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Abstract 

Bio-inspired thrusters based on flapping-foils have been proposed as an alternative to conven-
tional rotary propellers for autonomous underwater vehicles (AUVs). By mimicking the swim-
ming mode found among a group of vertebrates, such as sharks and marine mammals, flapping-
foils have the potential to achieve very high propulsive efficiency, thus allowing for an extension 
of the overall operational capabilities of AUVs that come with energy range limitations. At the 
same time, their low frequency operation provides stealth in terms of acoustic noise which is 
essential for oceanic exploration and observation of marine life. This work is dedicated to the 
hydrodynamic optimization of a concept flapping-foil thruster under nonlinear constraints re-
garding the thrust coefficient and effective angle of attack. We investigate the effects of a wide 
range of geometric and kinematic parameters including prescribed active deformation, in the 
sense bending and twisting to the overall performance of the wing. Each candidate design is 
evaluated using a cost-effective GPU-accelerated boundary element solver (BEM) that is de-
veloped to facilitate the optimization process.  

Keywords: Active deformation, flapping-foils, biomimetic thruster, hydrodynamic optimiza-
tion, boundary element method (BEM), GPU-accelerated solver. 
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1 INTRODUCTION 
Bio-inspired thrusters based on flapping-foils have been proposed for the propulsion of au-

tonomous underwater vehicles (AUVs) due to certain advantages they hold over conventional 
rotary propellers. To name a few, they have the potential to achieve high efficiency, advanced 
maneuverability, and their eco-friendly low-frequency operation emitting low acoustic noise 
translates into adequate stealth for oceanic exploration and observation of marine life; (Won-
Shik, et al. 2012), (Neira, et al. 2021). The thrust-producing thunninform kinematics found 
among a group of vertebrates, such as sharks and marine mammals; see, e.g., (Sfakiotakis, Lane 
and Davies 1999) and (Lauder 2000), have been successfully modeled as a combination of 
heaving and pitching rigid body motions with an extensive database of numerical and experi-
mental research that has inspired many swimming robot prototypes, such as the MIT RoboTuna 
(Barrett 1996). The geometry of caudal and pectoral fins also provides abundant inspiration for 
the design of new efficient wings with favorable lift/drag ratios, good dynamic stall character-
istics. For instance, the distinctive morphology of the humpback whale pectoral fins allow them 
to delay dynamic stall by introducing vortex generation in the vicinity of the leading edge (Wei, 
New and Cui 2015), (Shi, et al. 2016). Humpback-whale inspired fins have made their debut in 
the twin-rudder of the Club Swan 36 yacht from Nautor Swan (see: https://www.nau-
torswan.com/yachts/models/clubswan36/). 

However, fins in nature are elastic and can deform both actively and passively under hydro-
dynamic load excitation, contributing to the exceptional abilities of aquatic swimmers, both in 
terms of cruising at high efficiency and advanced maneuverability (Shyy, et al. 2014). Appli-
cations of actively deforming (or shape changing in the sense of morphing) wings in the field 
of naval architecture are quite limited. They can be found among technologies of wing stabi-
lizers with actively controlled flaps, such as the type-S retractable fin stabilizer by (SKF n.d.), 
and the anti-rolling MR-Series of (Mitsubishi n.d.). In addition, interesting designs have 
emerged from the studies conducted for the America’s Cup racing sailboats, where safety fac-
tors are kept to minimum to attain maximum performance (Parolini and Quarteroni 2005). 
Many racing and fast-cruising foiling sailboats use state-of-the-art actively controlled foils and 
appendages; see, e.g., the methodology proposed by (Amoroso, et al. 2021) for the seakeeping 
of a flying yacht or the split-flap concept for the T-foil of a sailing yacht (Prabahar, Persson and 
Larsson 2022).  

However futuristic the concept of actively deforming wings seems, research on this topic 
contributes to the vision of bio-inspired and more energy efficient thrusters and energy-saving 
devices for the maritime industry. To provide a short background on the use of active defor-
mation for the control of lifting surfaces, it is important to mention that technologically, this 
concept was initially introduced in aeronautics as a means of meeting the varying demands of 
flight scenarios; e.g., (Moran 1984), (Barbarino, et al. 2011) and (Li, et al. 2018).  

