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Abstract. Some species of fish are able to alter their mode of swimming to interact with naturally 

produced vortices; the use of these gaits reduces the energy expended by the fish. To analyse the 

feasibility of autonomous underwater vehicles (AUV) replicating these gaits, a series of experiments 

are performed with unpowered rigid and flexible bodies positioned in the Kármán wake of a rigid 

cylinder. Simple motion capture techniques are used to capture the bodies’ lateral and upstream motion 

in the flow. The results demonstrate that manufactured bodies are capable of passively mimicking fish 

behaviours, to a limited extent. More importantly, it was concluded that while significant upstream 

movement was possible for a manufactured object, it was achievable irrespective of the stiffness of the 

material. For AUVs operating in unsteady flow regimes an ability to utilise energy saving gaits may 

improve the range or operational time. 

1. Introduction 

 

Uneven or rocky sea or river beds, sea-ice structures, man-made structures, waves and coastal surf zones 

coupled with a local current or flow lead to unsteady non-uniform flows. Evolution has equipped most fish with 

a lateral line, a sensory system comprising of organs known as mechanoreceptive neuromasts which allow fish 

to sense these flow features and take advantage of unsteady flows to minimise energy expenditure. The 

preference of fish to use unsteady flow features has been observed in both the laboratory 
1, 2

 and the field 
3-5

. 

Improved understanding of the behaviour of fish in unsteady flows is important for stream design, habitat 

management and fish passageway design 
6
.  
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The flow past a rigid cylinder held perpendicular to a uniform flow is a useful example of a time varying flow, 

which has been extensively studied
7
. A characteristic wake, termed a Kármán vortex street, is observed 

comprising of two staggered rows of vortices shed from alternative sides of the cylinder, with an alternating 

direction of rotation. These vortices slowly dissipate due to viscosity as they travel downstream. Directly behind 

the cylinder there exists a region where the wake exhibits a net upstream average velocity, this region is termed 

the ‘suction’ region and typically extends up to two cylinder diameters downstream. Two distinct methods for 

fish to interact with these flow features have been observed. Entraining is where the fish maintains its position 

in earth fixed co-ordinates directly behind the body with their head just behind and to one side of the cylinder
1
. 

The effect of the low-pressure suction region behind the bluff body means the fish makes no regular axial 

swimming motions and yet can still balance thrust and drag forces to hold station behind the bluff body.  

Slaloming is where the fish will seek and maintain a position a few body lengths downstream of a bluff body, 

outside of the suction region, where it seeks to ‘slalom’ between shed vortices in a technique that is termed the 

Kármán gait
8
, see Figure 1. The fish voluntarily modify their body kinematics to interact with the vortices 

present in the flow, the fish synchronize their tailbeat frequency to the vortex shedding frequency of the cylinder 

and display large lateral movements. Such behaviour has been observed in fish with a variety of body shapes 

and occupying different ecological niches.  Results in the literature show that both mechanisms result in station 

holding relative to the earth frame of reference, thus suggesting that the hydrodynamic thrust and drag forces are 

equal and opposite
9
. 
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Figure 1.  Schematic of the hydrodynamic mechanism of the Kármán gait (adapted from Liao et al.
8
). The fish 

‘slaloms’ between shed vortices. The resulting thrust and drag acting on the fish balance resulting in no net 

upstream or downstream motion. 

 

Based on theoretical and experimental work with oscillating foils, live and euthanized fish, Liao et al.
8, 9

 

hypothesized that the mechanism of vortex capture for thrust production in a vortex street can be accounted for 

as a result of the body interacting with the dynamics in the wake. Liao et al 
8
 performed flow visualization 

around a rainbow trout  (Oncorhynchus mykiss) swimming in the unsteady wake of a D-section cylinder. They 

were able to show that the trout adopted the Kármán gait in preference to other modes of swimming. On 

monitoring the muscle activity of trout swimming behind a bluff body, when adopting the Kármán gait, the only 

muscles used were the anterior axial ones; an activity mainly associated with station keeping and not propulsion. 

