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Abstract:  16 

Metachronal paddling is a common method of drag-based aquatic propulsion, in which a series of 17 

swimming appendages are oscillated, with the motion of each appendage phase-shifted relative to 18 

the neighboring appendages. Ecologically and economically important euphausiid species such as 19 

Antarctic krill (E. superba) swim constantly by stroking their paddling appendages (pleopods), with 20 

locomotion accounting for the bulk of their metabolic expenditure. They tailor their swimming gaits 21 

for behavioral and energetic needs by changing pleopod kinematics. The functional importance of 22 

inter-pleopod phase lag (𝜙) to metachronal swimming performance and wake structure is unknown. 23 

To examine this relation, we developed a geometrically and dynamically scaled robot (‘krillbot’) 24 

capable of self-propulsion. Krillbot pleopods were prescribed to mimic published kinematics of fast-25 

forward swimming (FFW) and hovering (HOV) gaits of E. superba, and the Reynolds number and 26 

Strouhal number of the krillbot matched well with those calculated for freely-swimming E. superba. In 27 

addition to examining published kinematics with uneven 𝜙 between pleopod pairs, we modified E. 28 

superba kinematics to uniformly vary 𝜙 from 0% to 50% of the cycle. Swimming speed and thrust 29 

were largest for FFW with 𝜙 between 15%-25%, coincident with 𝜙 range observed in FFW gait of E. 30 

superba.  In contrast to synchronous rowing (𝜙=0%) where distances between hinged joints of 31 

adjacent pleopods were nearly constant throughout the cycle, metachronal rowing (𝜙>0%) brought 32 

adjacent pleopods closer together and moved them farther apart. This factor minimized body 33 

position fluctuation and augmented metachronal swimming speed. Though swimming speed was 34 

lowest for HOV, a ventrally angled downward jet was generated that can assist with weight support 35 

during feeding. In summary, our findings show that inter-appendage phase lag can drastically alter 36 

both metachronal swimming speed and the large-scale wake structure. 37 

 38 

Keywords: Metachronal Swimming, Metachronal Paddling, Rowing, Krill Swimming, Aquatic 39 

Locomotion 40 

41 
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1 Introduction 42 

The coordinated rowing of multiple appendages is a common biological fluid transport mechanism 43 

used for diverse functions such as swimming in crustaceans [1-5], walking in echinoderms [6], 44 

ventilation in mayfly nymphs [7-9] and pulmonary mucus clearance in mammals [10-13]. 45 

Coordinated, sequential paddling of appendages generates a metachronal wave, such that adjacent 46 

members maintain a nearly constant phase difference [6]. Metachronal rowing is used by aquatic 47 

organisms spanning a wide range of sizes and swimming speeds, with Reynolds number (ratio of 48 

inertial forces to viscous forces) ranging from 10-5 for paramecia [14] to 105 for escaping mantis 49 

shrimp [4]. A number of studies of metachronal swimming have investigated gait kinematics in 50 

relation to behavioral responses of various organisms, including paramecia [14-16], copepods [5,17-51 

18], mysids [19], krill [20-21], mantis shrimp [4], and lobsters [22]. However, diversity of body and 52 

appendage morphologies across metachronal swimmers make it difficult to generalize how specific 53 

kinematic parameters impact swimming performance. Mechanistic studies are needed to identify 54 

unifying physical design principles underlying this successful bio-locomotion strategy. These 55 

mechanistic studies can inform evolutionary and functional biologists on the physical parameters 56 

underlying swimming performance in paddling organisms, as well as engineers working on the 57 

development of biomimetic aquatic drones. 58 

Antarctic krill (Euphausia superba) are one of the most well-studied euphausiid crustaceans 59 

[1,20-21,23-32] on account of their ecological significance, with a global biomass comparable to that 60 

of humans [27]. They provide a crucial connection in oceanic food webs by grazing on smaller 61 

plankton and serving as prey for larger, commercially important animals such as fishes. Antarctic krill 62 

spend much of their lives migrating vertically and horizontally tens of kilometers each day, with 63 

locomotion costs accounting for nearly three-fourths of their daily metabolic expenditure [28, 29]. 64 

This makes minimizing cost of transport essential for their survival, rather than simply maximizing 65 

thrust or maneuverability, as would help with predation avoidance.  66 

E. superba swim by periodically stroking five pairs of closely-spaced swimming appendages in an 67 

adlocomotory sequence starting from the tail to head of the animal. Motion of pleopod pairs are 68 

phase-shifted in time relative to their neighboring pairs. Jointed pleopods allow pleopod motion to be 69 

geometrically asymmetric in time by allowing the endopodite and exopodite to fold in during the 70 

recovery stroke to reduce drag. Two commonly seen swimming gaits in E. superba are fast-forward 71 

(FFW) and hovering (HOV) [20]. HOV is used by E. superba during feeding in laboratory settings 72 

[1,30], and in the wild [31]. Faster swimming speeds realized by FFW [20] can be beneficial for 73 

collective migration, coordinated schooling behavior, and for predation avoidance [32]. These gaits 74 

are defined for different swimming behaviors, but the pleopod kinematics associated with each gait 75 

exhibit significant differences in stroke amplitude (SA), phase lag between pleopods (𝜙), and body 76 

orientation [20]. While we know that changing gait impacts swimming speed of E. superba [20], the 77 
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functional importance of individual kinematic parameters (specifically SA and 𝜙) on free-swimming 78 

performance remains unclear. As changes in E. superba gaits involve coupled changes to two or 79 

more stroke kinematic parameters, alternative approaches are necessary to identify functional roles 80 

of individual kinematic parameters. In this regard, robotic [33] and numerical [2,34-37] models can 81 

be useful to ascertain the relative importance of morphological and kinematic parameters. Such 82 

studies can improve our understanding of organism-environmental interactions in terms of what 83 

factors (morphology, kinematics) allow particular species to fill their specific environmental niches. 84 

Numerical studies [2,35] have shown metachronal motion to enhance thrust, while an 85 

experimental study showed that metachrony can also contribute to lift [33]. Additionally, increasing 86 

Reynolds number results in the wake travelling farther downstream [33], consistent with the 87 

observation that the wake of E. superba can be detected several body lengths farther downstream 88 

than the wake of smaller E. pacifica [25]. Assumptions inherent to numerical models have resulted in 89 

contradictory findings. For example, recent studies have suggested both that symmetric stroking 90 

about a vertical mean angle can [2,36] and cannot [37] generate forward motion at low Reynolds 91 

numbers, regardless of phase lag. Although most modeling studies have examined tethered models 92 

of paddling propulsion [33-37], Alben et al. [2] examined swimming speed for synchronous and 93 

metachronal rowing using a simple drag coefficient model. However, they did not examine the wake 94 

structure and neglected hydrodynamic interactions between the appendages and body. In summary, 95 

modeling efforts to date have not sufficiently investigated the effects of varying stroke kinematic 96 

parameters on free-swimming performance using biologically relevant body and pleopod designs.  97 

