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Thrust generation during steady swimming and acceleration
from rest in anguilliform swimmers
Kevin T. Du Clos1,‡, John O. Dabiri2, John H. Costello3, Sean P. Colin4, Jennifer R. Morgan5,
Stephanie M. Fogerson5,* and Brad J. Gemmell1

ABSTRACT
Escape swimming is a crucial behavior by which undulatory
swimmers evade potential threats. The hydrodynamics of escape
swimming have not been well studied, particularly for anguilliform
swimmers, such as the sea lamprey Petromyzon marinus. For this
study, we compared the kinematics and hydrodynamics of larval sea
lampreys with those of lampreys accelerating from rest during escape
swimming.We used experimentally derived velocity fields to calculate
pressure fields and distributions of thrust and drag along the body.
Lampreys initiated acceleration from rest with the formation of a high-
amplitude body bend at approximately one-quarter body length
posterior to the head. This deep body bend produced two high-
pressure regions fromwhich themajority of thrust for acceleration was
derived. In contrast, steady swimmingwas characterized by shallower
body bends and negative-pressure-derived thrust, which was
strongest near the tail. The distinct mechanisms used for steady
swimming and acceleration from rest may reflect the differing
demands of the two behaviors. High-pressure-based mechanisms,
such as the one used for acceleration from rest, could also be
important for low-speed maneuvering during which drag-based
turning mechanisms are less effective. The design of swimming
robots may benefit from the incorporation of such insights from
unsteady swimming.

KEY WORDS: Petromyzon marinus, Lamprey, Undulatory, Thrust,
Drag

INTRODUCTION
Spatially and temporally resolved flow data, such as those obtained
from particle image velocimetry (PIV), have greatly advanced our
understanding of fish swimming (as reviewed in Lauder and Tytell,
2005; Lauder, 2015), particularly when combined with kinematic
data, which have been available for much longer (e.g. Gray, 1933).
Recently developed techniques go a step further, using velocity
fields derived from PIV or other experimental techniques to
calculate pressure fields with high spatial and temporal resolution
(e.g. Noca et al., 1997; Gurka et al., 1999; Noca et al., 1999; van
Oudheusden et al., 2007; Dabiri et al., 2014). Pressure fields are

valuable because they can be used to calculate the magnitude and
distribution of forces acting on a swimming fish, but high-resolution
pressure data have traditionally been difficult to obtain
experimentally, particularly for unsteady flows.

Here, we used a pressure calculation method first presented in
Dabiri et al. (2014). The technique has previously been used to
calculate pressure fields and drag and thrust forces associated with
steady swimming in larval sea lampreys, Petromyzon marinus
(Dabiri et al., 2014; Gemmell et al., 2015a, 2016). In this study, we
extend these results by comparing the kinematics and
hydrodynamics of steadily swimming larval lampreys with those
of lampreys accelerating from rest.

While 3D velocimetry methods have proven effective for
studying swimming hydrodynamics away from the body, such as
in thewake (e.g. Flammang et al., 2011), we chose to use 2D PIV for
this study for its ability to better capture velocities close to moving
surfaces (Gemmell et al., 2014, 2015b). This study was focused on
near-body flows, so it was particularly important to accurately
measure velocities adjacent to the body to produce pressure fields
from which we could calculate forces acting on the body. These
experimental data will be important for validating future
computational models of undulatory swimmers. While 2D PIV
cannot account for out-of-plane velocity, previous validations of
this method have shown that it generally performs well with planar
data when in-plane velocities dominate thrust generation, as they do
for lampreys (Dabiri et al., 2014; Lucas et al., 2017). For a 3D
computational fluid dynamics (CFD) model of a swimming
lamprey, pressures calculated from planar data extracted from the
model agreed well with pressures taken directly from the model
(Dabiri et al., 2014). Additionally, a series of experiments with
flapping foils that considered 3D effects showed that forces
derived from planar PIV data and measurements from force
transducers generally agreed (Lucas et al., 2017). When there were
differences, the pressure calculation tended to underestimate
forces (Lucas et al., 2017).

