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a  b  s  t  r  a  c  t

Studies  of center  of  mass  (COM)  motion  are  fundamental  to understanding  the dynamics  of animal  move-
ment,  and  have  been  carried  out  extensively  for terrestrial  and  aerial  locomotion.  But  despite  a large
amount  of  literature  describing  different  body  movement  patterns  in  fishes,  analyses  of  how  the  center
of mass  moves  during  undulatory  propulsion  are  not  available.  These  data  would  be  valuable  for  under-
standing  the  dynamics  of  different  body  movement  patterns  and  the effect  of  differing  body  shapes  on
locomotor  force  production.  In the  present  study,  we analyzed  the  magnitude  and  frequency  components
of  COM  motion  in  three  dimensions  (x: surge,  y:  sway,  z:  heave)  in  three  fish  species  (eel,  bluegill  sunfish,
and  clown  knifefish)  swimming  with  four  locomotor  modes  at three  speeds  using  high-speed  video,  and
used an  image  cross-correlation  technique  to estimate  COM  motion,  thus  enabling  untethered  and  unre-
strained  locomotion.  Anguilliform  swimming  by eels shows  reduced  COM  surge  oscillation  magnitude
relative  to  carangiform  swimming,  but  not compared  to knifefish  using  a gymnotiform  locomotor  style.
Labriform  swimming  (bluegill  at 0.5  body  lengths/s)  displays  reduced  COM  sway  oscillation  relative  to

swimming  in  a carangiform  style  at higher  speeds.  Oscillation  frequency  of  the COM  in the surge  direc-
tion  occurs  at  twice  the  tail  beat frequency  for  carangiform  and  anguilliform  swimming,  but  at  the  same
frequency  as  the  tail  beat for gymnotiform  locomotion  in clown  knifefish.  Scaling  analysis  of  COM  heave
oscillation  for terrestrial  locomotion  suggests  that COM  heave  motion  scales  with  positive  allometry,  and
that fish  have  relatively  low  COM  oscillations  for their  body  size.
. Introduction

As a representation of the total forces exerted on an animal, cen-
er of mass (COM) movement provides important information on
ocomotor dynamics and can be used to calculate energy expendi-
ure, efficiency, and the effect of ground reaction forces on limbs
Biewener, 1989; Ortega and Farley, 2005). In horses, humans, and
ther terrestrial animals, COM movement is used to compare work
one over different gaits (Blickhan and Full, 1987; Pfau et al., 2006;
uo, 2007; Biknevicius et al., 2013). It is also used to describe the
ffect of limbs on whole body movements, especially where the
imbs comprise a significant portion of the body’s mass (Abourachid
t al., 2011; Walter and Carrier, 2011). COM oscillation patterns are
ven used as a “locomotor signature” to identify pathological gaits
r evolutionary trends (e.g., Clemente et al., 2008; Minetti et al.,

011).

Despite the breadth of research that has been done on terres-
rial and aerial COM movement during animal locomotion and its
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importance in understanding animal dynamics, almost nothing is
known about COM movement in fishes during undulatory locomo-
tion. This is especially surprising given the extensive descriptive
literature defining and comparing body kinematic patterns in
fishes, with the accompanying proliferation of terminology to
describe body motions. Anguilliform (eel-like), carangiform (jack-
like), labriform (wrasse-like), and gymnotiform (knifefish-like) are
just a few of the terms used to describe fish swimming pat-
terns (Webb, 1975; Sfakiotakis et al., 1999; Shadwick and Lauder,
2006). These terms are meant to reflect broad kinematic differ-
ences among fish species and generally how thrust is generated
during locomotion by the body and fins. But how differing body
movement patterns affect COM motion remains unknown, and the
effects of changing swimming speed on COM oscillation amplitude
in fishes with different body shapes are likewise not yet understood.
Due to differences in locomotor media and in the use of limbs on
land compared to thrust generation using body deformation in the
water, amplitudes and frequencies of COM oscillation could differ

substantially between aquatic and terrestrial animals.

The limited data from steadily rectilinearly swimming fishes
in which COM oscillations have been experimentally measured
includes quantification of COM motion data during pectoral fin

dx.doi.org/10.1016/j.zool.2014.03.002
http://www.sciencedirect.com/science/journal/09442006
www.elsevier.com/locate/zool
http://crossmark.crossref.org/dialog/?doi=10.1016/j.zool.2014.03.002&domain=pdf
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Fig. 1. Method of center of mass (COM) analysis using particle image velocimetry cross-correlation. Fish were filmed while holding as steady a position as possible during
swimming at speeds of 0.5, 1.0, and 1.5 BL/s. A velocity vector field was created over the area of the COM in both lateral (A) and ventral (B) views, shown for Notopterus
chitala  in these two panels. Sample variation through time (C–F) is shown in ventral view for Lepomis macrochirus, and COM velocity can be seen moving backward and then
forward  in panels (C), (D), and (E). Dashed lines mark the time positions of panels (C)–(F) on the graphs below. Velocity vectors were averaged to give a mean velocity through
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ime,  which was  then integrated for the displacement, and the derivative taken fo
equence, and hence there is a slight trend in COM position that was  removed by r
ere  analyzed). A supplementary online movie in the Appendix shows velocity vec

ocomotion (Walker and Westneat, 1997; Walker, 2004; Lauder and
adden, 2008) and an analysis by Tytell (2007) who estimated COM

elocity in two swimming fish species by digitizing the position of
he tip of the snout. Other than these investigations, we are not
ware of any measurements of COM motion in steadily swimming
shes.

The overall goal of the present paper is to analyze in three
imensions the COM motion of several fish species (eel, bluegill
unfish, and clown knifefish) swimming with four locomotor
odes at three speeds. We  used high-speed video and an image

ross-correlation technique to enable untethered and unrestrained
ocomotion, so that COM motion is not influenced by attachment
f transducers or any drag forces that might result from transducer
ires. Specifically, we quantified COM velocities in three dimen-
ions (x: surge; y: sway, and z: heave) and then calculated COM
isplacement and acceleration from the velocity data. We  tested
or differences among species swimming with different locomo-
or modes, and also wanted to see how changes in swimming
leration (G). This fish (L. macrochirus) drifted several mm downstream during this
sion analysis (see Sections 2.3 and 2.4 for more information on how the COM  data
ver the center of mass in a swimming bluegill sunfish.

speed alter COM motion during undulatory swimming. Hypothe-
ses examined include the following: (i) anguilliform locomotion
will show reduced surge COM oscillations compared to carangi-
form swimming; (ii) labriform locomotion will show reduced sway
COM oscillations but increased surge oscillations compared to other
undulatory modes; (iii) the gymnotiform combination of simulta-
neous body and fin motion will permit reduced COM  oscillations in
both the surge and sway directions; and (iv) surge COM  oscillations
will occur at either two or four times the tail beat frequency based
on the data presented in Tytell (2007).