In this study, we developed a self-propelling paddling robot that is geometrically and dynamically 98 

similar to free-swimming E. superba, which we used to examine how changing inter-pleopod phase 99 

lag (𝜙) impacts swimming speed and forward force (thrust) generation. This model, referred to as 100 

“krillbot”, is used to examine the swimming performance and the wake structure of the HOV and 101 

FFW kinematics when changing 𝜙. We also consider changes in body orientation angle to examine 102 

whether the larger inclination used during HOV of E. superba can assist with weight support by 103 

directing the wake jet more downward. Finally, we examine the time-variation in distance between 104 

adjacent pleopods in order to identify the physical mechanism underlying the superior performance 105 

of metachronal rowing compared to synchronous rowing. 106 

 107 

2 Methods 108 

2.1 Geometric scaling 109 

We developed a programmable robot to model metachronal swimming with five pairs of paddling 110 

appendages. For geometric scaling of the krillbot body, morphological measurements were acquired 111 

on a high-resolution image of an Antarctic krill [38] (Figure 1A). These measurements were used to 112 

develop simplified geometries for the krillbot body by scaling dimensions in terms of pleopod length 113 
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(Figure 1B). Length of crustacean pleopods varies along the length of the body, but was maintained 114 

constant in the krillbot. In krill, a joint approximately halfway down each pleopod joins the protopodite 115 

(upper portion of the pleopod) with the endopodite and exopodite (two lobed structures that make up 116 

the lower portion of the pleopod). This allows the pleopod to unfold during power stroke (PS) and 117 

fold during recovery stroke (RS), creating a drag asymmetry that helps generate forward motion. 118 

Pleopod joints were modeled using 3.2 mm diameter stainless steel rods. Pleopod shape (physical 119 

model) was simplified to a rectangular planform protopodite, and endopodite and exopodite were 120 

combined into a trapezoidal flat plate (Figure 1C). The krillbot pleopods were positioned at an angle 121 

of 10o from vertical, similar to E. superba. The front edge was squared, while the back edge was 122 

rounded, allowing the lower portion of the limb to rotate freely during the recovery stroke. This 123 

allowed the hinge to passively follow hydrodynamic forces generated by the paddling motion, but 124 

limited to a maximum 𝛽 of 180o, but with no lower limit, as it is unknown whether crustaceans 125 

actively control their joints or allow them to passively follow the fluid. The tail and body angles were 126 

designed to approximately match those seen in hovering krill [20]. The body angles of 0o and 20o 127 

were chosen as test conditions since 0o is the minimum body drag condition for forward swimming, 128 

while 20o is within the range of body angles reported for krill in both the HOV and FFW gaits [20]. 129 

 130 

2.2 System design and kinematics 131 

Motion of each pair of pleopods on the krillbot was controlled by a NEMA-23 stepper motor (model 132 

ST23-4, National Instruments Corporation, Austin, TX, USA). Pleopod motion was driven by 6.4 mm 133 

timing belts that allowed the krillbot to be submerged below the fluid surface, while motors were 134 

positioned 100 mm above the fluid surface. A custom LabView (National Instruments Corporation, 135 

Austin, TX, USA) program prescribed angular positions to each stepper motor at 10 ms increments, 136 

allowing independent control of each pleopod. The LabView program communicated with the 137 

stepper motors through a National Instruments compact RIO system (cRIO-9066) connected to five 138 

stepper motor drives (SMD-7611, National Instruments Corporation) that were used to micro-step 139 

the motors to an angular resolution of 20,000 steps per revolution for precise angular control. 140 

Experiments were performed in a 2.43 m long glass aquarium, measuring 0.65 m in width and 0.77 141 

m in height (A). The krillbot was suspended from a 1 m long low-friction air bearing (model A-142 

108.1000, PI (Physik Instrumente) L.P., Auburn, MA, USA) that was mounted to a custom aluminum 143 

frame built around the aquarium. A pair of stainless steel D-shafts suspended the krillbot from an 144 

aluminum frame, which was mounted either directly to the air bearing (for 0o body angle) or to a 20o 145 

wedge that was fixed to the bottom surface of the air bearing (for 20o body angle). The air bearing 146 

allowed the krillbot to move freely along the horizontal axis, driven by the hydrodynamic forces 147 

generated from the paddling motion. Filtered air was supplied to the air bearing at 550 kPa to 148 

remove frictional effects on the suspension mechanism. The primary losses (additional to 149 
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hydrodynamic drag on the body) came from fluid drag on the timing belts, and from friction on the 150 

power cables used to control the motors. 151 

Time-variation of pleopod root angle (𝛼 in Figure 2D) was prescribed to a stepper motor to drive 152 

the upper part of each pleopod pair, based on individual pleopod kinematics reported for E. superba 153 

performing FFW and HOV kinematics [20]. To achieve different swimming performance for different 154 

behaviors, E. superba change the kinematics of limb motion, as well as the angles of their body and 155 

tail relative to the direction of the flow. E. superba paddle their pleopods with non-uniform 𝜙 between 156 

adjacent pairs. Table 1 shows the experimental conditions and various diagnostic measurements 157 

used in this study. For this study we tested kinematics with the unmodified, non-uniform phase lags 158 

(NU in Table 1) and kinematics modified to have uniform 𝜙 of 0%, 15%, 25% and 35% of the cycle 159 

(for both FFW and HOV), and 50% of the cycle (for HOV). 50% phase lag was not achievable using 160 

FFW kinematics because the large stroke amplitude and phase lag caused adjacent paddles to 161 

collide and break. Additionally, experiments for each condition were conducted with body angles of 162 

0o and 20o. For both unmodified and modified E. superba kinematics, amplitude variation of 𝛼 163 

(indicative of SA) for each pleopod pair was prescribed to be identical to that of the equivalent 164 

pleopod pair of E. superba. For modified E. superba kinematics, only the phase-shift between 165 

adjacent pleopods was altered to be equal (varying from 0% to 50% as noted earlier). Stroke 166 

frequency of each pleopod was identically maintained at 2.5 Hz, and non-dimensional time 𝜏 was 167 

defined based on the cycle time 𝑇 (i.e., 𝜏 = 𝑡 𝑇⁄ ; 𝑇=1 cycle=0.4 s). Start time (𝑡= 0 s) was defined to 168 

be the start of power stroke of the most posterior (P5) pleopod, so that 𝜏=0, 1, 2 … coincide with the 169 

start of consecutive power strokes of P5.  170 

Pleopod root angle (𝛼), and hinge angle (𝛽, Figure 2D) formed at the joint where the upper and 171 

lower parts of a pleopod meet, were tracked from high speed videos (HSVs) using ImageJ [39]. 172 