This is in contrast to normal swimming (in a free stream) where a pattern of propagating muscle activity down 

the length of the fish was observed. Compared to trout swimming in the free stream at 4.5 BL s
-1

 (Body Lengths 

per second), trout holding station behind the large cylinder at the same flow speed showed a significant decrease 

(303%) in tailbeat frequency and a large (354%) increase in wavelength passing down the body. This matches 

the body oscillations to the vortex shedding frequency and spacing. In addition, body amplitudes (lateral 

movement of the body) increase 300-800%, depending on body location. Rainbow trout are lotic (stream-
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dwelling) fish, thus they are expected to have evolved a body shape and behaviours to take advantage of the 

obstacles present in these habitats. 

 

This observation is confirmed by the work of Beal et al 
10

,  where a dead trout tied to a string and placed in the 

wake of a bluff body was also observed to adopt a Kármán gait like motion and travel upstream. Later studies by 

Liao et al.
9
 showed that the dead trout only exhibited signs of moving upstream prior to rigor mortis, after 

which no upstream movement was observable. As a consequence, it was suggested that the natural resonance of 

a still-flexible dead trout is crucial in determining its ability to move upstream, since it is unable to actively 

modify its body kinematics. In an experiment to determine if these ideas could be applied to engineered systems 

Phillips et al.
11

 demonstrated the ability of a slender flexible body to adopt the Kármán gait and exhibit 

repeatable upstream motion. Based on these observations it is hypothesised that a rigid body would be unable to 

adopt the Kármán gait and travel upstream. Toming et al.
12

 measured the hydrodynamic forces acting on fish 

like bodies held at fixed downstream locations in a Kármán vortex street, they demonstrated that the forces 

induced on the body would cause the fish to sway and yaw. 

 

It is clear from the experiments with inanimate objects that an active process that modifies body kinematics is 

not required in order to achieve the Kármán gait. However, to maintain position for significant durations some 

form of active process is required in order to maintain orientation with respect to the shed vortices and to 

prevent excessive upstream or lateral motions. These motions can result in the object being drawn further into 

the suction zone were the objects exhibit entraining or the object interacting with the free stream velocity and 

being convected downstream. This work aims to examine ways of developing a bio-inspired Autonomous 

Underwater Vehicle (AUV) around these considerations; the potential gains of which are clearly evident when 

the speed and manoeuvrability of conventional AUVs are compared to their marine animal equivalents. To 

further our understanding on the behaviour of neutrally flexible and rigid bodies operating in unsteady flows, 

video capture techniques are used to study the oscillations of anguilliform shaped bodies located in the von 

Kármán wake. In particular we test the hypothesis that a rigid body would be unable to adopt the Kármán gait. 

2. Experimental Method 

Experiments were performed at the University of Southampton Armfield Water Channel at the Chilworth 

Science Park; characteristics of which are listed in Table 1. Variable flow speeds are achieved using a 
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combination of three pumps. Partial filling of the tank constrained the flow rate to a smaller area, thus yielding a 

larger flow velocity.  

 

Table 1. Tank characteristics for the Southampton University Armfield water channel. 

Tank Characteristics (Armfield Water Channel): 

Length [𝐿] = 23.0 m 

 

Width [𝑊] = 1.5 m 

 

Depth [𝐷] = 0.6 m (max) 

Flow rate [𝑄] = 0.8 m³/s (max) 

Kinematic viscosity [𝜈] = 1.156x10
-6

 m²/s (at 15°C) 

 

Figure 2 illustrates the experimental setup. An unsteady Kármán wake was generated by holding a rigid circular 

cylinder of 0.09m diameter (𝐷𝑏) perpendicular (vertical) to a flow with an unconstrained velocity of U0. The top 

of the cylinder was fixed rigidly to an existing arrangement that rests over the top of the water channel. The 

bottom of the cylinder was fitted to a concentric disc securing the cylinder between the bottom of the water 

channel and the top fixture.  The disc had a diameter 1.25 times larger than that of the cylinder to which it is 

fixed. Hence, the local flow velocity at the bottom of the cylinder is increased, creating a bottom end condition 

which is conducive to parallel vortex shedding. Such measures are in accordance to those taken by Khalak & 

Williamson
13

. Downstream of the cylinder the free surface was covered with a Perspex sheet to minimise 

disturbance of the free surface and to minimise distortions of the video image. 