2. Materials and methods

2.1. Study animals
Four clown knifefish (Notopterus chitala,  Hamilton, 1822) mea-
suring 19.1 ± 0.5 cm (mean ± standard error) in total length with
masses of 44.9 ± 1.5 g and body surface area of 69.8 ± 1.6 cm2 were
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cquired from a local pet store and kept in 40 l tanks at 25 ◦C. Three
luegill sunfish (Lepomis macrochirus, Rafinesque, 1819) measuring
0.4 ± 0.3 cm with masses of 149.9 ± 10.9 g and body surface area
f 104.3 ± 9.8 cm2 were collected locally under our scientific collec-
ion permit (Massachusetts, USA) and kept in individual 40 l tanks
t 18 ◦C. Three American eels (Anguilla rostrata, Lesueur, 1817) mea-
uring 31.0 ± 1.8 cm with masses of 35.6 ± 5.7 g and surface area of
8.7 ± 5.1 cm2 were also collected locally and kept in individual 30 l
anks at 18 ◦C.

These three species were chosen a priori to reflect different loco-
otor styles and to represent a diversity of modes of swimming in

shes. Bluegill sunfish have a deep and narrow-width body, and
se a labriform locomotor mode where thrust forces are generated
xclusively by the pectoral fins at swimming speeds of less than
bout 1.0 body lengths (BL)/s (Gibb et al., 1994; Drucker and Lauder,
999). At higher speeds bluegill use a carangiform or “subcarangi-
orm” swimming mode in which thrust is generated primarily by
ody oscillations. This species is thus a good experimental subject
or this study as it undergoes a prominent gait transition between
he lowest and the two highest swimming speeds tested here. Eels
xemplify the anguilliform swimming mode with smaller wave-
ength body waves that increase in amplitude down the body. Only
t speeds higher than those tested here do body waves begin to
enerate larger lateral oscillations of the anterior half of the fish.
he narrow and elongate eel shape contrasts with the deep body
f bluegill sunfish. Knifefish display the gymnotiform locomotor
ode in which body undulations combined with undulation of

he elongated ventral anal fin are used to power swimming. The
longated anal fin is actuated by fin muscles that are independent
f the myotomal body muscles that produce body waves during
ocomotion, and anal fin and body waveforms are thus somewhat
ecoupled from each other in swimming clown knifefish.

.2. Anatomical COM measurement

The anatomical COM of bluegill sunfish (L. macrochirus) has been
easured in previous studies (Drucker and Lauder, 1999, 2001;

ytell and Lauder, 2008). For A. rostrata and N. chitala,  two spec-
mens each from the Museum of Comparative Zoology (Cambridge,

A,  USA) of similar body size to the live specimens studied here
ere used to calculate COM position. The fish were stiff and straight

rom preservation and were hung from three points on the body
ith strings and allowed to come to a rest before being photo-

raphed. The photographs were overlaid and the intersection of
he strings was taken as the COM.

The anatomical COM position of L. macrochirus lies at 40% of
otal body length (including the caudal fin) from the tip of the nose
nd 50% of the body width, excluding the dorsal fin (Drucker and
auder, 2001; Tytell and Lauder, 2008). The mean COM position of
. rostrata lies at 46% of the body length from the tip of the nose.
ean COM position of N. chitala was at 25% of the body length from

he tip of the nose, and just over halfway up the height of the fish.
Since the center of mass marks the midpoint of body mass in

hree-dimensional (3D) space, the COM moves over the course of
 tail beat cycle as the body bends: if the fish body is strongly
ent, the COM can be positioned outside the body. For the locomo-
or modes studied here, the extent of unidirectional body bending
s small, the portions of the body that are bending contain little

ass relative to the anterior region of the body and head, and
ave-like body bending results in only a small change in lateral
ass distribution since wave-like motion deflects body mass to

oth sides of the COM. A previous study (Tytell and Lauder, 2008)

racking the true COM position during a C-start escape response
howed only very small variation in COM position even when the
ail was bent at almost 90◦ to the body, due to the low mass of
he tail relative to the head region. We  estimated that wave-like
y 117 (2014) 269–281 271

bending of the body from side to side during steady undula-
tory swimming moves the COM in the sway (y, or side-to-side)
direction approximately 5% of the COM excursion amplitude mea-
sured in this paper, and has effectively no influence on the COM
position in the surge (x) or heave (z) dimensions. However, as
described in more detail below, we  quantified the movement of
a box-like region surrounding the anatomical COM and this box
always contained the actual COM regardless of body posture during
swimming.

2.3. Image cross-correlation to measure COM oscillation

We anticipated that COM oscillations during undulatory
locomotion would be small and our goal was to interfere with
unrestrained fish swimming as little as possible. Therefore, we
chose to use image cross-correlation in order to quantify COM
motion without attaching transducers with wires to swimming
fish and hence possibly altering body motion patterns. One
approach would have been to simply digitize the position of a
single point near the COM on swimming fishes, but this method
is subject to a large error since the COM is not marked, and is time
consuming for the number of sequences needed for robust sta-
tistical analysis. Instead we used image cross-correlation derived
from the technique of particle image velocimetry (PIV) as used
in previous research on swimming hydrodynamics (Drucker and
Lauder, 1999, 2001; Tytell, 2007; Tytell and Lauder, 2008). We  used
high-speed video with careful lighting of the swimming fishes to
illuminate a patterned area around the COM to obtain a sequence
of images of the COM region during swimming, and applied PIV
cross-correlation algorithms to calculate the velocity of this region
of the body. Instead of tracking particles in the water flow, the
PIV cross-correlation algorithms in this case tracked the patterned
region of the body. This same image correlation approach has
previously been used to study zebrafish locomotion (Danos and
Lauder, 2007) and to analyze COM motion during pectoral fin
swimming by bluegill sunfish (Lauder and Madden, 2008).