Tracking was performed at a reduced time-resolution of 25 frames/second (every 8th frame of HSVs 173 

acquired at 200 frames/second). Since the pleopods were mounted at an angle relative to the body, 174 

this resulted in some distortion of the 𝛽 angle and introduced some uncertainty due to the out-of-175 

plane rotation of the hinge. Additionally, since the hinges of each pleopod operated independently, it 176 

was possible for the left and right pleopods in a pair to have different 𝛽 values at any given time. The 177 

results of the kinematics tracking for the pleopod closer to the camera are shown over the last full 178 

cycle of each trial (Figure 3), to ensure that the model had reached a steady swimming speed. 179 

Mean and standard deviations were obtained across five independent trials. Representative HSVs 180 

are provided in electronic supplementary material. 181 

 182 

2.3 Dynamic scaling 183 
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The test aquarium was filled with a mixture of 85% glycerin and 15% water by volume (density, 184 

𝜌=1225 kg/m3; kinematic viscosity, 𝜈=100 mm2/s). This mixture allowed for matching the Reynolds 185 

number (𝑅𝑒) of flow generated by krillbot to that of freely-swimming Antarctic krill, for dynamic 186 

similarity. Pleopod 𝑅𝑒 was defined as: 187 

𝑅𝑒 =
𝑉𝑐𝐿𝑐

𝜈
=

(2𝜃𝑓𝐿)𝐿

𝜈
 (1) 

where 𝑉𝑐 and 𝐿𝑐 are characteristic velocity and length scales, respectively. We chose pleopod length 188 

(𝐿) as 𝐿𝑐 and the mean pleopod tip speed for 𝑉𝑐. 𝑉𝑐 is the product of stroke frequency (𝑓) and arc 189 

length (2𝜃𝐿). 𝜃 represents SA of the tail-most pleopod (SA is non-uniform among pleopods [20]). 𝑅𝑒 190 

of krill during HOV gait ranges from about 310-360, while 𝑅𝑒 of the krillbot performing HOV 191 

kinematics is 360 (Table 2).  For the fluid dynamic characteristics of the flow to match, both the 192 

Reynolds number and the Strouhal number should be matched. The Strouhal number (𝑆𝑡) is defined 193 

as follows: 194 

𝑆𝑡 =
𝑓𝐴

𝑉
 (2) 

where 𝑓 is the dominant frequency in the flow (equivalent to the stroke frequency), while 𝐴 and 𝑉 are 195 

the characteristic length and velocity, respectively. Since paddling crustaceans are often found 196 

hovering, Murphy et al. [21] proposed using the maximum velocity in the wake (𝑉𝑤𝑎𝑘𝑒) as the 197 

characteristic velocity for swimming speeds less than 2 body lengths per second. For the 198 

characteristic length, they used the horizontal distance traveled by the pleopod tip during PS (𝐴 =199 

2𝐿 𝑠𝑖𝑛(𝜃 ⁄ 2)). These definitions are used here for comparison. Based on this definition, Strouhal 200 

number is much less sensitive to changes in limb kinematics than Reynolds number. If it is assumed 201 

that the velocity in the core of the wake is approximately equal to the mean tip speed of the paddles 202 

(2𝜃𝑓𝐿), then the Strouhal number ranges from 0.5 for 𝜃=0o to 0.32 for 𝜃=180o, and is dependent only 203 

on 𝜃 (consistent with the 𝑆𝑡 range reported for E. superba [21]). This also overlaps with the range of 204 

𝑆𝑡 associated with the most efficient swimming performance in a number of other flying and 205 

swimming organisms [40]. 𝑅𝑒, on the other hand, is linearly dependent on both the stroke amplitude 206 

and stroke frequency, as well as the square of the paddle length. Since both 𝑅𝑒 and 𝑆𝑡 values 207 

achieved by the krillbot are similar to those of the krill (Table 2), physical characteristics of the flows 208 

generated by the krillbot and by E. superba are expected to be comparable for similar normalized 209 

swimming speeds. 210 

 211 

2.4 Swimming speed 212 

Krillbot swimming speed was determined from high-speed videos (HSVs) acquired at 200 213 

frames/second using a high-speed camera (Phantom Miro M110, Vision Research, Wayne, NJ, 214 
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USA). A 50 mm constant focal length lens (Nikon Micro Nikkor, Nikon Corporation, Tokyo, Japan) 215 

was attached to the camera (aperture setting of f/2.8) for all HSV measurements. The camera was 216 

placed 2.3 m from the mid-plane of the krillbot body to give a 1.2 m long FOV, to permit recording 217 

the entire length of krillbot travel (along the 1 m long air bearing). Displacement of a fixed point (P in 218 

Figure 2D) was tracked in time using DLTdv7 [41] in MATLAB (The MathWorks, Inc., Natick, MA, 219 

USA). Displacement of the krillbot was tracked in time, with averages and standard deviations taken 220 

over five independent trials. Displacement for the prescribed animal kinematics is shown in Figure 221 

4A. A higher slope of the displacement curve means that the krillbot moves faster. Body velocity was 222 

defined as the slope of the displacement curve, but was found to vary greatly within a cycle 223 

(Supplementary Figures S1-S3). Because of this, we defined a mean swimming speed (𝑉𝑚𝑒𝑎𝑛) to 224 

characterize swimming performance: 225 

𝑉𝑚𝑒𝑎𝑛 =
𝑥(𝑡 + 𝑇) − 𝑥(𝑇)

𝑇
 (3) 

where 𝑥(𝑡) is displacement at time 𝑡, 𝑇 is cycle time, and 𝑥(𝑡 + 𝑇) is displacement in one cycle after 226 

time 𝑡. This definition is the 1st order forward derivative in discrete time for one cycle. Mean 227 

swimming speed increased over the first several cycles, but achieved a constant value (asymptotic 228 

slope in Figure 4A) that was recorded as 𝑉𝑚𝑒𝑎𝑛. Mean and standard deviations of 𝑉𝑚𝑒𝑎𝑛 were 229 

calculated across five independent trials. Representative HSVs are provided in electronic 230 

supplementary material. 231 

 232 

2.5 Thrust 233 

An advantage to using a robotic model is that the krillbot allows for force measurements in a 234 

repeatable and controllable manner that may not be possible in organismal studies. In this study, 235 

thrust measurements were acquired for different phase lags for FFW and HOV kinematics at body 236 

angles of 0o and 20o. Forward propulsive force (thrust) was recorded using a 250 g uniaxial load cell 237 