 

The inflow flow speed was varied from 0.36 to 0.5 m/s, resulting in a Reynolds number (Re=U0Db/ν) range of 

between 32000 and 45000. The 6% constriction due to the presence of the cylinder increases the effective flow 

at the cylinder, Uc:  

𝑈𝑐 = 𝑈0 (
𝑊

𝑊−𝐷𝑏
)   (1) 

The frequency at which vortices are shed from a bluff body is characterized by the Strouhal number: 

𝑆𝑡𝑐 =
𝑓𝑐𝐷𝑏

𝑈𝑐
   (2) 

where fc is the frequency of vortex formation, W is the width of the channel and Uc is the constricted flow 

velocity.  The number indicates how often vortices are shed from the bluff body. The Strouhal number is a 
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function of Reynolds number but remains relatively constant at a value of approximately 0.2 for a wide range of 

Reynolds numbers (10
2
 to 10

5
). Based on particle image velocimetry PIV observations, Liao et al. 

2
 suggest that 

the lateral vortex spacing may be taken as the cylinder diameter and that the downstream vortex spacing 

(distance between shed vortices of the same sign) may be calculated from: 

𝜆 =
𝑈0

𝑓𝑐
      (3) 

 

 

Figure 2. Experimental setup outlining the resulting fluid-structure interactions to a given flow configuration. 

 

The flexible body detailed in Table 2 was manufactured by feeding a silicone molding compound (Moldsil™) 

into a cylindrical mold. An air bubble was trapped down the center of the mold to achieve neutral buoyancy. 
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Table 2.  Physical characteristics of flexible body. 

Flexible body characteristics: 

Length [𝐿𝑐] = 0.675 m 

 

Parrallel midbody 0.597 m  

Diameter [𝐷𝑐] = 0.026 m 

 

Young’s Modulus [𝐸𝑐] = 0.319 MPa 

 

Mass per unit length [𝜇] = 5.428 x10
-1

 kg/m 

 

 

Two types of tether were used to attach the flexible body to the rigid cylinder. The first tether (cat 4 Ethernet 

cable) prevents upstream and downstream motion but allows limited lateral motion at the nose  and is referred to 

as the ‘flexible tether’. The second tether is tension only (0.25mm diameter steel wire) which allows the 

downstream cylinder to ‘swim’ upstream or travel laterally, but not travel downstream further than the tether’s 

length  and referred to as a ‘tension only tether’. 

3. Natural Frequency Analysis 

In order to understand the behavior of the flexible body it is useful to understand the mode shapes and natural 

frequencies of the body. For the flexible body these were estimated by performing a simple modal analysis 

(Block Lanczos method) using ANSYS™ Mechanical v12. A 20-node structural solid element (SOLID95) was 

used to discretise the geometry, using a global mesh size of 0.003m at full scale.  

 

Solution of the finite element equations requires that sufficient boundary conditions are applied to the cylinder. 

The upstream nose of the cylinder is fixed in all degrees of freedom, while the downstream end is free to move. 

This does not accurately replicate the boundary conditions acting on the tethered flexible body but provides 

indicative results for the structural response of the cylinder, see figure 3. 
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Figure 3. The zeroth (top) and first (bottom) mode shapes of the fixed-free flexible body.  

 

The associated natural frequencies are predicted to be 0.06Hz and 0.7Hz, in a vacuum. These frequencies will be 

lower for the flexible body surrounded by a fluid of density, 𝜌𝑤,  due to the inertia of the surrounding fluid 

increasing the effective mass of the flexible body. An initial estimate of the submerged frequencies may be 

made by assuming the added mass of the cylinder is equivalent to 
𝜌𝑤𝜋𝐷𝑐

2

4
  per unit length and modifying the 

density of the material in ANSYS™ appropriately. This approach suggests that the zeroth and first natural 

frequencies are 0.03Hz and 0.5Hz when submerged in water. 