Experiments were conducted in a 600 l flow tank chilled to
16.7 ◦C for A. rostrata, 19 ◦C for L. macrochirus and heated to 24.7 ◦C
for N. chitala.  Fish were filmed while swimming and holding
as steady a position as possible in the water column within a
workspace of 20 cm × 19.2 cm × 19 cm at speeds of 0.5, 1.0, and
1.5 BL/s. We  made a considerable effort to obtain sequences in
which fish were swimming as steadily as possible, but sequences
often showed some small drift of the body forward or backward
in the flow (in the order of 1–3 mm over several seconds). We
corrected for this as described below.

We used two  Photron Fastcam high-speed video cameras
(1024 × 1024 pixel resolution; Photron, San Diego, CA, USA) recor-
ding at 250 fps and synchronized with each other to capture COM
motion in three dimensions. The two cameras were placed to cap-
ture images from the lateral and ventral views of the swimming
fish, with a 45◦ mirror placed underneath the tank to achieve the
ventral view. For A. rostrata, the lateral view was not captured as
fish swam near the bottom, and instead one camera captured a
view of about 16 cm × 16 cm from the ventral view to allow accu-
rate measurement of surge COM motion, while the other camera
captured a wider view of 40 cm × 40 cm,  also from the ventral
view, to allow analysis of sway motion. This wide view additionally
allowed quantification of the whole body wave of the swimming
eel. These camera positions allowed calculation of COM movement
in three dimensions: surge (x, or forward/backward, in the stream-
wise direction), sway (y, or side-to-side motion), and heave (z,

vertical or up/down motion of the COM).

Analysis was conducted by defining either a square or a rect-
angular region on the body in the digital movie files over the
anatomical COM using DaVis software (v 7.2; LaVision Software,
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nc., Goettingen, Germany). This resulted in the creation of a veloc-
ty vector field over the area containing the center of mass when
nalyzed with image cross-correlation between successive video
rames. This region was moved with the fish where necessary to
nsure that the vector field always included the COM. DaVis soft-
are is capable of moving the area of interest with the swimming

elocity of the fish so that homologous regions are always sam-
led. Sample images are shown in Fig. 1 with the collection of
ectors representing the velocity of the patterned area over the
OM. The supplementary movie in the online Appendix shows
ectors over the COM changing with respect to the tail beat in
wimming bluegill sunfish as seen in ventral view. This approach
as the advantages of (i) making it possible to directly calculate
he velocity of the COM region (and avoiding differentiation from
isplacement data), (ii) resulting in numerous (10–100) velocity
ectors from which an average at each time can be calculated, and
iii) generating sub-pixel accuracy estimates of COM motion due to
he image correlation approach (see Willert and Gharib, 1991 for
etails of how cross-correlation results in sub-pixel measurement
ccuracy). For the ventral view the chosen area was approximately

 cm × 1 cm for N. chitala and A. rostrata, and 1.5 cm × 1.5 cm for L.
acrochirus. The lateral COM area was approximately 2 cm × 2 cm

or L. macrochirus and N. chitala (Fig. 1). Careful playback confirmed
hat the vectors were, in fact, following the motion of the fish.
ustom software was used with Matlab (v 7.1; Mathworks, Inc.,
atick, MA,  USA) to average the COM velocity vectors exported

rom DaVis 7.2, giving a single mean velocity vector for each frame
n each view, and then a series of mean velocities for the entire
wimming sequence. We  used this same image correlation pro-
edure to automatically track tail position during the swimming
equences.

.4. Determining the pattern and magnitude of COM oscillation

To determine the pattern of COM oscillation, if any, the deriva-
ive of the velocity trace of each sequence was calculated using
abchart v 7.2 (ADInstruments, Dunedin, New Zealand). This gave
he acceleration trace of the COM. Surge direction data was taken
rom the x-component of the calculated velocity vectors in the ven-
ral view, and sway direction data from the y-component of the
alculated vectors in the ventral view. Ventral view images showed
ubstantially smaller effects of changes in lighting as fish undulated
rom side to side, and changes in lighting could introduce errors
nto the x-component of COM motion. Heave direction data was
aken from the vertical component of vectors in the lateral view
Fig. 1A) and showed minimal effects of changes in lighting. The
attern of COM displacement was determined by integrating the
elocity trace (Fig. 1G). A linear regression was then calculated on
ach segment where the fish was swimming as steadily as possible,
nd a sum of sines model was fit to the residuals. The maximum
umber of allowed terms was 3 while maintaining an R2 of at least
.80. The crest to trough difference in the plotted curve fit was then
alculated to get the overall magnitude of COM excursion (peak-
o-peak motion, Fig. 1). This allowed us to detrend sequences in
hich the fish drifted slightly in the upstream/downstream direc-

ion, and we only used sequences in which a significant linear model
howed that drift was at constant velocity (i.e., zero acceleration)
nd that fish were not displaying a mean acceleration during the
equence.

.5. Validating the COM analysis method
We  conducted a series of validation tests to confirm that this
mage cross-correlation method provided an accurate method
or analyzing COM motions by comparing surge and sway dis-
lacement values obtained by using image analysis to known
y 117 (2014) 269–281

displacements. Two  possible sources of error in the image correla-
tion method were targeted for testing: (i) the inability of the image
correlation analysis to effectively use the fish body pattern to track
COM movement, and (ii) errors caused by optical interference from
the reflections or compression of scales as the body bends, thus
giving a larger velocity than the correct value. The second source of
error was potentially an issue only for data derived from the lateral
camera view as ventral camera images were not impacted by the
side lighting used.

To examine these sources of error, a control system was  devised
which would output the exact COM displacement of a swimming
fish in the surge direction. One specimen of L. macrochirus was  euth-
anized gradually with excess tricaine methanesulphonate over the
course of 10 min. After complete euthanasia and before the onset
of rigor mortis, the fish was attached to a strap directly behind
the center of mass using suture and attached to a robotic flapping
system typically used in experiments on biomimetic foils (Lauder
et al., 2007, 2012; Wen  and Lauder, 2013; Quinn et al., 2014). This
robotic flapping foil device contains a high-resolution (5 �m accu-
racy) linear encoder that directly outputs position in the surge
direction, and also high-resolution encoders that output side-to-
side (sway) displacements. We  filmed sequences from both the
ventral and lateral view of the dead fish which was moved by the
robotic flapper with a sway motion of ±1 cm and at 1 and 2 Hz flap-
ping frequency with free-stream flow that approximated that of
fish swimming speeds. Since the fish’s COM movement was com-
pletely controlled by the flapping apparatus, the encoders attached
to the flapping robotic device were able to give the exact position
of the fish through time.