The demands of aviation are different from marine propulsion; however, the abundant liter-
ature on morphing airfoils and wings provides valuable insight for the present project, which 
aims to reveal trends for hydrofoil energy-minimizing kinematics. In addition, deforming 
morphing foils have a wide range of applicability ranging from small-scale wave/current energy 
harvesting systems to full-scale energy-saving systems for ships in wavy seas; (Ntouras, 
Papadakis and Belibassakis 2022), (Belibassakis, Filippas and Papadakis 2021). The following 
link contains additional information regarding the Seatech Horizon 2020 project entitled “Next 
generation short-sea ship dual-fuel engine and propulsion retrofit technologies” 
(https://seatech2020.eu/) that studies flapping-foils as auxiliary ship thrusters with wave energy 
harvesting capabilities. 
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In the present work, we attempt to integrate some of these features into the design of a flap-
ping-foil thruster for a realistic AUV propulsion scenario. Our contribution consists of devel-
oping a cost-effective potential-based solver with GPU-acceleration features to predict the 
hydrodynamic forces and the propulsive performance of wings that undergo prescribed but ar-
bitrary motions. The GPU-BEM computational tool is then used for the hydrodynamic optimi-
zation; in terms of propulsive efficiency maximization, of the flapping-foil thruster with 
geometric and kinematic parameters as design variables under constraints determined based on 
the examined propulsion scenario. The design variables examined are the sweep angle and the 
taper ratio that determine the wing planform, the amplitudes of the heaving and pitching mo-
tions, forcing frequency (Strouhal number) as well as the amplitudes of chordwise/spanwise 
bending and twisting (active deformation). The constraints target the thrust coefficient require-
ment and the maximum allowable effective angle of attack. The findings of the optimization 
studies are presented and discussed with an aim to reveal trends for the design of efficient flap-
ping-foil thrusters. The findings of this work highlight certain trends that have the potential to 
enhance the propulsive performance of flapping-foil thrusters, whereas the study of active de-
formation effects broadens the design space of wings for future thruster applications.  

2 FLAPPING-FOIL THRUSTER 
Aiming towards a complete redesign of the main propulsion system of an autonomous un-

derwater vehicle (AUVs) that satisfies the initial design specifications; based on a realistic pro-
pulsion scenario, we came up with the design concept shown in Figure 1. The total resistance 
consists of friction resistance (based on the ITTC curve) and wave resistance predicted using 
the methodology presented in (Belibassakis, Gerostathis, et al. 2013). We assume that for the 
AUV mission a cruising speed of U=2.52m/s is to be maintained with CT=0.32 thrust coefficient 
at the highest propulsive efficiency possible. The details of the examined propulsion scenario 
are shown in Table 1. The reference thruster that serves as the basis for the optimization study 
that follows, corresponds to a rigid wing design that performs prescribed heaving/pitching mo-
tions and satisfies the thrust requirement.  

The examined cruising speed is low and therefore the device is in no risk of cavitation. How-
ever, if higher speeds were to be examined cavitation prevention criteria should be taken into 
account in future work; see, e.g., (Liao, Martins and Young 2021). In this work we use NACA 
0012 sections, and the planform shape is parametrized using the sweep angle and the taper ratio 
(Moran 1984). However, we are aware of the fact that NACA series hydrofoil sections yield 
high pressures at the suction side near the vicinity of the leading edge which at high inflow 
speeds is at risk of cavitation. In that sense, for high cruising flapping-foils near the free-surface 
more suitable sections will be examined in future work.  

Table 1. Propulsion scenario 

AUV Characteristics 
Geometry prolate spheroid (5:1:1) 
Length overall 5OAL m  
Wetted surface 212.55wetS m  
Submergence depth / 0.16d L  
Operation velocity 2.52 /U m s

Froude number ( ) 0.36Fr L   
Friction coefficient 
 2/ 0.5F F wetC R U S

0.003FC   
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Wave resistance 0.0058WC   
Total resistance 
 TOT F WC C C 

0.0083TOTC   

Thrust requirement 0.32TreqC 

Reference flapping-foil thruster 
Dimensions (chord, span) 0.33 ,  1.0c m s m   
Heaving amplitude  0 / 0.75h c 
Pitching amplitude 

0 23o 

Phase difference 90deg  

Strouhal number 
0( 2 / )Str h f U  

0.26Str   

Pivot axis / 3c  

Figure 1. Schematic representation of the AUV body and thruster configuration (highlighted with blue). 