4. Motion Tracking Analysis 

 

For each run the pumps were turned on and allowed to settle at a constant speed.  The motion of the flexible 

body was then captured for five minutes. Each case was repeated at least once. A video camera (Canon IXUS 95 

running at 30fps with a 640x480 resolution) was used to track the movement of the flexible body from above.  

In an effort to identify the distortion modes as exhibited by the flexible body, a MATLAB script was developed 

to run a sequence of image data processing operations on the recorded frames. To minimize the likelihood of 

extracting superfluous image data and to increase the contrast, a number of dark bands were marked on the body 

at equidistant lengths along the parallel midbody. 

 

The MATLAB script’s primary function is to compare each pixel intensity value to a threshold intensity value 

and subsequently allowing a binary image to be generated of all the pixels that meet the imposed user criteria, 

see figure 4. In this image all the pixels corresponding to dark markings are shown in white. The centroid of 

each of the markings is then identified. These centroids have been superimposed on the final image in figure 4. 
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Figure 4. Threshold intensity markings redisplayed in B&W (left) manipulated to determining their respective 

centroid locations. Centroid locations superimposed on the colour image (right). 

 

Once all the appropriate results were extracted, validation on each centroid’s location had to be performed prior 

to carrying out any further analysis. Occasionally the MATLAB script failed to extract the appropriate centroid 

position. Typically, this was due to the presence of bubbles in the flow. This error was rectified manually and 

since this operation was extremely time consuming it was decided to resample the video data at 6Hz rather than 

30Hz for these manual manipulations. This is well above the Nyquist sampling rate, the minimum sampling rate 

in order to avoid aliasing, given our shedding frequencies of interest lie between 0.86 and 1.2Hz, see Table 3. 

 

Given that the flexible object is expected to lie in a plane parallel to the field of view of the camera, which is 

also parallel to the bottom of the tank, one can assume that by knowing both the length in pixels between the 

nose and tail in addition to the full scale length between such markings, a factor scaling one to the other can be 

determined. Knowing this scale factor, it is then possible to determine the displacement in time of each marking. 

Observations of the bodies’ motion in the vertical plane showed limited vertical bending and pitching of the 

flexible body. The pitch angle did not exceed 10 degrees and therefore due to the cosine term the resulting errors 

in the position where less than 2%. 

5. Results 

A series of different speeds and downstream locations were investigated. However, only 6 cases are presented: - 

Case 1 – Flexible body, flexible tether, 2Db downstream, U0=0.36m/s 

Case 2 – Flexible body, flexible tether, 2Db downstream, U0=0.5m/s 

Case 3 – Flexible body, flexible tether, 3Db downstream, U0=0.36m/s 

Case 4 – Flexible body, flexible tether, 3Db downstream, U0=0.5m/s 

Case 5 – Flexible body, tension only tether, 3Db downstream, U0=0.42m/s 
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Case 6 – Rigid body, tension only tether, 3Db downstream, U0=0.42m/s 

 

Table 3 summarises the flow conditions for the three water channel speeds. Experiments were performed with 

the nose of the cylinder initially positioned two diameters downstream, usually estimated as the downstream 

extent of the suction zone and at three diameters downstream. 

 

Table 3. First four applied fluid flow cases and their respective outcomes. 

Nominal flow velocity [U] = 0.362 0.498 0.417 m/s 

Constricted flow velocity [𝑈𝑐] = 0.385 0.53 0.444 m/s 

Water depth = 0.41 0.41 0.405 m 

Bluff body Reynolds no. [𝑅𝑒𝑏] = 3.00x10
4
 4.13 x10

4
 3.45 x10

4
  

Strouhal no. [𝑆𝑡𝑐] = 0.190 0.188 0.190  

Flexible body Reynolds no. [𝑅𝑒𝑚] = 1.99 x10
5
 2.74 x10

5
 2.30 x10

5
  

Vortex shedding frequency [𝑓𝑐] = 0.856 1.18 0.987 Hz 

Predicted downstream vortices spacing [𝜆] = 0.423 0.423 0.423 m 

 

Analysis of the video footage suggests that the vortex shedding frequency is within 4% of theoretical. In all 

cases a small amount of hogging (mid-length of the flexible body floating higher than the ends) was observed in 

the flexible body due to differences in the weight and buoyancy distribution.  