Comparison of COM displacement data from the image correla-
tion analysis and the flapping robot encoder data indicated that the
error for a dimension on the plane parallel to the camera was about
0.1 mm,  which is approximately one order of magnitude lower than
our COM oscillation magnitude estimates.

2.6. Amplitude and frequency of the tail beat

The amplitude of the tail beat and fish body shapes during
locomotion were estimated using custom Matlab software. Ten
midlines of the body and tail during one tail beat cycle were dig-
itized to illustrate the shape of swimming fish (Fig. 2). Tail beat
frequency was calculated from the DaVis velocity output with
Labchart v 7.2 (ADInstruments). Low-speed swimming sequences
for L. macrochirus (at 0.5 BL/s) which only involved labriform (pec-
toral fin) propulsion and little body oscillation were not used for
tail beat amplitude calculations.

Two general parameters related to undulatory propulsion were
calculated for each sequence: Strouhal number and slip number.
These are common metrics used to assess undulatory locomotion
(e.g., Gillis, 1997; Triantafyllou et al., 2000). Strouhal number was
calculated as St = (A × F)/U, where A is the largest peak-to-peak dis-
tance of a tail beat, F is the tail beat frequency, and U is the flume
(swimming) speed. Slip number was calculated as Slip = U/v, where
U is the flume speed and v is the speed of the fish’s body wave.

2.7. Statistical analysis

Each species was  represented by three specimens except N.
chitala for which we  studied four specimens. Each specimen was
filmed twice at three different speeds, giving 56 video sequences
containing a combined 123 surge segments, 111 sway segments,
and 61 heave segments (with a segment defined as the area over

which a linear regression was  performed). No heave segments were
analyzed for A. rostrata as the eels swam near the bottom of the flow
tank and we  were concerned about bottom effects on COM oscil-
lation patterns. It is possible that anguilliform locomotion involves



G. Xiong, G.V. Lauder / Zoology 117 (2014) 269–281 273

0.5 BL/s 1.5 BL/s1.0 BL/s

L.
 m

ac
ro

ch
iru

s
A

. r
os

tra
ta

N
. c

hi
ta

la
 - 

Ve
nt

ra
l

5 cm5 cm5 cm

4 cm 4 cm 4 cm

4 cm4 cm 4 cm

4 cm 4 cm4 cm

N
. c

hi
ta

la
 - 

D
or

sa
l

Fig. 2. Representative midlines of swimming fish at three different speeds (blue) and pectoral fin motion for L. macrochirus at the slowest swimming speed (red) which
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osterior quarter of the body. Amplitude of the tail beat did not increase significan
or  A. rostrata, p = 0.11 for N. chitala).

mall heave oscillations as thrust may  not be directed exactly
hrough the COM at all times during swimming, but this condi-
ion was not analyzed here. Each analyzed video segment contained
etween one and five tail beat cycles.

A two-way analysis of variance (ANOVA) was  carried out on
he surge, sway, and heave COM displacement datasets separately.

here significance was seen, a Tukey HSD post hoc test was carried
ut at the p ≤ 0.05 significance level to determine the significance
f differences in means among the groups. Significance tests for
requency and amplitude were calculated using a standard least
quares linear regression. Data from separate individuals were
ooled for this analysis as the data for individuals in the different
pecies and speeds was highly unbalanced and prevented inclu-
ion of a nested level of individuals within species. This analysis
sed Stata v. 11 (StatCorp, College Station, TX, USA). We conducted

eparate one-way ANOVA analyses for each species to test for indi-
idual effects (using JMP  v. 10; SAS Institute, Carey, NC, USA) and
ound no significant individual effects for the three species studied
ere.
th increasing speed for any of the three species (p = 0.44 for L. macrochirus, p = 0.11

Species and speed effects for Strouhal and slip number were
each calculated using a two-way analysis of variance (ANOVA).
These statistical analyses were carried out using Stata v. 11.

3. Results

3.1. General locomotor patterns

As swimming speed increased, the amplitude of the tail beat did
not increase significantly for any of the three species (p = 0.44 for L.
macrochirus, p = 0.11 for A. rostrata, p = 0.11 for N. chitala;  see Fig. 2).
Frequency (freq), on the other hand, had a significant positive rela-
tionship (p < 0.001) with swimming speed for all the species (Fig. 3).
The relationship for L. macrochirus was  freq = 1.67 × speed + 0.51

(R2 = 0.88), for A. rostrata freq = 1.43 × speed + 0.19 (R2 = 0.83), and
for N. chitala freq = 1.63 × speed + 0.54 (R2 = 0.94). There was no sig-
nificant difference of slope among species (Fig. 3; linear regression
p = 0.77). At the slowest swimming speed of 0.5 BL/s, L. macrochirus
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Table  1
Fin beat frequency, Strouhal number, and slip number for the three fish species studied here (bluegill sunfish, Lepomis macrochirus; eel, Anguilla rostrata; and clown knifefish,
Notopterus chitala)  swimming steadily at three speeds. Strouhal and slip numbers are dimensionless.

Species Speed (BL/s) Fin beat frequency (Hz) Strouhal number Slip number

L. macrochirus 0.5 1.21 ± 0.08 – –
L.  macrochirus 1 2.24 ± 0.13 0.23 ± 0.02 0.37 ± 0.01
L.  macrochirus 1.5 3.22 ± 0.10 0.26 ± 0.01 0.47 ± 0.01
A.  rostrata 0.5 0.78 ± 0.04 0.32 ± 0.03 0.88 ± 0.05
A.  rostrata 1 1.85 ± 0.12 0.36 ± 0.03 0.66 ± 0.04
A.  rostrata 1.5 2.19 ± 0.09 0.28 ± 0.01 0.78 ± 0.04
N.  chitala 0.5 1.35 ± 0.05 0.51 ± 0.03 0.58 ± 0.02
N.  chitala 1 2.19 ± 0.10 0.36 ± 0.02 0.79 ± 0.02
N.  chitala 1.5 2.98 ± 0.08 0.34 ± 0.01 0.85 ± 0.03
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inematic parameters for each species at 0.5, 1.0, and 1.5 body lengths/s are mean
ny  of the three species. Frequency, on the other hand, had a significant positive re
lip  number were not calculated for L. macrochirus at 0.5 BL/s because at this speed

wam using only the pectoral fins, and for the statistical compar-
sons pectoral frequency was substituted for tail beat frequency at
his speed. As speed increased, sunfish displayed increasing lat-
ral oscillation amplitudes anteriorly. Lateral excursion showed
ncreasing amplitude down the body, and for knifefish the ante-
ior half of the body did not display much lateral oscillation at any
peed (Fig. 2). Waveforms differed for the dorsal and ventral views
f knifefish because the dorsal view reflects the pattern of body
ending, while the ventral view measures motion of the elongate
nal fin (Fig. 2). Anal fin and body thus show decoupled frequencies
nd amplitudes of motion, and the anal fin waveform is of larger
mplitude and begins more anteriorly on the body than the body
aveform (Fig. 2).