(GSO-250, Transducer Techniques, Temecula, CA, USA). One end of the load cell was attached to 238 

the rear suspension rod between the krillbot and air bearing (Figure 2C), while the other end was 239 

connected to the aluminum frame via a short tether. Time-averaged thrust was calculated over each 240 

cycle, and the mean and standard deviation of time-averaged thrust were taken over 20 cycles (after 241 

forces reached a steady state). Time-averaged thrust (𝐹̅) was defined as: 242 

𝐹̅ =
1

20
∑

1

𝜏
∫ 𝐹(𝜏) 𝑑𝜏

(𝑛+1)𝜏

𝑛𝜏

30

𝑛=11

 (4) 

where 𝑛 is the cycle number, 𝐹 is the time-varying thrust measured by the load cell, and 𝜏 is 243 

dimensionless time (𝜏 = 𝑡 𝑇⁄ ; 𝑇=1 cycle=0.4 s). Thrust measurements were acquired for E. superba 244 

FFW and HOV kinematics [20] and for modified E. superba kinematics with 𝜙 ranging from 0% to 245 
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50%, at body angles of 0o and 20o. It is important to note that the FFW and HOV swimming 246 

kinematics may not be the best-suited for accelerating from rest, as tethered organisms have been 247 

observed to greatly change their behaviors when paddling [17,42]. 248 

 249 

2.6 Particle image velocimetry (PIV) 250 

PIV measurements were conducted in order to visualize the flow field caused by the paddling motion 251 

and the vorticity in the wake. The velocity fields show direction and magnitude of the flow at discrete 252 

points in the wake, and permit us to examine the wake structure, which is not achievable in bulk 253 

measurements such as swimming speed and thrust. PIV was performed in the mid-plane of the 254 

pleopod closest to the camera, since the pleopods of both krill and the krillbot flare out from the 255 

body, with a small space between pleopods in a pair. This allowed us to examine flow near the 256 

pleopod, where it should be the fastest and strongest. Two-dimensional, two-component PIV 257 

measurements were conducted in single-frame mode at 50 frames per second using an sCMOS 258 

camera (Imager sCMOS, LaVision GmbH, Göttingen, Germany). The fluid in the tank was uniformly 259 

seeded with titanium dioxide filled polyamide particles (55 μm mean diameter). Illumination was 260 

provided using a 527 nm wavelength high-speed laser with maximum repetition rate of 10 kHz and 261 

pulse energy of 30 mJ (Photonics Industries International, Ronkonkoma, NY, USA). The laser beam 262 

was passed through collimating optics (diverging lens and converging lens) and rotated 90o using a 263 

high-reflectivity mirror, after which it was passed through a cylindrical lens (-10 mm focal length) to 264 

generate a planar sheet (A). The camera acquired images at 50 frames/second, with image 265 

resolution of 2560 x 2160 pixels (pixel size: 6.5 x 6.5 microns). A 50 mm constant focal length lens 266 

(Nikon Micro Nikkor, Nikon Corporation, Tokyo, Japan) was attached to the sCMOS camera with an 267 

aperture setting of f/2.8 for all PIV measurements. The front of the lens was positioned 1.9 m from 268 

the mid-plane of krillbot body (lateral view), providing a field of view (FOV) of 0.63 m (length) x 0.53 269 

m (height), with spatial resolution of 242 μm/pixel (Figures 2A-2B).  270 

PIV images were acquired when the krillbot passed through the FOV, which was located near the 271 

end of the air bearing to allow enough time for the krillbot to accelerate to a steady swimming speed. 272 

PIV data were acquired for each phase lag and kinematic condition at 20o body angle. Velocity fields 273 

were calculated by multi-pass cross-correlation of raw images in DaVis 8.4 (LaVision GmbH, 274 

Göttingen, Germany). One pass each with window size of 64x64 pixels and 32x32 pixels, each with 275 

50% overlap, was used for cross-correlation. Post-processing was performed to remove velocity 276 

vectors with peak ratio Q < 1.2. The body of the krillbot was manually traced for masking, and the 277 

masked region was excluded from the PIV cross-correlation calculations. 278 

To examine rotational motion in the flow fields, out-of-plane (𝑧) component of vorticity (𝜔𝑧) was 279 

calculated using the following equation: 280 
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𝜔𝑧 =
𝜕𝑢

𝜕𝑦
−

𝜕𝑣

𝜕𝑥
 (5) 

where x and y represent horizontal and vertical coordinates, respectively; and 𝑢 and 𝑣 represent 281 

horizontal (𝑥-component) and vertical (𝑦-component) velocity, respectively. Wake vorticity has been 282 

tied to hydrodynamic signaling between neighboring individuals in aggregations [25].  283 

 284 

2.7 Performance Metrics 285 

The advance ratio (𝐽), is a common measure of propulsive efficiency for forward motion that 286 

compares mean swimming speed to mean propulsor speed. While it is typically used for single 287 

propulsors rotating at a constant rate, it has been modified for use in crustaceans to account for the 288 

number of pleopod pairs (𝑚) as shown below [21]: 289 

𝐽 =
𝑉𝑚𝑒𝑎𝑛

(2𝜃𝑓𝐿)𝑚
 (6) 

A high value of 𝐽 means that the animal moves faster than its appendage. For drag-based propulsion 290 

(where the pleopod moves back and forth in the direction of animal motion), it would be unrealistic to 291 

have a value of 𝐽 greater than 1. To get a value less than 1, Murphy [21] introduced a factor of 1/𝑚 to 292 

the advance ratio calculation. This is the definition of the advance ratio used here, so that the krillbot 293 

data can be compared directly to the data reported for E. superba. 294 

As a way to determine whether the krillbot gets a boost in speed when limbs move closer 295 

together forcing a jet to escape between paddles to “push” the krillbot forward, or when the limbs 296 

move apart, resulting in the formation of strong tip vortices creating suction on the front edge of the 297 

paddles to “pull” the krillbot forward, we calculated the time-varying distance between the joints of 298 

adjacent pleopods. This was compared to the variation in swimming speed within the paddling cycle 299 

to determine when in the cycle the krillbot was moving faster or slower than average. Inter-hinge 300 

distances were calculated as:  301 

𝑑𝑃𝑛,𝑃𝑛+1
= 𝐺 +

𝐿

2
[sin (𝛼𝑃𝑛+1

−
𝜋

2
) − sin (𝛼𝑃𝑛

−
𝜋

2
)] (7) 

where G is the gap between pleopods (41.9 mm), 𝐿

2
 is the distance from the pleopod root to the hinge 302 

(38.1 mm), and 𝛼 is the pleopod root angle in radians. The pleopod number n is allowed to range 303 

from 1 to 4, so when n=1 is selected, equation 7 gives the distance between the hinge joints of P1 304 

and P2 based on the gap between limbs and instantaneous values of 𝛼 for P1 and P2.  Distances 305 

were based on manually tracked values of alpha, similar to those shown in Figures 3A and 3B. 306 