 

5.1. Case 1 – Flexible body, flexible tether, 2Db downstream, U0=0.36m/s 

As the shed vortices pass by the flexible body the resulting pressure field and shear forces acting on the flexible 

body induce lateral motion (figure 5). The magnitude of the oscillations increases from the nose to the tail. A 

phase lag is apparent in the results between the nose and the tail, due to the time it takes the vortex to move 

downstream. The lateral motion at the tail seldom exceeds 1.2 times the radius of the rigid cylinder. The 

stiffness of the tether prevents significant upstream motion, and limits the extent of lateral motion at the nose.  
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Figure 5. Lateral excursions for flexible body, flexible tether, of length 2Db U0=0.36 m/s, fc=0.856 Hz. The 

dashed lines correspond to the root mean square (RMS) of the lateral motion. 

 

To help visualise the motion described in Figure 5, Figure 6 illustrates a separate time series with dye in the 

flow. By looking at the first eight shots (frames 599 to 634 – spaced equally by five frames) it is easily observed 

that the flexible body does tend to flex in accordance to the respective vortex passing along its length, in what 

appears to be  synchronised slaloming. The observed vortex spacing is comparable to the predicted 0.423m. This 

results in three vortices being present along the length of the flexible body at any time. The core of each vortex 

(highlighted by the red dye) has an associated region of low pressure due to the high local velocities. From the 

video footage it does appear that the flexible body is pulled laterally into the regions of low pressure, generating 

a travelling waveform along the flexible body. The resulting body deformations are similar to those of 

anguilliform swimmers, 
14

. The observed motions suggest that the flexible body is producing some forwards 

thrust, hence would attempt to ‘swim’ upstream if the tether allowed, it’s upstream progress would be 

determined by the balance of the thrust a drag forces acting on the body. Since the inflow to the rigid cylinder is 

turbulent the resulting downstream flow is not truly periodic: the strength and downstream spacing of the 

vortices have some variation, which may account for the flexible body not adopting a regular periodic motion. 
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Figure 6. Frames 599 to 669 in 5 frame (0.1667s) interval separation, U0=0.36 m/s, fc=0.856 Hz. The flow is passing 

from left to right. 

 

Using a fast Fourier transform (FFT) a power spectrum illustrating the frequency content of the flexible body’s 

motions may be extracted. Figure 7 illustrates such a power spectrum at three locations along the cylinder: at the 

nose, mid length and tail. Both the nose and tail exhibit motions over a range of frequencies between 0.8 and 

1.0Hz, corresponding closely to the calculated vortex shedding frequency of 0.856Hz. This region corresponds 

closely to both the predicted and expected vortex shedding frequency for this case, which confirms the visual 

observation that the flexible body is responding to the shed vortices. The FFT analysis also includes peaks 

corresponding to lower frequencies, noticeably at 0.08Hz and 0.5Hz: these values are in the region of the 

Frame 604 

Frame 609 

Frame 614 Frame 619 Frame 624 

Frame 629 

Frame 634 Frame 639 

Frame 644 Frame 649 Frame 654 

Frame 659 Frame 664 

Framdfsdfs

dfe 669 

Frame 659 Frame 609 

Frame 629 

Frame 669 
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predicted frequencies of the zeroth and first natural frequencies of the flexible body from the finite element 

analysis.  Frames 644 to 699 of Figure 6 do appear to show the body adopting the predicted first mode shape.. 
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a) Case 1 - Nose b) Case 2 - Nose 

 
 

c) Case 1- Midbody d) Case 2 - Midbody 

  

e) Case 1 - Tail f) Case 2 - Tail 

Figure 7. Fast Fourier Transform analysis of lateral motion, at nose (top left), BMC (top right) and Tail 

(bottom), for Case 1 fc=0.856Hz and Case 2 fc=1.18Hz. 
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5.2. Case 2 – Flexible body, flexible tether, 2Db downstream, U0=0.5m/s 

Increasing the flow velocity increases the vortex shedding frequency; this is illustrated in the time histories for 

this case (see figure 8). This change is observed in the frequency power spectrum, where the highest frequency 

peak is shifted to approximately 1.15Hz, which is close to the predicted vortex shedding frequency of 1.18Hz, 

see figure 7. The increased flow speed increases the number of trapped bubbles in the flow. These are clearly 

observed in Figure 9. 