Strouhal number (see Table 1) had a significant species effect
F = 18.8), speed effect (F = 11.4), and species × speed interaction
ffect (F = 8.6). Strouhal numbers for Notopterus swimming at the
lowest speed were the highest observed for all species and all
peeds. Slip number (see Table 1) also had a significant species
ffect (F = 36.4), speed effect (F = 4.4), and species × speed interac-
ion (F = 13.1). Bluegill had relatively low slip numbers compared
o the other species.

.2. Patterns of COM oscillation
L. macrochirus and A. rostrata have similar patterns of surge COM
ovement. For every tail beat cycle that occurs, the COM undergoes

wo cycles of surge (forward/back) COM movement (Figs. 4 and 5).
way and heave accelerations oscillated at the tail beat frequency

0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.5 1 1.5 2 2.5

F
re

q
u

e
n

c
y
 (

H
z
)

Speed (BL/s)

N. chitala (gymnotiform)

A. rostrata (anguilliform)

L. macrochirus (labriform)

L. macrochirus (carangiform)

ig. 3. Speed vs. frequency for three species swimming in four swimming modes.
requency had a significant positive relationship (p < 0.001) for all three species.
he relationship for L. macrochirus was freq = 1.67 × speed + 0.51 (R2 = 0.88), for
.  rostrata it was  freq = 1.43 × speed + 0.19 (R2 = 0.83), and for N. chitala it was

req = 1.63 × speed + 0.54 (R2 = 0.94). There was, however, no significant difference
n  slope among species (p = 0.77). For L. macrochirus, pectoral frequency was substi-
uted for tail beat frequency during labriform propulsion at 0.5 BL/s as there was no
ody undulation at this speed.
. Amplitude of the tail beat did not increase significantly with increasing speed for
hip (p < 0.001) for each species. Strouhal number (based on tail tip amplitude) and
is no body undulation, only pectoral fin (labriform) propulsion.

for these two  species (Figs. 4 and 5). However, in the clown knife-
fish, surge COM accelerations occurred at the same frequency as
the tail beat (Fig. 6) as did the heave and sway COM accelerations.

A fast Fourier transform (FFT) of these data (Fig. 7) shows that
COM acceleration displays higher signal power for the double tail
beat frequency than it does for the tail beat frequency in bluegill
and eels. COM surge displacement, however, shows a slightly lower
peak for the double frequency than the single tail beat frequency
(Fig. 7A and B). In contrast, in knifefish, both surge COM acceleration
and displacement show very much reduced signal power at double
the tail beat frequency compared to that present at the tail beat
frequency (Fig. 7C).

Plots of the 3D motion of the COM in each species during a single
tail beat cycle at 1.5 BL/s show that the COM moves in a loop with
an overall figure-eight configuration (Fig. 8).

Statistical analysis of the COM excursion (displacement) data
yielded significant differences among species, speeds, and COM
displacement directions (Table 2 and Fig. 8). Surge data exhibited
significant overall differences for species (F = 5.23) but not for speed
(F = 0.24). Mean COM oscillations in the surge direction at 0.5 BL/s,
peak-to-peak, for L. macrochirus, A. rostrata, and N. chitala,  were
1.2, 0.9, and 0.5 mm,  respectively. Oscillations for each species at
1.0 BL/s were 1.5, 0.8, and 0.8 mm,  and this corresponds to a range
from 0.2% to 0.7% body length. Surge oscillations at 1.5 BL/s were
1.4, 0.6, and 0.8 mm.  A post hoc Tukey’s HSD test yielded significant
results only for L. macrochirus compared with A. rostrata (F = 4.10)
and compared with N. chitala (F = 4.50): sunfish have higher surge
COM oscillations than the other two species (also see Fig. 9A).

Sway oscillations had a significant effect for species, speed, and
the species × speed interaction term (F = 41.8, 7.4, 5.5, respectively;
Table 2). Mean COM oscillations in the sway direction at 0.5 BL/s,
peak-to-peak, for L. macrochirus, A. rostrata, and N. chitala were
0.35, 5.77, and 1.06 mm,  respectively. Mean oscillations for 1.0 BL/s

were 0.89, 4.03 and 2.34 mm,  respectively, and at 1.5 BL/s oscilla-
tions were 2.99, 4.7, and 3.21 mm,  respectively. A post hoc Tukey’s
HSD test showed significant differences between L. macrochirus and

Table 2
Two-way ANOVA table to show F-values for speed and species effects on each of the
three dimensions of center of mass (COM) oscillation.

Direction Species Speed (BL/s) Species × Speed

Surge 5.23 (2, 37) ** 0.24 (2, 37) 0.39 (4, 37)
Sway 41.80 (2, 41)*** 7.37 (2, 41)*** 5.50 (4, 41)***

Heave 0.83 (1, 26) 1.50 (2, 26)* 0.77 (2, 26)

Two-way analysis of variance (ANOVA) was carried out separately for each direction
of COM motion (surge, sway, and heave) to assess the speed and species effects.
Degrees of freedom for the numerator and denominator are shown in parentheses.

* Significant at p < 0.05.
** Significant at p < 0.01.

*** Significant at p < 0.002.
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ig. 4. Center of mass displacement (green curve) and acceleration (blue curve) re
urge  acceleration shows a double peak oscillation at twice the frequency of the tai

. rostrata (F = 13.03), L. macrochirus and N. chitala (F = 3.44), and

. rostrata and N. chitala (F = 9.59). A post hoc test did not show
ny significant differences between 0.5 and 1.0 BL/s (F = 0.37), but
as significant for 0.5 and 1.5 BL/s (F = 5.07) and 1.0 and 1.5 BL/s

F = 5.44). A one-way ANOVA for all three species showed no sig-
ificant effect of speed for A. rostrata (F = 2.34), indicating that the
ignificant speed effect was due to the other two  species. Speed
ffects for L. macrochirus and N. chitala were not significant between
.5 and 1.0 BL/s (F = 0.41, F = 0.39), but were significant for 0.5 and
.5 BL/s (F = 5.56, F = 5.33) and 1.0 and 1.5 BL/s (F = 5.97, F = 5.72).
luegill and knifefish thus showed increasing sway COM oscilla-
ions with speed, but eels did not (Fig. 9B).