The anguilliform swimming mode is characterized by
undulations of gradually increasing amplitude along the length of
the swimmer (Gray, 1933; Gillis, 1996; Lauder and Tytell, 2005).
Kinematics suggest that the body (excluding the tail) likely plays a
larger role in generating thrust in anguilliform swimming than it
does in other swimming modes that are characterized by larger
increases in body wave amplitude near the tail (e.g. carangiform
swimming). However, previous studies of anguilliform swimming
have disagreed about the extent to which the body contributes to
thrust and the mechanisms by which it does so (Lighthill, 1971;
Carling et al., 1998; Videler et al., 1999; Müller et al., 2001; Tytell
and Lauder, 2004; Chen et al., 2011; Gemmell et al., 2016). Many
studies of swimming hydrodynamics have focused on properties of
vortices shed in the wake of swimming fish (Linden and Turner,
2004; Müller et al., 1997, 2001, 2008; Tytell and Lauder, 2004).Received 15 August 2019; Accepted 22 October 2019
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This approach has provided many insights into swimming
mechanics, but it does not provide details on how and where
thrust is generated along a fish’s body because the effects of thrust
and drag cannot be separated in the wake (Schultz and Webb, 2002;
Tytell, 2007). In this study, we used pressure data to calculate forces
produced along the body, allowing us to determine how different
sections of the body contribute to thrust and drag and whether these
forces derive primarily from positive or negative pressure.
Escape swimming has been studied from the perspective of

kinematics (reviewed in Gazzola et al., 2012; Wakeling, 2005;
Domenici and Blake, 1997; Domenici and Hale, 2019), neurobiology
(reviewed in Eaton et al., 2001) and to a lesser extent hydrodynamics
(e.g. Tytell and Lauder, 2008), but is not well studied in anguilliform
swimmers. A few studies have examined escape swimming in larval
zebrafish (e.g. Li et al., 2014; Nair et al., 2015), and one study has
examined accelerating swimming, though not escape swimming, in
eels (Tytell, 2004). Steady swimming behaviors are likely to be
optimized for lowenergy consumption, particularly forP. marinus,
which perform upstream migrations of several hundred kilometers
(Beamish, 1980), whereas for escape swimming, energy
consumption is less important than successfully evading a
predator. Here, we compare the kinematics and hydrodynamics
of steady swimming with those of accelerating escape swimming
and present force calculations for each behavior.

MATERIALS AND METHODS
Late larval stage sea lampreys (P. marinus Linnaeus 1758) were
recorded – either swimming steadily or accelerating from rest – at
1000 frames s−1 using a FASTCAM 1024 or FASTCAMMini WX
100 high-speed camera (Photron, Tokyo, Japan). Filming methods
were similar to those described in Gemmell et al. (2015a, 2016).
Animals were filmed in one of two acrylic tanks (1.4×0.3 m or
0.5×0.5 m, length×width) filled to 5 cm depth with seawater seeded
with 10 μm hollow glass spheres (Potter Industries, Malvern,
PA, USA).
The code used to calculate the pressure field from the velocity

field can be affected by any out-of-plane flow induced by the
presence of the walls (Lucas et al., 2017); as the laser sheet plane is
oriented horizontally, the side walls could potentially create out-of-
plane flow that could compromise the pressure calculations. Animals
were thus filmed far from the tank side walls to minimize lateral wall
effects.
The animals tended to swim near the bottom of the tank, so they

were filmed there in order to capture their natural swimming
behavior. Ground effects may thus have affected swimming
performance and hydrodynamics. However, ground effects have
been shown to be much more important for flatfish than for fish that
direct thrust forces primarily perpendicular to the bottom (Webb,
2002), such as lampreys, and the bottom wall actually suppresses
out-of-plane motion, reinforcing the in-plane flow assumption of
the pressure calculations. Hence, ground effects should not
compromise the pressure calculations. A similar conclusion was
examined in the validation study of Lucas et al. (2017). Recent work
has shown that ground effects are not limited to accelerating
swimming but are present in steady swimming as well (Kurt et al.,
2019), suggesting that the presence of ground effects should not bias
comparisons between the two swimming modes. Furthermore,
using only sequences in which the animal remained in the laser
sheet minimized possible ground effect discrepancies between
sequences and treatments by ensuring that animals were filmed at
the same height above the bottom (∼0.1 body lengths, bl; see
below) for all sequences.