 

Figure 8. Lateral excursions for flexible body, flexible tether, of length 2Db U0=0.5 m/s, fc=0.8144 Hz. 
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Figure 9. Case 2: Frames 1224 to 1294 in 5 frame (0.1667s) intervals, fc=0.8144 Hz. The flow is passing from 

left to right. 

 

5.3. Case 3 & 4 – Flexible body, flexible tether, 3Db downstream, U0=0.36m/s and U0=0.5m/s 

In an attempt to further understand the role that the downstream position and thus the formation length of the 

mean recirculation region plays on the object’s performance, the flexible body was placed at an alternate 

downstream location three times the diameter of the bluff body (3𝐷𝑏).  For these cases the body exhibited 

greater lateral motion at all positions along the body, see figure 10. The increased lateral motion may be partly 

attributed to the reduction in the lateral stiffness of the tether with increasing length. Thus the same forcing 

would result in increased lateral motion. The figure does show the greatest increase in lateral motion at the nose. 

Frame 1224 Frame 1229 Frame 1234 

Frame 1239 Frame 1244 Frame 1249 

Frame 1254 Frame 1264 Frame 1259 

Frame 1269 

Frame 1284 

Frame 1274 

Frame 1289 

Frame 1279 

Frame  1294 
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The increase may also be attributed to the growth of the Kármán wake with downstream distance. 

 

Similar to the results with both live and dead rainbow trout 
10

 the tail amplitude is more than twice that observed 

at the nose. The increase in amplitude from nose to tail is approximately linear apart from a small kink at around 

0.8L. This could potentially be attributed to the marking at X/L=0.8 being positioned too far forward, and hence 

resulting in a reduced RMS value. However, observation of the video footage suggests that the tail region of the 

flexible body is not truly horizontal due to the difference in the weight and buoyancy distributions along the 

body, which result in the flexible body hogging (nose and tail lower than midbody). This may also lead to 

inaccuracies in the lateral position measurement at these locations. 

 

Figure 10. Root mean square of lateral motion for the first four cases considered. 

 

5.4. Case 5 – Flexible body, tension only tether, 3Db downstream, U0=0.42m/s 

The previous four cases clearly show the flexible body interacting with the shed vortices from the rigid cylinder. 

However, the boundary conditions applied to the flexible body prevent large upstream excursions at the nose of 

the cylinder. For this case the tether is replaced with 0.25mm steel cable. The uniform inflow is set to 0.417m/s 

which provides a good balance between high inflow velocity and low number of trapped bubbles. The shed 

vortices have a frequency of approximately 0.99Hz. 
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Figure 11. Lateral excursions for flexible body, tension only tether, of length 3Db,U0=0.42 m/s, fc=0.93 Hz. 

 

 

Upon running the test, it was immediately obvious that the new tether had significantly changed the dynamics of 

the body: lateral oscillation of the nose was larger and upstream movement was common and of a considerable 

magnitude and duration. Starting from 3 diameters downstream of the rigid cylinder the flexible body would 

readily interact with the shed vortices; travelling waves were clearly identifiable down the length of the body, 

for example see time=60.5s on Figure 11, a large amplitude event initiates at the nose and then propagates down 

the body occurring at the nose approximately 1s later. In contrast to the previous cases the amplitude of the 

lateral motion is much more constant along the length of the flexible body. This motion leads to upstream 

‘swimming’ in a manner similar to the Kármán gait.  Once the flexible body reached the ‘suction region’ it 

would be rapidly pulled into the low pressure region behind the cylinder. The nose would then move round to 

the separation point on one side or other of the cylinder, analogous to the entraining behaviour observed in fish, 

see Figure 12. Typically the nose would then stay in this location being forced forwards by thrust generated by 
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the body, and then forced back as the nose moved past the separation point into the main flow. Similar 

behaviour was observed with dead rainbow trout by Beal et al. 
10

. Live rainbow trout were also observed 

advancing towards the cylinder during the initial phase of Liao et al. 
2
 experiments, where they were rapidly 

drawn upstream. Once the fish became accustomed to the flow they were then able to maintain station, by 

adopting the Kármán gait, for long periods of time. 