Heave COM oscillation was significantly different across speeds
F = 4.33) but not across species (F = 0.83; no data were taken from
. rostrata since eels swam close to the bottom). Mean COM oscil-

ations in the heave direction at 0.5 BL/s were 0.43 and 0.64 mm
or L. macrochirus and N. chitala,  respectively. Mean oscillations at
.0 BL/s were 0.65 and 0.55 mm,  respectively, and at 1.5 BL/s oscil-

ations were 0.85 and 1.11 mm,  respectively. A post hoc Tukey’s
SD test showed significant differences between 1.5 and 0.5 BL/s
F = 4.25) and 1.5 and 1.0 BL/s (F = 3.62) but not for 0.5 and 1.0 BL/s
F = 0.64). Heave COM oscillations thus increased with speed, but
he effect was only significant if the lowest and highest swimming
peeds are compared in post hoc tests (Fig. 9C).
 to tail position (red, shown for reference) in L. macrochirus swimming at 1.5 BL/s.
 which is absent in the sway data.

4. Discussion

In the present paper we present data on fish three-dimensional
COM motion with the purpose of (i) providing precise estimates
of the magnitude and frequency of COM motion in fishes swim-
ming with undulatory propulsion, and (ii) testing hypotheses about
COM oscillation when fishes use four swimming modes over a range
of speeds: anguilliform (A. rostrata), carangiform and labriform (L.
macrochirus), and gymnotiform (N. chitala). Using an image correla-
tion approach, we  tracked the center of mass in three species of fish
and used fast Fourier transforms and analyses of COM excursions
to describe the pattern of COM oscillation (Figs. 4–6 and 9).

With respect to the four hypotheses outlined at the end of Sec-
tion 1, we found that (i) anguilliform swimming by eels shows
reduced COM surge oscillation magnitude relative to carangiform
swimming, but not compared to knifefish using a gymnotiform
locomotor style; (ii) labriform swimming (bluegill at 0.5 BL/s) dis-
plays reduced COM sway oscillation relative to swimming in a
carangiform style at higher speeds; (iii) gymnotiform locomo-
tion displays reduced surge and sway COM oscillation magnitudes

compared to some species at some speeds, but not for all compar-
isons among species and speeds; and (iv) oscillation frequency of
the COM in the surge direction occurs at twice the tail beat fre-
quency for carangiform and anguilliform swimming, but not for
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ig. 5. Center of mass displacement (green curve) and acceleration (blue curve) rel
isplacement shows a double peak oscillation which is not evident in the sway dat

ymnotiform locomotion in clown knifefish: knifefish surge COM
scillation occurs most prominently at the same frequency as the
ail beat.

.1. COM oscillation and fish swimming modes

The COM of L. macrochirus and A. rostrata were found to oscillate
t twice their tail beat frequency in the surge direction. N. chitala,
n the other hand, did not show a clear double frequency peak
n its COM oscillation, and instead showed a large peak at the tail
eat frequency (Fig. 7C) and much less signal power at twice the
ail beat frequency. This could be due to the gymnotiform swim-

ing mode with dual waveforms (one from the body, and one from
he anal fin), both contributing to thrust. Dual thrust generation

echanisms could smooth out the overall pattern of thrust gener-
tion with the effect of greatly reducing the thrust power signature
rom the tail seen at the COM. In addition, the tail of the clown
nifefish is highly tapered with a reduced surface area compared
o more anterior regions of the body, and may  not generate the
arge thrust impulses seen in fishes with more generalized sym-

etrical homocercal tails (Nauen and Lauder, 2002; Tytell, 2007).
lassic gymnotiform swimmers like the ghost knifefish Apterono-
us albifrons have an elongated anal fin attached to a relatively rigid
ody (Blake, 1983), while N. chitala undulates both its trunk and its
nal fin with different frequencies and amplitudes (Fig. 2). Without
n experimental system in which two such waveforms can be pre-
isely controlled, it will be difficult to test the hypothesis that the
ual waveform arrangement in clown knifefish is responsible for
he difference in surge COM frequency. Robotic knifefish designs
Shirgaonkar et al., 2008; Curet et al., 2011a,b) or dual biomimetic
apping foils that can generate different wave frequencies and

mplitudes may  be useful in understanding how knifefish alter
OM surge frequencies relative to other fishes. It is noteworthy that
nifefish also showed the highest Strouhal numbers (based on the
ody waveform) at the slow swimming speed (Table 1). This large
o tail position (red, shown for reference) in A. rostrata swimming at 1.5 BL/s. Surge
eave motion was measured in this species as eels swam near the bottom.

Strouhal number, generally reflective of relatively inefficient loco-
motion, may  be misleading in not including the propulsive effect
of the anal fin.

COM oscillation magnitude for the surge direction was signifi-
cant only for L. macrochirus when compared with either A. rostrata
or N. chitala.  This is most likely due to the similar number of waves
produced by A. rostrata and N. chitala – anguilliform and gymno-
tiform locomotion have at least one wave (crest to crest) present
on the body (Lauder, 2006), whereas L. macrochirus, using labriform
and carangiform motion, has less than one wave on the body during
swimming. Slip number, which gives the ratio of swimming speed
to body wave speed, was lowest for L. macrochirus and higher for A.
rostrata and N. chitala,  indicating effective propulsion for its ampli-
tude but not for its wavelength (Table 1). The decrease in number of
waves present on the body in bluegill may result in thrust and drag
forces generated by body segments producing greater oscillations
given that there are fewer numbers of propulsive wave segments
on the fish’s body active at any one time.