Instantaneous deviation of the body from the mean swimming speed was calculated as the 307 

difference of the actual body position in time and the estimated body position when moving at the 308 

mean velocity, as below: 309 

Δ𝑥(𝑡) = 𝑥(𝑡) − (𝑉𝑚𝑒𝑎𝑛. 𝑡 + 𝑥(𝑡0)) (8) 
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where 𝛥𝑥(𝑡) is the positional deviation at time 𝑡, 𝑥(𝑡) is the position of the robot at time 𝑡, 𝑉𝑚𝑒𝑎𝑛 ⋅ 𝑡 is 310 

the estimated position when moving at constant speed 𝑉𝑚𝑒𝑎𝑛, and 𝑥(𝑡0) is the displacement at some 311 

time 𝑡0 after the krillbot has reached a periodic steady speed. This was used as the indicator of the 312 

aforementioned speed boost that could be used to identify the mechanism of force augmentation 313 

prevalent in metachronal swimming. An increasing value of 𝛥𝑥 (positive slope) will indicate a speed 314 

boost, while a decreasing value of 𝛥𝑥 (negative slope) would indicate slowing of krillbot motion. 315 

 316 

3 Results 317 

3.1 Kinematics 318 

For both FFW and HOV kinematics (Figure 3), measured pleopod root angles (dashed lines) match 319 

well with the prescribed animal data (solid lines), meaning that our model replicated the animal 320 

kinematics reasonably well. The hinge angles (𝛽) are not controlled and are driven by hydrodynamic 321 

forces acting upon the pleopods. For the most part, hinge angles are qualitatively similar to those of 322 

E. superba [20], with the notable exception of P1 during HOV, which often failed to unfold fully during 323 

the power stroke, and had a lower average value than in the animal. Since the hinge angles are not 324 

directly controlled, it is unsurprising that they do not match as well as the pleopod root angles. 𝛽 325 

does not unfold as much in FFW as in HOV kinematics. 𝛽 agrees better during FFW than during 326 

HOV. During FFW, the motion agrees relatively well in time, but with the largest differences 327 

occurring at the peak and minimum values of 𝛽. However, during HOV the most difference between 328 

tracked krillbot data versus krill data is in time (with the notable exception of P1). In the krill, the limb 329 

joint only briefly maintains the maximum and minimum 𝛽 values, while the krillbot spends most of the 330 

power stroke with the hinge angle at approximately 180o 𝛽. A number of factors could contribute to 331 

differences between animal and krillbot 𝛽, including differences in energy dissipation (friction), 332 

energy storage (“springiness” of the joint), and angle limits based on the structure of the joint. 333 

 334 

3.2 Swimming Speed 335 

For both body angles (0o and 20o), FFW outperforms HOV by travelling the full length of the air 336 

bearing faster. Although the krillbot starts from rest and initially accelerates, it reaches a steady 337 

swimming speed after 7-8 stroke cycles. Using the definition of mean swimming speed from 338 

equation 3 (slope of the displacement curve in Figure 4A), we calculated the mean and standard 339 

deviation for each test condition (Figure 4B) for E. superba kinematics taken from Murphy et al. [20], 340 

at body angles of 0o and 20o. These are compared to mean swimming speed for modified E. superba 341 

kinematics with uniform phase lags of 0%, 15%, 25%, 35%, and 50% of the cycle (Figure 4C). We 342 

note that 50% phase lag was unachievable for FFW kinematics because the large stroke amplitude 343 

caused the paddles to collide and break. Steady swimming speed of the 15% FFW case is the same 344 
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as that obtained using the non-uniform FFW kinematics of E. superba. The steady swimming speed 345 

using HOV kinematics of E. superba (non-uniform 𝜙) is similar to that obtained using modified E. 346 

superba HOV kinematics with uniform 𝜙=25%. For both FFW and HOV, maximum swimming speed 347 

occurs in the range of 15% to 25% phase lag, which agrees with expected results based on a 348 

number of previous studies on robotic (tethered) and numerical models [33,35-36]. The advance 349 

ratio (Equation 6) relates the swimming speed to the speed of the paddle and is shown in Figure 4D. 350 

A low value of the advance ratio means that more energy is expended in trying to move forward over 351 

the same distance. The lower advance ratio seen during HOV was expected, as most of the energy 352 

exerted by the hovering krill should go to supporting weight, rather than propelling the body forward. 353 

The lower ratio of 𝐽𝐹𝐹𝑊/𝐽𝐻𝑂𝑉 as compared to 𝑉𝐹𝐹𝑊/𝑉𝐻𝑂𝑉 is consistent with the expectation of 354 

increasing body drag at higher swimming speeds. 355 

 356 

3.3 Thrust 357 

The krillbot allowed for the collection of thrust data in a repeatable manner with controllable 358 

kinematics, which is not possible in organismal studies. Average thrust generated by the motion of 359 

the paddling limbs is shown in Figure 5A for when the krillbot is tethered and performing the E. 360 

superba kinematics with non-uniform 𝜙. FFW kinematics generate more thrust than HOV kinematics, 361 

regardless of whether the body is oriented at 0o or 20o. Figure 5B shows the effect of changing 362 

uniform phase lag (modified E. superba kinematics) on time-averaged thrust for each kinematic 363 

condition and body angle. Regardless of phase lag, FFW kinematics generated more thrust than 364 

HOV kinematics. The highest thrust produced by FFW kinematics was obtained when using the 365 

animal kinematics, 1.98 ± 0.05 𝑁 for 0o body angle and 1.55 ± 0.05 𝑁 at 20o body angle. Uniform 366 

𝜙 =15% performed most like the unmodified FFW kinematics, with 1.89 ± 0.02 𝑁 at 0o body angle 367 

and 1.44 ± 0.05 𝑁 at 20o body angle. 𝜙 =0% resulted in the least thrust for FFW kinematics, and 368 

𝜙 =50% was unachievable during FFW motion due to the large stroke amplitude causing collisions 369 

between neighboring paddles. 370 

Unlike unmodified FFW kinematics, the unmodified HOV kinematics did not result in higher thrust 371 

measurements than the modified kinematics with uniform 𝜙. Unmodified HOV kinematics resulted in 372 

0.50 ± 0.06 𝑁 thrust at 0o body angle, which is similar to the 0.44 ± 0.04 𝑁 measured with uniform 373 

𝜙 =25% for the same body angle, but much lower than the 0.73 ± 0.01 𝑁 measured at a uniform 374 

𝜙 =15%. Since 0o body angle is more appropriate for forward swimming and is not commonly seen 375 

in hovering krill [20], the 20o body angle case may be a more realistic case for determining the forces 376 

on hovering krill. While 𝜙 =0% and 𝜙 =15% show very almost no thrust, 𝜙 =25% has the highest 377 

thrust of 0.50 ± 0.01 𝑁, which is larger than the thrust in the unmodified HOV kinematics at 0.39 ±378 