 

Occasionally at some point in the cycle some disturbance would influence the motion of the flexible body and it 

would rapidly return to a downstream location. It was observed that these events correspond to part of the 

flexible body exiting the wake region and  interacting with the surrounding free stream flow.  

 

Unlike the live rainbow trout observed by Liao et al. 
2
, the flexible body adopting the Kármán gait does not hold 

station using this motion, it is typically a transient phase from a distance downstream to a position upstream 

where the nose of the flexible body is positioned close to the flow separation point on one side of the cylinder. 

Entrainment appears to then become the primary station holding mechanism. This suggests that entraining may 

have a lower energetic requirement since the flexible body was able to hold station very close to the cylinder 

with no external power.  These observations agree with the hypothesis that the small anterior muscle activity of 

the rainbow trout are associated with maintaining station in the flow using the Kármán gait.  
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Figure 12. Upstream swimming of the flexible body, frames 3879 to 3949, in 5 frame (0.1667s) intervals. The 

flow is passing from left to right. Flow from left to right. 

 

Figure 13 illustrates the upstream motion of the flexible body. Noting its downstream location with the nose 

positioned at X=3Db the flexible body spends a significant proportion of its time upstream of this position. Due 

to the tether the nose cannot be downstream of this location. On three occasions the nose of the flexible body 

advances to the downstream extent of the rigid cylinder, X=0Db.  Due to lateral and vertical excursions of the 

nose the tether may come into tension at locations slightly upstream of X=3Db. Such occurrences are obvious on 

the figure.  

 

Frame 3879 Frame 3884 Frame 3889 

Frame 3894 Frame 3904 

Frame 3909 Frame 3919 

Frame 3924 Frame 3934 

Frame 3939 Frame 3949 

Frame 3899 

Frame 3914 

Frame 3929 

Frame 3944 
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Figure 13.  Upstream motion of the nose of the flexible body. 

Figure 14 illustrates cumulative frequency for two three-minute data series. Both show good agreement for the 

time spent more than 2.5Db downstream. However, notable differences occur in the distribution of time spent 

upstream of this location. In one time history the flexible body was caught in the suction region on two 

occasions and ‘pulled’ rapidly upstream, this did not occur in the other sample. The interaction of the flexible 

body with the suction region can have a significant effect on the proportion of time the flexible body spends 

upstream of its initial position. 
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Figure 14.  Cumulative frequency of nose position of flexible body, for two three minute experiments. 

 

5.5. Case 6 – Rigid Body, tension only tether, 3Db downstream, U0=0.42m/s 

The observations of Liao et al.
9
 suggest that a flexible body is required to achieve Kármán gait like motion. 

Experiments with a rigid body manufactured from a wooden broom handle with the same dimensions as used in 

the previous experiments dispute this hypothesis. Figure 15 shows a 4.67 second sample where the rigid body 

‘swims’ upstream in a similar motion to the Kármán gait. For the majority of the five minute run the tether 

spends very little time in tension. However, observations suggest that a flexible body with natural frequencies 

close to the shedding frequency are better able to interact with the shed vortices and thus spend a higher 

percentage of their time in a Kármán gait type motion. 
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Figure 15. Case 6 – Rigid body, tension only tether, 3Db downstream, U0=0.42m/s. Frames 689 to 829 

separated by 10 frames (0.3333s) intervals. The flow is passing from left to right. 

 

 

As observed for the flexible body, the time histories of upstream location for the rigid body are highly 

dependent on whether the rigid body is drawn into the suction zone behind the cylinder. If caught in the suction 

region the body can spend significant periods of time with the nose very close or touching the rigid cylinder 

replicating the ‘entrainment’ behavior of fish. The ability of a rigid body to adopt a motion similar to the 

Kármán gait is potentially dependent on the length of the body in relation to the downstream vortex spacing. 