Wen  and Lauder (2013) used a mechanical flapping foil appa-
ratus to study the effect of different imposed surge oscillations on
the swimming of simple passive flexible foils of similar length and
surface area to the fishes studied here. Their apparatus allowed
programmed surge oscillations of varying magnitude and phase
to be imposed on the swimming foil and they measured the
effect of these surge oscillations on locomotor forces and wake
flow patterns. They found that surge oscillation magnitudes in
the order of 1 mm,  when imposed at the correct phase, signifi-
cantly reduced the oscillation in swimming forces, and suggested
that this oscillation mimicked the COM oscillations that would
be seen in a freely swimming foil or fish of equivalent area.
The surge oscillation magnitudes measured for the swimming

foils are thus similar to the surge COM magnitudes for swim-
ming bluegill and eels (Fig. 9) and may  reflect the necessary axial
oscillation of self-propelled swimming bodies during undulatory
locomotion.
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ig. 6. Center of mass displacement (green curve) and acceleration (blue curve) rel
ata  from L. macrochirus or A. rostrata, N. chitala does not show evidence of surge ac

Body motion in the sway direction appears to be affected by
ediolateral compression, although not as we expected a priori.
hile A. rostrata showed no speed effect, both L. macrochirus and

. chitala showed greater overall sway oscillation magnitudes as
peed increased. L. macrochirus and N. chitala have a greater surface
rea to length ratio (5.1 ± 0.45 cm and 3.6 ± 0.02 cm,  respectively)
han does A. rostrata (1. 6 ± 0.07 cm). A. rostrata did not show a
peed effect on sway magnitude but knifefish and bluegill both did,
uggesting that their lateral compression does not insulate them
rom increased sway oscillations as speed increases. An additional
actor that may  contribute to this result is that at higher speeds
he percentage of the body actively engaged in producing thrust

ay  increase, therefore encompassing the center of mass region
o a greater degree as anterior myotomal muscles are activated at
igher speeds (see, for example, data from swimming bass in Jayne
nd Lauder, 1995). Decreased lateral stabilization by pectoral or
orsal fins is also another possible explanation, as dorsal and anal
n area may  decrease as fish swimming speed increases (Standen
nd Lauder, 2005).
Heave direction COM oscillation, unlike the surge direction,
howed significant increases in amplitude with speed but had
o species effect: both species in which heave COM oscillation
as measured showed similar increases with speed (Fig. 9C). The
o tail position (red, shown for reference) in N. chitala swimming at 1.5 BL/s. Unlike
tion at double the tail beat frequency.

increase in heave COM oscillation with speed for both sunfish
and knifefish could be a result of (i) inadequate vertical body
stabilization by the median or paired fins as swimming speed
increases, and/or (ii) increasing instability as higher speed inci-
dent flow impacts fin and body surfaces. The dorsal and anal fins
of L. macrochirus may  produce larger counter-rotating torques at
higher speeds during steady swimming for body stabilization, but it
is possible that this stabilization does not entirely overcome heave
COM instability, leading to increased oscillation at higher speeds
(Standen and Lauder, 2005, 2007). For N. chitala,  the asymmetri-
cal tail and posterior body region may  also play a role in increased
heave motion with speed. In sharks, for example, the asymmetrical
tail creates fluid jets with a vertical component, which may  account
for increased heave motion (Wilga and Lauder, 2002).

4.2. Comparative COM oscillation patterns in animals

Although data on COM oscillation patterns in fish are scarce,
previous work by a wide variety of authors (e.g., Blickhan and Full,

1987; Full and Tu, 1991; Farley and Ko, 1997; Griffin et al., 2004;
Orendurff et al., 2004; Clemente et al., 2008; Abourachid et al.,
2011; Minetti et al., 2011; O’Neill and Schmitt, 2012) on terres-
trial locomotion provides a rich source of comparative information,
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Fig. 7. Fast Fourier transforms of surge COM acceleration and displacement data
for  locomotion at 1.5 BL/s in (A) L. macrochirus, (B) A. rostrata, and (C) N. chitala.
The  frequency components of the tail beat are shown for comparison in red. At this
speed, L. macrochirus uses body and caudal fin undulation and so body undulations
are  comparable to those of the other species. Grey bars mark the tail beat and double
tail beat frequencies. Both L. macrochirus and A. rostrata show COM acceleration
frequency peaks at greater power for double the tail beat frequency than for the
single beat frequency, and significant power for displacement at double the tail
beat frequency. N. chitala,  on the other hand, shows minimal power at double the
tail  beat frequency for acceleration, and negligible power for displacement.
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Fig. 8. Center of mass three-dimensional kinematic loop plots for (A) L. macrochirus,
(B) N. chitala, and (C) A. rostrata swimming at 1.5 BL/s. 3D loops are shown in green,
and the projection seen from each 2D side is shown in blue. We did not measure
heave motion for A. rostrata as fishes swam near the bottom, and so the figure-
8  loop plot shows sway and surge motion only in two dimensions. Loops are not

joined exactly at the ends because of small (<0.2 mm)  positional drift by the fish
body during the tail beat cycle.

and it is instructive to compare COM oscillation amplitudes among
the fish species studied here to data from other animals for which
COM excursions are available. In studies of terrestrial locomotion,
heave COM oscillation amplitudes are the most commonly reported

data, and so in Fig. 10 we  present an analysis of selected data
from the literature showing the scaling relationship between heave
COM oscillation (peak-to-peak) excursions and body mass during
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Fig. 10. Comparison of COM oscillation magnitude for different animals. COM oscil-
lation magnitude (peak-to-peak) in each direction was averaged across speeds for
terrestrial species to give a single number generally representative of each species.
Non-fish data were taken from the literature, and represent COM heave (vertical)
motion only since this is the most commonly reported direction of COM oscillation,
except for the sandfish point which represents sway motion. Fish data (green, red,
and  blue points) are from the present study and excursions are shown for all three
different measured directions: heave, surge, and sway. The linear fit for data on ter-
restrial animals shown is 1.44x − 6.07 (R2 = 0.88), indicating that COM  displacement
scales positively with mass, and that larger animals display a larger vertical oscilla-

among animals could be informative as part of a broad compari-
way data had a significant species, speed, and species × speed interaction effect,
hile heave data showed a significant speed effect.

errestrial locomotion. Comparison of fish COM oscillations in
urge, sway, and heave shows that fish have relatively low heave
OM oscillations for their mass (Fig. 10): heave data points for sun-
sh and knifefish fall well outside the 95% confidence band for the
errestrial heave regression. Heave COM motion of L. macrochirus
as particularly low, and may  be due to the cupped motion of the
ectoral fin during propulsion that has been implicated in reduc-

ng heave oscillation amplitudes (Lauder and Madden, 2007; Dong
t al., 2010). The linear fit of data on terrestrial animals (excluding
sh) in Fig. 10 is 6.07 ± 0.31 + 1.44 ± 0.19x (R2 = 0.88). This slope of
.44 is significantly greater than the expected isometric slope of 1.0
length cubed scaled against mass), indicating that COM displace-

ent scales positively with mass, and that larger animals have a
arger oscillation than would be expected for their size. The rea-
on for this is unclear at this time, but a simple scaling argument
ould suggest that since body mass scales to the power of 3 but
uscle cross-sectional area scales to the power of 2, the cost of
levating the COM should scale to the 3/2. Although this argument
upports the positive scaling seen in the data, many complexities
uch as elastic energy recovery from muscles and tendons, gait
tion than would be expected for their size. Fish have significantly lower heave COM
oscillations than terrestrial animals. The orange point represents lizard sandfish
moving in a granular medium and is derived from Ding et al. (2012).

changes, and limb posture changes in animals of different sizes
could change how limb muscle force is translated into COM heave
(vertical) excursion.

