteady wake.

How does morphology and movement of the robot

affect pressure sensing?

Most of our theoretical understanding on how a

sensor platform affects its surrounding fluid comes

from steady forward locomotion, e.g., a gliding fish

or robot (Dubois et al. 1974; Akanyeti et al. 2013;

Windsor 2014). Self-generated pressures during un-

steady locomotion (i.e., the velocity of the platform

varies over time) are far less understood. Undulatory

movements during steady swimming, startle response

(e.g., C-start), burst and coast swimming, and

K�arm�an gaiting are all examples of unsteady loco-

motion in fishes. To begin to elucidate the relation-

ship between self-generated pressures and unsteady

locomotion, we first focused on forward accelera-

tions and decelerations along the swimming direc-

tion. In Akanyeti et al. (2013), the 3D fusiform

head was moved forward and backward using a

periodic, sine wave trajectory in still water and in

steady flows at varying flow speeds up to one

body length per second. The head was driven

with an external, computer-controlled actuator.

This experimental range allowed us to investigate

self-generated pressures at varying swimming velocity

and acceleration magnitudes. The main results are:

(1) at low swimming velocities, the self-generated

pressures matched closely with the acceleration pro-

file of the head, whereas at high swimming velocities,

the self-generated pressures matched closely with the

velocity profile; (2) distributed pressure sensing can

be used to estimate the swimming velocity of the

head and sensory feedback on swimming velocity

can be used to correct for cruising speed or to esti-

mate the traveling distance; and (3) the magnitude

of self-generated pressures varied depending on the

position along the head, where they were highest on

the front and increased exponentially with swimming

velocity (up to 2 mmHg).

During undulatory swimming, fish go through si-

multaneous heave and yaw movements. To better

understand the self-pressures during these move-

ments, we performed experiments using a 3D

printed fish head (Akanyeti et al. 2016). The head

was based on a CAD model obtained from scanned

images of a trout. It consisted of four pressure sen-

sors arranged from snout to operculum along a hor-

izontal line. Similar to previous experiments, the

head was controlled using an external actuator.

Self-generated pressures were evaluated as a function

of swimming velocity, oscillation frequency, and the

phase difference between heave and yaw movements.

We found that: (1) self-pressures were mostly corre-

lated with four kinematics variables: forward, lateral,

and angular velocity and lateral acceleration; (2) they

increased exponentially with swimming velocity and

oscillation frequency; and (3) they also varied

depending on the phase difference between heave

and yaw movements. These results had some inter-

esting implications for biological research in lateral

line sensing. It has been long presumed that the

ability of the lateral line system to detect external

stimuli is hindered by the self-generated stimuli of

swimming, and that fish have several ways to deal

with this problem. First, they can use an efferent

system to change the sensitivity of hair cells (Feitl

et al. 2010) or filter out self-generated noise

(Montgomery and Bodznick 1994). Second, they

can minimize head and body motions, as when glid-

ing or remaining stationary. In Akanyeti et al.

(2016), we show that there is another way: fish can

automatically reduce self-generated pressures up to

50% by adjusting the timing (i.e., phase difference)

between heave and yaw movements. With this, they

also attain heightened sensitivity around the anterior

6 M. Haehnel-Taguchi et al.
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region of the head where the majority of the encoun-

ters related to feeding are initiated.

Designing a pressure-relative controller for

underwater robots

We discussed various methods to extract meaningful

information from hydrodynamic environments using

pressure-based artificial lateral line systems. We are

ultimately interested in designing pressure-relative

controllers that increase the autonomy and efficiency

of underwater robots. In Salumae et al. (2012), we

implemented a Braitenberg controller which success-

fully turns the fish robot into the incoming flow by

comparing the pressures across the head (inspired

from the rheotaxis behavior observed in fish). This

work was later extended to station holding in steady

flows and KVSs (Salumae and Kruusmaa 2013),

path-following (Jung et al. 2013), and localization

(Muhammad et al. 2017). In Jezov et al. (2012), an-

other controller was developed to synchronize the

tail movements of the robot with incoming vortices

in order to increase its propulsive efficiency.

Challenges and future directions

Flow and pressure-relative controllers have a tremen-

dous potential to increase the awareness and move-

ment efficiency of underwater robots. We believe

that we have barely tapped this potential. As artificial

lateral line sensors are becoming more available, new

control algorithms are needed to reconcile pressure

and flow measurements. So far, the self-generated

pressures have been studied mostly around the

head and only in one or two behaviors. It is desirable

to extend these studies to whole body and possibly

to other ecologically relevant behaviors. Once we

know more about self-generated stimuli, we can bet-

ter extrapolate contextual cues from local flow and

pressure measurements. Another fruitful direction is

to use robot surrogates to systematically explore the

individual contributions of multiple design parame-

ters that may be relevant for fish locomotion and

sensing. We are highly in favor of interdisciplinary

approaches to address biological questions. However,

we emphasize that the experimental results obtained

with robot surrogates can be suggestive at best.

Biological organisms are extremely complex and

there are often key differences between biomimetic

robots and their biological counterparts which may

affect the assertions made. Mimicking biology is

tricky due to the limitations of current technologies,

hence creative approaches are needed to navigate

around these limitations.

Summary

In this review, we discuss some of our contributions

to the lateral line research and its applications to

underwater robotics. So far, our research efforts

have fallen into three main areas: (1) behavior

experiments to better understand the function and

relevance of the lateral line system in fishes; (2) elec-

trophysiology experiments to better understand how

the peripheral nervous system encodes and processes

lateral line information; and (3) robotics experiments

to study what information is available to lateral line

sensing and to develop new controllers to increase

the autonomy of underwater robots. We summarized

our key findings for each experimental area in sep-

arate sections. We have also outlined some of the key

challenges lying ahead and discuss possible avenues

for future work. The remarkable locomotion and

sensing capabilities of fishes continue to inspire biol-

ogists and engineers. On the one hand, multi-

disciplinary approaches are needed to decipher the

biomechanical, neural, and hydrodynamic mecha-

nisms of how aquatic animals interact with their

surroundings. On the other hand, biological princi-

ples are becoming more and more adopted by ro-

botics researchers. As underwater robots are

progressively getting smaller, we are looking for

new technologies to increase their autonomy, ma-

neuverability, and efficiency. The ultimate goal is

to develop adaptive, evolvable, and sustainable

robots so that they can survive in our ever-

changing world.
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