Frame 689 Frame 699 Frame 709 

Frame 719 Frame 729 

Frame 749 Frame 759 

Frame 779 Frame 789 

Frame 809 

Frame 739 

Frame 769 

Frame 799 

Frame 829 Frame 819 
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6. Discussion 

The experiments have shown that both flexible and rigid bodies are able to passively interact with the Kármán 

wake in manners similar to those observed in fish, adopting behaviours similar to the Kármán gait and 

entrainment. If an AUV was able to adopt such behaviours in practise this would potential reduce the energy 

expenditure of the vehicle when operating in unsteady flows.  

 

The power consumption of an AUV is highly dependent on the vehicle size, sensor package and operating 

speed. Typically it is assumed that the power consumption of an AUV can be split into the hotel load which is 

invariant to forward speed and the propulsion power which is proportional to velocity cubed
 15

. For an AUV 

operating at its optimum speed associated with maximum range the propulsion power equates for approximately 

1/3rd of the total power requirements. At higher speeds the propulsion power begins to dominate due to the 

associated velocity cubed term. For current small flight style AUVs the optimum speed is typically 1 m/s. It is 

therefore entirely feasible for a vehicle station keeping in a highly unsteady tidal stream or river adopting these 

behaviours may significantly reduce the propulsion power requirement and consequently make a significant 

impact on the vehicle total power consumption. However, in all these experiments the flexible body has been 

tethered to prevent the flexible body travelling too far downstream. All the time histories show that the tether 

becomes taut on various occasions for each of the time histories. As such it is unlikely that a truly passive device 

would be able to maintain station for extended periods of time. To achieve this, some additional actuation and 

an improved understanding of the surrounding fluid flow from additional sensors such as an artificial lateral line 

16, 17
 are required. This will add to the hotel load of the AUV and add an additional energy requirement to drive 

the actuators. 

 

 

As behaviours for an operational AUV, both the Kármán gait and entrainment modes have advantages and 

disadvantages. Conceptually, any method of reducing the propulsive energy expenditure of an AUV will have a 

positive implication for the range of the vehicle as long as there is no associated increase in the vehicle’s hotel 

load (propulsion speed-invariant power requirements) or displacement. Entrainment appears to be the easier 

behaviour to replicate but has the disadvantage of the nose of the vehicle being very close to or bumping against 

the rigid structure, which may lead to damage of the hull or exposed sensors (cameras, or conductivity 

temperature and depth sensors etc.). The Kármán gait would be a much more difficult behaviour to replicate 
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with an operational AUV, but would have the advantage of maintaining a safe distance between the AUV and 

the rigid structure. 

 

7. Conclusions 

Simple motion capture and flow visualisation techniques have been applied to observe the motion of a flexible 

body tethered downstream of a rigid cylinder in the unsteady Kármán wake. Fourier transforms of the lateral 

motion of the flexible body show frequencies corresponding to the vortex shedding frequency of the rigid 

cylinder as well as the zeroth and first natural frequencies of the body. When tethered with a tension only tether, 

upstream motion was observed for both the flexible and cylinder rigid body in a mode which appears to 

replicate the Kármán gait observed in rainbow trout. However, a flexible body appears to allow greater 

exploitation of the Kármán gait. In many instances the interaction with the shed vortices and resulting upstream 

motion leads to the body being captured in the suction region behind the rigid cylinder where the body adopts 

entraining as a station-holding mechanism. 

 

For AUVs operating in unsteady flow regimes, an ability to utilise energy saving gaits may improve the range or 

operational time of the vehicle. By either matching the drag on the body with thrust generated by the passing 

vortices, or by utilising the suction zones behind bluff bodies, upstream motion is achievable with no additional 

power expenditure. The results presented in this paper demonstrate the feasibility of such an approach for 

manufactured objects; however, further work is required to implement such behaviours on an operational 

vehicle, a key component of which will be providing the AUV with sufficient information about the local flow 

field to allow the control system to interact with the unsteady flow features. 
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