Sandfish lizards (Ding et al., 2012) display higher sway COM
oscillations than either knifefish or bluegill, but their COM sway
oscillation is similar to that of eels (Fig. 10) even though they are
moving through a dense granular medium.

This first analysis of COM scaling involves several limitations as
it mixes animals moving with different gaits and speeds (we  used
the mean COM heave oscillation for all speeds studied for that ani-
mal). While this could affect the calculated slope, it seems clear that
fish exhibit relatively low heave COM oscillations, in part no doubt
due to their undulatory locomotor mode that does not involve pen-
dular or spring-like contacts of limbs with a rigid substrate. Fluid
locomotion is generally wave-based and involves thrust and drag
forces, while terrestrial locomotion is limb-based and is associated
with ground reaction forces (Lighthill, 1971; Farley et al., 1993;
Griffin et al., 2004). Wave-based propulsion operates around nodes
placed on a line of symmetry down the sagittal plane of the fish, jux-
taposing thrust and drag around the COM in the surge direction,
although asymmetrical fish body morphology around a horizon-
tal axis could still result in COM heave oscillations. Comparisons
across species and modes of locomotion in the future could also
shed some light on whether minimizing COM oscillations conserves
or requires energy input – a topic subject to much debate in stud-
ies on human locomotion (Saunders et al., 1953; Ortega and Farley,
2005; Kuo, 2007).

Although it may  seem odd at first glance to compare heave oscil-
lations in fishes to those of terrestrial species, heave oscillations
during undulatory propulsion may  well represent an energetic
cost. Minimizing heave oscillations even during aquatic locomo-
tion may be desirable from an energetic perspective, and not that
dissimilar from similar arguments made for terrestrial locomo-
tion. Similarly, sway motions could represent “wasted” energy that
reduces locomotor efficiency, and comparisons of sway movement
son of locomotor strategies that reduce COM motion in lateral and
vertical dimensions. Unfortunately, no simple models of aquatic
propulsion similar in form to terrestrial spring mass or inverted
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endulum models are available to make energetic arguments about
he significance of different COM motion patterns, and this is an
rea of future work that may  be particularly profitable.

.3. Future questions for studying fish COM oscillation

Our study provides data on COM oscillation patterns and fre-
uencies in three species of fish that use different undulatory

ocomotor styles. At this time, wider comparisons with other fish
pecies or over a wider speed range are not possible due to the lack
f data in the literature, but a more comprehensive analysis of COM
scillation and its implications for terrestrial and aerial locomotion
ould be instructive.

We  believe that analyses of fish COM motion and the implica-
ions of different motion patterns are significantly understudied in
omparison to the many studies focusing on other aspects of fish
inematics. There are several key areas where a focus on fish COM
scillation patterns could be instructive.

First, fish locomotor patterns are often described by kinematics
hat measure body bending, body wavelength and wave number,
ut the relationship of these more traditional kinematic measure-
ents to movement of the fish COM is unknown. Could it be

ossible, for example, to define traditional fish kinematic categories
uch as anguilliform, carangiform, or subcarangiform COM oscilla-
ion patterns and to establish correlations between body bending
atterns and COM oscillation?

Second, a number of scaling questions emerge from the present
tudy that involve both broader conceptual issues as well as techni-
al issues. How does COM oscillation scale in fish of different sizes?
re the allometric slopes for the three directions of motion in fishes
imilar to those of terrestrial species, and do the intercepts vary
mong motion in the aquatic, terrestrial, and aerial locomotor envi-
onments? An allied question is to investigate how best to analyze
OM oscillations. Is mass the best independent variable in aquatic
ystems where fluid added mass effects and substantially different
rojected body surface areas in the three planes of motion could
lter expected scaling relationships?

Third, what are the energetic implications of different COM
scillation patterns? In the present paper we have focused on
ovement patterns of the COM, but the effect of COM oscillation on

wimming energetics is unknown. We  are not aware of any studies
hat measure energetics and COM motion together in fishes. And for
quatic undulatory locomotion there is no model (such as a spring
ass or inverted pendulum) comparable to these well-established
odels for terrestrial locomotion that could be used to make an

nergetic argument.
Fourth, COM acceleration provides an estimate of locomotor

orces that act on the individual fish (Walker, 2004), and the data
rovided here can be used to estimate these forces given the known
sh masses. Such force estimates for undulating bodies are not
ithout challenges, however, as including a time-varying added
ass component which must be estimated and the effects of fric-

ion and pressure drag during undulation are non-trivial issues. It
ould be instructive in the future to compare locomotor forces esti-
ated from COM motion to those estimated from PIV calculations

f wake flow patterns (Drucker and Lauder, 1999; Peng et al., 2007).
Fifth, from a technical perspective, COM analyses could be

mproved by the incorporation of lightweight accelerometers (suit-
ble for implantation into fishes) along the lines of the technique
sed in the study of Pfau et al. (2006) on horses. Direct transduc-
ion of body accelerations would facilitate the acquisition of greater
ample sizes and the comparative study of COM motion, as long

s the relatively subtle motions of the COM are not influenced by
ransducer wires and their implantation.

Finally, given the increasing prominence of robotic models for
quatic propulsion and the development of autonomous fish-like
y 117 (2014) 269–281

devices, we  believe that the use of COM oscillation amplitudes in
the surge, sway, and heave dimensions as a performance metric
for the comparison of robotic devices with freely swimming fishes
holds considerable promise. Autonomous robotic models with COM
displacement oscillations in the order of 0.2–0.7% body length will
likely perform well, and COM oscillations could be used as a quanti-
tative metric for comparison among different designs and actuation
programs. Robotic swimming systems with large COM  oscillations
will likely incur a high cost of transport and be relatively inefficient.
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