Illumination was provided by two continuous-wave 532 nm,
600 mW lasers mounted at the same height on opposite sides of the
tank and focused and spread into overlapping light sheets,
eliminating most of the shadows cast by the swimming animal.
Juvenile sea lampreys are blind (Wald, 1957) and did not appear to
change behavior in response to the laser sheet. Acceleration was
induced by gently touching the lamprey on the tip of the tail with a
glass stirring rod. All procedures were approved by the Institutional
Animal Care and Use Committee at the Marine Biological
Laboratory and the University of South Florida and were in
accordance with standards set by the National Institutes of
Health (NIH).

Videos of eight individuals accelerating from rest were recorded,
with at least five videos recorded per animal. Obtaining sequences
of acceleration from rest in which the entire animal remained
centered in the laser sheet over the entire acceleration period was
challenging, so only one sequence of each animal was selected for
analysis. Sequences were chosen based on how consistently the
animal swam within the laser sheet, and on video quality (e.g. high
contrast, minimal reflections). One sequence each of eight steadily
swimming lampreys was selected for comparison. Because our goal
was to compare acceleration from rest with steady swimming, the
steady swimming sequences with the lowest instantaneous
acceleration were selected.

Velocity fields were calculated using PIV performed with the
DaVis 8.3 software package (LaVision, Göttingen, Germany).
Every fifth frame was used for analysis, yielding a separation
between frames (dt) of 5 ms. Calculations were performed using
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steady swimming (n=8) or acceleration from rest (n=8) averaged over one half-
cycle of swimming. bl, body length. Asterisks indicate significant differences.
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three passes each with two sets of decreasing interrogation window
size, yielding 128×128 vectors per frame.
Additional analyses on PIV-derived velocity fields were

performed using MATLAB (MathWorks, Natick, MA, USA).
Pressure fields were calculated using the queen 2.0 pressure field
calculation package forMATLAB (available at http://dabirilab.com/
software; Dabiri et al., 2014). Briefly, pressure gradient terms were
first calculated from the velocity fields for two subsequent frames,
based on the incompressible Navier–Stokes equations. Pressure at
each grid point was then calculated by integrating pressure gradients
along eight paths and taking the median result.
Pressure fields were then used to calculate thrust and drag forces

per height (because PIV data were 2D) on 60 segments spaced
evenly around the body by multiplying the pressure along a
segment by the length of the segment and the unit vector in the

swimming direction, where thrust forces are positive and drag
forces are negative (see Gemmell et al., 2016). Forces were
classified as either ‘pull’ or ‘push’ forces according to whether
they were derived from negative or positive pressure (relative to
ambient).

Swimming speed was calculated using the same frames used for
PIV analysis, based on the derivative of a piecewise cubic spline fit
to centroid displacement over time. Mean and maximum
acceleration were calculated from the time derivative of
swimming speed. Further kinematic parameters were calculated
from centerlines extracted from video sequences using MATLAB.
Kinematic parameters were normalized to body length (bl), which
was taken to be the mean of centerline length.

All statistical tests were performed using MATLAB. In many
cases, data could not be transformed to meet the assumption of
normality required for a t-test. Non-parametric Mann–Whitney
U-tests were thus used to test for significant differences between
steady and accelerating swimming in kinematic and force
parameters. Differences were considered significant if P-values
were less than α=0.05. Parameters are reported as means±s.d.