0.02 𝑁. While the lower thrust produced with the unmodified HOV kinematics than with the uniform 379 
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25% phase lag may not seem beneficial for swimming performance, for hovering the force vector 380 

should be directed in a primarily downward direction (producing more lift than thrust). Since the 381 

direction of the wake jet cannot be determined from bulk measurements such as the forward 382 

swimming speed and thrust, PIV was used to visualize the structure of the wake. 383 

 384 

3.4 Flow visualization 385 

PIV was used to visualize the flow generated by the paddling motion under different kinematic 386 

conditions for the different body angles examined in this study. Hovering Antarctic krill have been 387 

reported to have body angles ranging from approximately 10o to 60o and phase lags ranging from 388 

approximately 15% to 30% of cycle time [20]. Since the Reynolds number, Strouhal number, and 389 

nondimensional swimming speed of the krillbot performing HOV kinematics match well with those of 390 

the krill performing the same stroke, the dynamics of the flow field should also be well matched. 391 

Figure 6 shows the flow field generated by the krillbot performing HOV kinematics at body angles of 392 

0o and 20o, at time points 0%, 25%, 50%, and 75% of cycle time as defined by the tail-most pleopod 393 

P5. These time points correspond to the start, middle, and end of PS and to the middle of RS. End 394 

PS also corresponds to the start of RS, while end RS corresponds to start PS. The flow field at 0o is 395 

directed in a primarily ventral (horizontal) direction, with distinct jets coming from the pleopods and 396 

from the flow past the tail. At 20o body angle, the primary jet generated by the pleopods is directed in 397 

a more downward direction, as should be expected due to the larger body angle. However, the wake 398 

is not a simple rotation of the flow generated by the HOV motion at 0o body angle. The primary jet 399 

generated by the pleopods is stronger and has clearly defined shear layers at its leading edge. The 400 

wake past the tail is also rotated in this case. The direction of the wake is directly correlated to the 401 

direction of the thrust vector, and an organism swimming in a quiescent fluid relies on the 402 

acceleration of fluid for force generation. A continuous wake directed in a primarily downward 403 

direction would help a hovering organism to maintain a constant position in the water column, rather 404 

than having to continuously adapt kinematics to move up or down. 405 

In addition to changing the body angle of the krillbot, we also examined the effect of changing the 406 

phase lag between pleopods on the wake. Figure 7 shows the wake of the krillbot (20o body angle) 407 

performing modified HOV kinematics with uniform 𝜙 of 0%, 25%, and 50% of cycle time at the same 408 

time points shown in Figure 6. Synchronous motion (0% phase lag, left) shows the wake splitting 409 

into two jets, with one directed downward and toward the tail, and the other directed downward and 410 

slightly forward. This forward wake would be expected to result in reduced swimming speed relative 411 

to a wake directed in the caudal direction only. 50% phase lag (right) shows a wake directed in a 412 

primarily downward direction. This wake is broader but slower than the wake generated by the 413 

unmodified HOV kinematics (Figure 6). An organism swimming in a quiescent fluid that generates a 414 

faster, narrower wake with the same mass flux is expected to generate higher thrust relative to a 415 
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wider, slower wake. When this thrust vector is angled downward, this allows the propulsive force to 416 

be used for weight support, as in hovering krill. Unlike the cases of 0% and 50% phase lag, the 25% 417 

phase lag results in wake with a narrow, fast-moving jet directed in a primarily downward direction, 418 

which would provide an organism with the most thrust. This is consistent with both observed 419 

behaviors in krill, which use phase lags of approximately 15-30% during HOV [2, 20], and with 420 

computational results which suggest that phase lag of approximately 25% provides the largest 421 

average flux [35]. 422 

PIV was also performed for FFW kinematics, with unmodified (0 and 20o body angle) kinematics 423 

and for modified FFW kinematics with 0% and 15% phase lag at 20o body angle shown in 424 

Supplementary Figures S4-S5. At 0o, FFW motion generates two distinct jets, one in a downward 425 

direction, and the other in a primarily ventral direction. In contrast, the wake at 20o body angle does 426 

not have distinct jets (Figure S4). For changing phase lag, the 𝜙=0% case shows a periodic motion 427 

while 𝜙=15% shows a straighter, more continuous jet (Figure S5). However, the wakes here should 428 

not be taken as true indicators of the wake of E. superba using FFW gait, since the normalized 429 

speed and displacement efficiency of the krillbot was found to be much lower than krill (Table 2), 430 

due to drag forces on the support system that resist krillbot motion. 431 

 432 

3.5 Comparison to swimming euphausiids 433 

The krillbot is approximately 11 times larger than the E. superba individuals recorded by Murphy et 434 

al. [20], but is geometrically similar and operates at approximately the same Reynolds numbers and 435 

Strouhal numbers. Protopodite kinematics were prescribed to match data previously reported on 436 

freely-swimming E. superba [20] and matched relatively well in the krillbot (Figures 3A-3B). 437 

Normalized swimming speed, displacement efficiency, and advance ratio of the krillbot (Table 2) 438 

were lower than for the two species of freely-swimming krill [20,25]. Reynolds number for the krillbot 439 

was designed to match the Reynolds number range for Antarctic krill [20-21], and Strouhal numbers 440 

(dependent on momentum transfer to the wake) were matched as well. Though kinematics for this 441 

study were based on Antarctic krill, they could be easily modified to match other species as such 442 

data becomes available. Lower advance ratios are observed for the krillbot despite using kinematics 443 

identical to those of E. superba. This suggests that the relatively lower swimming performance of the 444 

krillbot is due primarily to added drag from the assembly (cabling resistance, drag generated by 445 

krillbot suspension), and possibly also due to restriction of one-dimensional travel. Additionally, the 446 

simplified geometries of the rigid krillbot pleopods, and the design of their hinges, could contribute to 447 

lower thrust coefficients in the krillbot than in live animals.  448 

 449 

4 Discussion 450 
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Although several studies of metachronal propulsion have been performed in freely-swimming 451 

crustaceans [4,19,21] and using numerical [2,34-36] and robotic models [33,37], the relative effects 452 

of varying individual stroke kinematic parameters on free-swimming performance are unclear. In this 453 

study, we examined free-swimming performance as a function of inter-pleopod phase lag (𝜙) using a 454 

self-propelled biomimetic krill robot. Krillbot pleopods were programmed to move using previously 455 

published fast-forward swimming (FFW) and hovering (HOV) kinematics of freely-swimming 456 