RESULTS
Kinematics
Sequences of acceleration from rest (n=8, bl=134.3±8.9 mm) had
significantly higher mean acceleration (1.58±0.48 bl s−2, P<0.001)
and lower mean swimming speed (0.42±0.12 bl s−1) than steady
swimming sequences (P<0.001; Fig. 1). Mean acceleration for
steady swimming sequences (n=8, bl=120.5±7.4 mm) was
negative (−0.56±1.41 bl s−2), and mean swimming speed was
approximately 5 times as fast as for accelerating cases (2.17
±0.57 bl s−1, P<0.001). The differences in acceleration and
swimming speed provided a check on our video selection
criteria, assuring us that the two sets of videos contained distinct
swimming behaviors.
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The kinematics of acceleration differed visibly from those of
steady swimming (Fig. 2). Steadily swimming lampreys produced a
smooth body wave that moved from head to tail, with amplitude
increasing gradually along the length of the body and a nearly
constant wave speed.
Accelerating lampreys had deeper body bends than steadily

swimming lampreys, with a maximum amplitude that was twice as
large (P<0.001; Fig. 3A) and higher amplitudes along the entire
length of the body. These body bends often started not at the head
but approximately one-quarter body length posterior to the head.

Mean wave period was more than 4 times as long for acceleration
(1.15±0.25 s) as for steady swimming (0.27±0.06 s, P<0.001;
Fig. 3C). While wavelength was also slightly longer for accelerating
than for steady swimming (P<0.001; Fig. 3B), body wave speed was
much slower for accelerating (3.51±0.87 bl s−1) than for steady
swimming (1.83±0.33 bl s−1, P<0.001; Fig. 3D).

Pressure and forces
We calculated forces acting on the body surface, differentiating
between ‘pull’ and ‘push’ forces due to negative or positive pressure
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(relative to ambient) and between thrust forces acting in the
direction of swimming and drag forces acting in the opposite
direction (Fig. 4).
Net thrust (thrust minus drag forces) was significantly higher for

accelerating (0.20±0.11 mN cm−1) than for steady swimming
(−0.05±0.18 mN cm−1, P=0.02; Fig. 5B) as expected, providing an
additional check on our video selection criteria. For steady
swimming, net thrust forces oscillated around zero, with peaks in
net force preceding periods of minor acceleration and troughs in net
force preceding periods of minor deceleration (Fig. 6A). By
contrast, for the accelerating sequences, net force was more often
positive than negative until near the end of the sequence following
the initial period of acceleration from rest (Fig. 6B).
For steady swimming sequences, pressure fields were dominated

by strong negative pressure along the body associated with body
bends (Fig. 4D), which corresponded with strong pull forces
(Fig. 4G). Mean pull thrust was nearly 6 times as strong as push
thrust for steady swimming, with push thrust accounting for 19
±21% of total thrust (P<0.001; Fig. 5A,C). For accelerating
swimming, by contrast, push thrust was more than twice as strong
as pull thrust, accounting for 69±5% of total thrust (P=0.005;
Fig. 5A,C). Drag forces followed trends similar to those for thrust
forces, with significantly stronger pull drag for steady swimming
(P<0.001) and significantly stronger push drag for accelerating
swimming (P<0.001).

Distribution of forces along the body
To compare the distribution of forces along the body for steady
swimming and acceleration from rest, we divided the body into
12 segments of equal length and for each segment calculated force
components averaged over time and treatment (Fig. 7A,B). We also
calculated the percentage thrust contributions of the anterior, medial
and posterior thirds of the body.

For steady swimming, thrust was due mainly to negative pressure
and gradually increased from anterior to posterior, with the anterior,
medial and posterior thirds of the body contributing 17.5%, 32.8%
and 49.7% of total thrust (Figs 7A, 4G). Net thrust was highest at the
posterior third of the body where there was a slight push thrust in
addition to a stronger pull thrust. Pull thrust was stronger than push
thrust along most of the body.

For the accelerating sequences, the anterior, medial and posterior
thirds of the body contributed 22.4%, 35.0% and 42.6% of total
thrust. As for steady swimming, the strongest net thrust was at the
posterior third of the body. By contrast with steady swimming, net
thrust was positive along most of the length of the body for
accelerating swimming (Figs 7B, 4G,H). Push thrust dominated
over pull thrust along most of the body.

Early versus late acceleration
To examine acceleration in more detail, we calculated the
distribution of force components as described above but for the
first and second halves (early and late) of the acceleration half-cycle
(Fig. 7C,D).

In early acceleration, as a lamprey pulled its head posteriorly
toward the body, two high-pressure regions developed: one at the
head on the concave side of the initial body bend and one
posterior to the bend on the convex side (Fig. 4E,H). The body
bend formed at the anterior was often accompanied by a second
body bend that formed at approximately the midpoint of the body
(not shown). During this time, the strongest thrust was due to
positive pressures at the medial third of the body (Fig. 7C). The
anterior, medial and posterior thirds of the body contributed
29.8%, 44.8% and 25.4% of thrust. The strong push forces
associated with these high-pressure regions were accompanied by
weaker contralateral pull forces, which grew as the bend moved
toward the tail.
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During late acceleration, the high-pressure region shifted toward
the tail. The tail was orientated approximately perpendicular to the
swimming direction (Fig. 4F,I), and positive pressure near the tail
was the dominant contributor to thrust (Fig. 7D). Thrust shifted
posteriorly compared with early acceleration, with the anterior,
medial and posterior thirds of the body contributing 18.4%, 29.2%
and 52.4% of thrust. At the end of the first half-cycle of acceleration
from rest, thrust forces shifted from push-dominated thrust to pull-
dominated thrust more typical of steady swimming (Fig. 6A).

DISCUSSION
Steady swimming
Previous studies of anguilliform swimming have debated the role of
the body in thrust production. Some studies have found that the
entire body contributes to thrust production (Carling et al., 1998;
Videler et al., 1999; Müller et al., 2001; Chen et al., 2011; Gemmell
et al., 2016), while others have emphasized the importance of the
tail and minimized the importance of the rest of the body (Lighthill,
1971; Tytell and Lauder, 2004). During steady swimming, thrust

and drag must balance and their effects cannot be separated in the
wake (Schultz and Webb, 2002; Tytell, 2007). Detailed flow and
force measurements along the length of the fish’s body are thus
needed to determine the relative roles of the body and tail in
thrust production.

Müller et al. (2001) found that flow speed increased steadily from
head to tail along the body of a steadily swimming European eel
(Anguilla anguilla). They concluded that thrust was generated along
the length of the body, which they explained based on the
‘undulatory pump mechanism’, in which flow is generated by
low-pressure regions on the concave sides of body bends (Blickhan
et al., 1992). Müller et al. (2001) proposed that high vorticity
regions, known as ‘proto-vortices’ developed in this way travel
along the body until they reach the tail, where they are shed as
‘body’ vortices, as opposed to ‘tail’ vortices generated by the
trailing edge of the tail. In contrast, Tytell and Lauder (2004) in their
study of American eels (Anguilla rostrata) de-emphasized the role
of the body in thrust production. They found that velocity increased
slowly along the front of the body and that vorticity of proto-vortices
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was low compared with that of tail vortices. Studies of a robotic
swimmer designed to mimic lamprey kinematics also concluded
that thrust is generated mainly near the tail (Hultmark et al., 2007;
Leftwich and Smits, 2011).
We calculated forces acting on the body, allowing us to quantify

the contribution of each section of the body to thrust and drag
(Fig. 7). As previously demonstrated (Gemmell et al., 2015a, 2016),
thrust was derived primarily from negative pressure during steady
swimming (Figs 4D,G and 7A). We found that thrust increased
gradually toward the posterior of the animal, with net thrust
concentrated along the rear half of the body (Fig. 7). Based on these
results, the entire body contributes to thrust in steady lamprey
swimming, but thrust exceeds drag only over the rear half of the
body. Our data thus help to reconcile seemingly contradictory
results from previous studies.

Acceleration from rest
The demands of steady swimming and escape swimming differ
substantially. For steady swimming, especially during long
migrations (Beamish, 1980), low energy consumption is vital.
For escape swimming, initiating swimming as soon as possible is of
greater importance. The kinematics and hydrodynamics of
acceleration from rest differed in several ways from those of
steady swimming. The initial body waves produced by lampreys

accelerating from rest were visibly larger and slower than those
produced during steady swimming, with significantly greater
mean amplitude and wavelength and significantly slower mean
wave speed (Fig. 3). Whereas steady swimming was associated with
predominately negative pressure (relative to ambient) and pull-
derived thrust, acceleration from rest was associated with
predominately positive pressure and push-derived thrust (Fig. 5).
The kinematic and hydrodynamic differences between the two
swimming modes suggest distinct mechanisms that may be adapted
to the differing demands of steady swimming and escape swimming.