Antarctic krill, E. superba [20]. Additionally, 𝜙 was varied from 0% of the stroke period to a maximum 457 

of 35% (FFW) or 50% (HOV). Swimming performance was assessed using free-swimming speed 458 

and tethered thrust. Regardless of phase lag, metachronal motion of pleopods (non-zero 𝜙) resulted 459 

in increasing swimming speed and thrust compared to synchronous paddling (𝜙=0%). Flow 460 

visualization showed dramatic differences between different phase lags. The angled jet generated by 461 

HOV can enable downward momentum transfer for animal weight support needed during E. superba 462 

feeding. Further, the coherent wake structure generated by paddling with non-zero 𝜙 could 463 

potentially assist in hydrodynamic signaling between neighboring krill. To the best of the authors’ 464 

awareness, this is the first study to report: 1) thrust generated by FFW and HOV kinematics of E. 465 

superba; 2) effect of varying 𝜙 on free-swimming performance; 3) flow generated by HOV kinematics 466 

of E. superba with changing body angle and phase lag; and 4) on the fluid dynamic mechanism 467 

underlying thrust augmentation by metachronal rowing (i.e., non-zero 𝜙). 468 

FFW kinematics with phase lags (𝜙) ranging between 15% to 25%, similar to the range of 𝜙 469 

reported in FFW motion of freely-swimming E. superba, were found to provide highest thrust and 470 

swimming speed. This is also within the range of 𝜙 where highest average volumetric flux was 471 

obtained in previous computational modeling studies of tethered metachronal propulsion [35-36], as 472 

well as within the range of 𝜙 where largest fluid momentum was observed in a previous study using 473 

a tethered metachronal robotic model [33]. Zhang et al. [35] argued that geometries generated by 474 

adjacent pleopods stroking at 𝜙=25% could help in entrapping more volume of fluid in the inter-475 

pleopod gap during PS and less volume of fluid during RS. However, they did not examine free-476 

swimming performance with their modeling approach.  477 

Despite simplifications in the krillbot pleopod design, including the lack of ‘lobed’ structure (with 478 

endopodite and exopodite), rigid structure, and the absence of setae, our robotic model 479 

characteristics compare well with those of free-swimming E. superba and E. pacifica (Table 2). The 480 

krillbot can reasonably mimic the pleopod kinematics associated with two distinct E. superba 481 

swimming gaits (FFW and HOV). Strouhal number of the krillbot matches that of E. superba when 482 

the geometry, Reynolds number, and kinematics are the same. However, losses in the system 483 

(resistance offered by cabling, drag generated by suspension system) inevitably result in lower 484 

displacement efficiency in the krillbot (particularly when using FFW kinematics) than in euphausiids. 485 
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Changing the body angle of the krillbot from 0o to 20o resulted in lower swimming speeds. Two 486 

results of changing the body angle are the body drag being greater for the same swimming speed at 487 

20o due to larger cross-sectional area, as well as the momentum of the fluid wake generated by the 488 

paddling motion being directed in a more downward direction. These two factors contribute to the 489 

lower swimming speed of the krillbot when positioned with a 20o body angle, as compared to a 0o 490 

body angle, and help paddling krill maintain their position while still supporting their weight while 491 

swimming at reported body angles of 20-30o [20]. 492 

The flow generated by the krillbot using HOV kinematics was qualitatively similar to that reported 493 

in hovering E. superba [21], and the wake structure was found to change along with swimming 494 

performance for changing phase lag. The ventrally angled jet generated by HOV motion can enable 495 

downward momentum transfer for weight support needed during E. superba feeding [21]. 496 

Additionally, since increasing the body angle from 0o to 20o resulted in decreased swimming speed 497 

and a more vertical orientation of the wake, farther increasing the body angle could force the robot to 498 

paddle in position, which would be useful for hovering robots using this mechanism. Crustaceans are 499 

observed to change the angle of their tail relative to their bodies, and to change the angle of their 500 

abdomen relative to their thorax in order to achieve hovering and different maneuvers. Further 501 

studies are needed to identify the specific roles of body and tail angles, as well as other geometric 502 

and kinematic parameters.  503 

To examine the fluid dynamic mechanism augmenting krillbot thrust for 𝜙>0%, we characterized 504 

the change in distance between hinges of adjacent pleopods in time (Figures 8A-8B). For 505 

synchronous pleopod motion (𝜙=0%), the distance between hinges is nearly constant (≈42 mm, 506 

Figure 8A). However, adjacent pleopods move relative to each other when operating with non-zero 507 

phase lag (Figure 8B). By comparing the change in hinge distance to the krillbot displacement, we 508 

found that the krillbot motion slows when adjacent pleopods move towards each other and speeds 509 

up when adjacent pleopods move apart (Figures 8C-8D). This points to a mechanism of thrust 510 

generation whereby strong tip vortices generated during the power stroke [43] create suction to pull 511 

the krillbot forward, rather than a mechanism by which the expulsion of jets between paddles pushes 512 

the krillbot. While jets will be expelled from between adjacent paddles moving towards each other 513 

with a phase lag, they will be directed in a primarily vertical direction, particularly when there is a 514 

non-zero body angle. Jointed pleopods help to direct the jet flow downward when pleopods move 515 

towards each other, in contrast to the primarily horizontal wake generated when two adjacent 516 

paddles move apart from each other.  517 

 518 

5 Conclusions 519 

Using a self-propelling krill robot, we show that the phase lag range used by freely-swimming 520 

Antarctic krill (E. superba) is well-suited for achieving peak swimming performance (FFW), and for 521 
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downward transfer of momentum (HOV). Variation of inter-pleopod phase lag in metachronal 522 

swimming directly affects steady swimming speed during self-propulsion. Swimming speed 523 

increases at the start of each paddle’s power stroke, when the tip vortices grow the fastest [43]. 524 

Swimming speed decreases when the paddles move closer together. Collectively, these findings 525 

illustrate the importance of phase lag in free-swimming performance of coordinated appendage 526 

rowing and clear the way for future studies to examine the effects of other morphological and 527 

kinematic parameters on swimming performance. 528 
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Tables 637 