Lampreys had significantly slower body wave speed during
acceleration from rest than during steady swimming (Fig. 3D). A
study of A. rostrata swimming found that body wave speed and
swimming speed were highly positively correlated (Tytell, 2004), so
the difference in wave speed may have been a product of the faster
swimming speed of the steady swimming sequences. Slip is defined
as the ratio of swimming speed to wave speed. Slip values less than
one are associated with acceleration, and slip values greater than one
are associated with deceleration (Müller et al., 2002). Slip was
significantly lower for accelerating swimming (0.23±0.07) than for
steady swimming (0.62±0.05, P=0.0002), in line with the
association between acceleration and low slip values. Despite an
overall negative mean acceleration, however, slip was less than one
for steady swimming.
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During acceleration from rest, lampreys produced a high-
amplitude body bend that most often formed approximately one-
quarter body length posterior to the head. Tytell (2004) similarly
noted that A. rostrata produced higher amplitude body waves during
acceleration (not from rest) than steady swimming. The push force
on the posterior side of this bend (Fig. 4E,H) initiated acceleration
during the preparatory stroke of escape swimming, well before the
formation of the first tail vortex (Fig. 6). The reliance of acceleration
from rest on thrust from positive pressure provides a likely
explanation for the distinctive body kinematics that characterize
the initial preparatory stroke of escape swimming. The high-
amplitude bend produces a high-pressure region along a large
surface area opposite to the swimming direction, which directs
much of the push force to useable thrust. While presenting a large
surface area perpendicular to the swimming direction would
increase drag considerably during steady swimming, its drag
contribution during early acceleration appears to be modest
(Figs 4H and 7C) as a result of the low swimming speed at this
stage of acceleration from rest.
As the large pressure region posterior to the first body bend

develops, a second, smaller push force develops at the head
(Fig. 4E,H). To our knowledge, the importance of the head in thrust
production during acceleration from rest has not previously been
recognized, but a computational study of larval zebrafish
swimming, which is considered a form of anguilliform
locomotion (Müller et al., 2008), showed contralateral high- and
low-pressure regions adjacent to the head at the beginning of
acceleration, similar to those seen in our pressure fields (Fig. 4E; Li
et al., 2012, their fig. 19).
The shift from push-dominated to pull-dominated thrust during the

transition from acceleration from rest to steady swimming suggests
that undulatory swimmers can generate push thrust at low speeds,
whereas pull thrust develops at higher speeds. Transected lampreys
that are unable to produce the strong negative pressure regions
necessary for pull thrust have been shown to swim less efficiently
than control lampreys (Gemmell et al., 2015a, 2016), but the negative
pressure regions that lead to pull thrust are associated with vortices
along the body that require time to develop. Thus, push thrust used
during acceleration from rest may be faster to develop but less
efficient than pull thrust, reflecting the different demands associated
with acceleration from rest and steady swimming.

Conclusions
Time is critical during escape swimming, and the large push force
generated by a deep initial body bend enables a lamprey to
accelerate before the first body wave reaches its tail (Fig. 6B).
Kinematics similar to the acceleration mechanism examined here
could also be important in low-speed turning and maneuvering in
which drag-based mechanisms are less effective.
Anguilliform undulatory swimmers have inspired the design of

underwater vehicles that have been used to study aquatic
locomotion (Melsaac and Ostrowski, 1999; Hultmark et al.,
2007; Leftwich and Smits, 2011; Leftwich et al., 2012; Bale et al.,
2014) and for underwater exploration, e.g. for hunting mines
(Wilbur et al., 2002). These robots are generally designed based on
the kinematics and hydrodynamics of steady swimming.
Incorporating elements of unsteady swimming into swimming
robot designs could improve the ability of these robots to
accelerate and maneuver at low speeds.
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