 HOV FFW 
Body Angle 0o 20o 0o 20o 

Thrust NU, 0, 15, 25, 35, 
50% 

NU, 0, 15, 25, 35, 
50% 

NU, 0, 15, 25, 
35% 

NU, 0, 15, 25, 
35% 

Swimming 
Speed 

NU, 0, 15, 25, 35, 
50% 

NU, 0, 15, 25, 35, 
50% 

NU, 0, 15, 25, 
35% 

NU, 0, 15, 25, 
35% 

PIV NU 0, 25, 50% NU 0, 15% 
 638 

Table 1. Experimental conditions used in this study. For each condition (HOV or FFW kinematics, 0o 639 

or 20o body angle), and each data type (thrust, swimming speed, and PIV), the prescribed phase 640 

lags presented in this study are shown. NU represents the unmodified animal kinematics, while 641 

numeric values represent uniform values of 𝜙, as a percentage of cycle time. 642 

  643 
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Metric 
Swimming 

mode 
E. pacifica E. superba Krillbot 

Body Length (cm) N/A 2.7 1.0-5.5 46.4 

Limb Length (cm) N/A 0.25 0.65 7.62 

Number of Pleopod Pairs N/A 5 5 5 

Maximum Stroke Amplitude (o) 
HOV — 76 71 

FFW 111 105 102 

Pleopod Beat Frequency (Hz) 
HOV 5.6 3 2.5 

FFW 10.9 6.2 2.5 

Swimming Speed (cm/s) 
HOV 2.6 1 4.9 

FFW 15.5 12.6 15.3 

Normalized speed (BL/s) 
HOV 1 0.26 0.1 

FFW 4.84 4.0 0.33 

Displacement Efficiency 

(BL/stroke) 

HOV 0.46 0.09 0.04 

FFW 0.44 0.65 0.13 

Advance ratio 
HOV 0.096 0.039 0.02 

FFW 0.29 0.19 0.045 

Reynolds Number 
HOV 135* 310-360 360 

FFW 264 380-1400 517 

Strouhal Number 
HOV — 0.37 0.44 

FFW — 0.38 0.45 
 * = stroke amplitude for FFW E. pacifica used for calculations 644 

Table 2. Metrics used to compare the krillbot swimming performance to the swimming performance 645 

of live Euphausia pacifica and Euphausia superba. The kinematics used in this study came from E. 646 

superba [20]. Data for E. pacifica and E. superba obtained from [20,25]. Displacement efficiency, 647 

advance ratio, and Strouhal number allow for direct comparison to the live animal swimming 648 

performance. Displacement efficiency is lower in the krillbot than in krill, resulting in a lower advance 649 

ratio. 650 
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Figure captions 652 

Figure 1. Geometric scaling of krill and krillbot design. (A) Antarctic krill (Euphausia superba) with 653 

lengths nondimensionalized relative to the pleopod length (L). Image of E. superba adapted and 654 

edited from Kils [37]. (B) Dimensions of the krillbot specified in mm. The body length of the robotic 655 

model is approximately 10 times that of adult E. superba and is geometrically similar. (C) Front view 656 

of a pair of krillbot pleopods (dimensions in mm). Geometry is simplified such that all pleopods are of 657 

the same length and a hinge is located midway down the length of each pleopod. Below the hinge, 658 

pleopod geometry is simplified to a trapezoidal flat plate. Rigid, solid pleopods are used on the 659 

krillbot as compared to the pleopods of E. superba with long feather-like setae at the fringes. 660 

Figure 2. Experimental apparatus. (A) Camera view used in PIV data acquisition. A laser sheet 661 

illuminates seeding particles in the tank from below. The krillbot is suspended from a 1m long linear 662 

air bearing and can move forward or backward by paddling a series of pleopods. (B) Top view of the 663 

PIV setup, showing the location of the PIV laser plane. Clear acrylic pleopods allow laser light to 664 

pass through. (C) Schematic of the experimental setup used for force measurements, made using a 665 

uniaxial load cell. (D) Close-up image of the krillbot from a representative high-speed video used to 666 

quantify swimming speed. Position of the mounting screw (P) near the head (H) of the model was 667 

tracked in each frame. Pleopods are labeled from anterior (P1) to posterior (P5). Time-variation of 668 

pleopod root angle (𝛼) was prescribed, and pleopod joint angles (𝛽) were allowed to passively fold 669 

during recovery stroke (RS) and unfold in power stroke (PS).  670 

Figure 3. Pleopod kinematics of Antarctic krill [20] and of the krillbot. (A) Pleopod root angle (α) 671 

versus time for non-uniform (NU, Table 2) fast-forward (FFW) kinematics. Solid lines represent 672 

prescribed motion, obtained from E. superba [20] and dashed lines represent the mean kinematics 673 

achieved by the krillbot (shading represents ±1 standard deviation across 5 trials). (B) 𝛼 versus time 674 

for non-uniform (NU, Table 2) hovering (HOV) kinematics. (C) Hinge angle 𝛽 versus time for FFW 675 

kinematics. Hinge angle 𝛽 was not actively controlled, and followed the hydrodynamic forces 676 

generated by the paddling motion. (D) 𝛽 versus time for HOV kinematics. 677 

Figure 4. Self-propulsion characteristics of the krillbot. (A) Krillbot displacement versus non-678 

dimensional time (𝜏) for non-uniform 𝜙. (B) Steady swimming speed for the conditions shown in (A). 679 

(C) Steady swimming speed for varying phase lag and kinematics for modified E. superba 680 

kinematics with uniform 𝜙. For both FFW and HOV, uniform 15% phase lag shows nearly equal 681 

swimming speed (in C) as non-uniform phase lag (in B). (D) Advance ratio for varying kinematics, 682 

body angle, and phase lag, calculated using equation (6).  683 

Figure 5. Time-averaged thrust (forward force) generated for varying 𝜙 and body angle, measured 684 

on a uniaxial load cell (Figure 2C). Regardless of phase lag and body angle tested, FFW kinematics 685 
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(both unmodified E. superba kinematics and modified E. superba FFW kinematics with uniform 𝜙) 686 

generated more forward force than HOV kinematics. For FFW, non-uniform phase lag (in A) was 687 

found to generate nearly the same thrust as uniform (15%) phase lag (in B). 688 

Figure 6. Out-of-plane vorticity contours overlaid with velocity fields generated by krillbot using HOV 689 

kinematics with 0o (A-D), and 20o body angle (E-H) kinematics of E. superba [20]. (A & E) Start of 690 

power stroke (PS). (B & F) Middle of PS. (C & G) End of PS, which coincides with the start of 691 

recovery stroke (RS). (D & H) Middle of RS. All time points are in reference to P5. 692 

Figure 7. Out-of-plane vorticity contours overlaid with velocity fields generated by krillbot (20o body 693 

angle) using modified HOV kinematics of E. superba such that phase lag between adjacent 694 

pleopods were equal. (A-D) synchronous motion (0% phase lag), (E-H) 25% phase lag. (I-L) 50% 695 

phase lag. Time points for each row are the same as in Figure 6. 696 

Figure 8. Inter-hinge distances and body position deviation (from mean swimming speed) for FFW 697 

kinematics with uniform 𝜙. Body position deviation (𝛥𝑥) was calculated using equation (8). Inter-698 

hinge distance between pleopod pairs for FFW kinematics was nearly constant at 0% phase lag (A) 699 

as compared to periodic fluctuations for 15% phase lag (B). Variation in 𝛥𝑥 was larger for 𝜙=0% 700 

(shown in C) as compared to 𝜙=15%-35% (shown in D). 701 

 702 
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