2.1 Fish-inspired kinematics  

The heave and pitch motions are based respectively on the following harmonic functions 

( ) sin( )oh t h t (1) 

( ) sin( )ot t      (2) 

where the pivot axis for the pitch is positioned at / 3RX c . A forward translation motion 
( )s t Ut  ; towards the negative y-axis, simulates the AUV propulsion scenario, thus the free-

stream velocity is assumed to be zero and shear current effects are neglected. The following 
transformation maps the wing surface in the body-fixed coordinate system xyz to the global 
coordinate system XYZ, 

{ } [ ] { } { },i i i iX Q x     (3) 

( )cos ( ) 0 sin ( )
[ ] ,{ } ( ) 0 ,0  1  0  

( )sin ( ) 0  cos ( )

i i
s

s tt t
Q f t

h tt t

 

 

   
     
  
     

 (4) 

where 2( ) 1 exp( ( / ) ), 1.5s o of t f t T f     is filter function permitting smooth transition between 
rest and a fully developed state of oscillatory motions. 
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2.2 Active deformation 
The body-fixed coordinate system xyz is such that the center (0,0,0) is placed at the intersection 
of the pivot axis and the root section of the wing; as shown schematically in Figure 2. The 
positive x-axis is directed towards the chord length of the wing’s sections facing the trailing 
edge and the y-axis towards the spanwise direction. The positive z-axis is determined using a 
clockwise notation. 

2.2.1 Spanwise bending/twisting 
Regarding the out-of-plane active deformation the linear bending (G1) and quadratic twisting 
(F1) angles from (Stanford and Beran 2010) are considered,  

1 2 | | /G y s (5) 

 
2

1 2 | | /F y s (6) 

where [ / 2, / 2]y s s    with s denoting the span of the wing in the body-fixed reference frame. 
Each expression is then multiplied with a time-varying harmonic amplitude, 

1 1 11 1 1( , ) ( ) ( ),        ( ) sin( )o o b b bt t G t A t        x x (7) 

1 1 11 1 1( , ) ( ) ( ),        ( ) sin( )o ot t F t t           x x  (8) 

where 
1 1
,bA A  denote the amplitudes and 

1 1
,b   the phase differences. The frequency is kept 

the same as the heaving/pitching motions. It is important to note that although these quantities 
are considered known prior to each simulation, proper tuning is accomplished via optimization. 
Regarding the deformed mesh (i) the bending angle ( , )o tβ x  for each cross-section in the yz-
plane is translated into a lateral displacement along the span of the wing and (ii) the twisting 
angle ( , )o tγ x  is used to rotate each cross-section in the xy-plane; as shown see Figure 2. 

Figure 2. Prescribed active morphing shapes based on (a) linear bending angle and (b) quadratic twisting angle 
on the body-fixed coordinates system xyz. 

2.2.2 Hydrofoil section adjustment 
We introduce the following scenario of a time-varying chord-line deformation that is uniform 
in the spanwise direction shown schematically in Figure 3,  

2

0,   (0, ]
( , )

( ) sin( ),    ( , ]
o R

c o
o R c c o R

x X
y x t

x X A t x X c 


 

  

(9) 
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where sin( )c cA t   denotes the amplitude of morphing, c  the phase difference. In addition, 
the motion of the fore part of the hydrofoil from the leading edge (LE) to the pivot point is 
restricted and the morphing affects the rest of the hydrofoil section. Maximum displacement 
occurs at the trailing edge (TE) region.  

 
 

Figure 3. Hydrofoil section at maximum chordwise displacement for Ac=0.08c, ψc=π/2 at t=0s based on Eq. (9) 
described above. 

2.3 Propulsive performance metrics 

The instantaneous lift, thrust and moment (with respect to the pivot axis) can be calculated 
using the following formulas, 

 2 1 ˆ( ) / 0.5 ,
B

L p
D

C L t U cs C ds
A




    n y  
 

(10) 

 2 1 ˆ( ) / 0.5 ,
B

T p
D

C T t U cs C ds
A




   n x  
 

(11) 

 2 2 1( ) / 0.5 ,
B

M p
D

C M t U c s C ds
Ac




    n r  
 

(12) 

where A denotes the planform area, and r is the reference vector for the calculation of the mo-
ment.  

To estimate the propulsive efficiency (Froude efficiency) η for the actively deforming wing, 
it is essential to take into consideration not only the power required to sustain the rigid-body 
motions but also an estimate for the power required to produce the changes in geometry. Thus, 
we calculated the efficiency (η) as follows, 

 / .Pout PinC C   (13) 

where    3 3/ 0.5 ,  / 0.5Pout out Pin inC P U A C P U A    and  

 
0

1 ( )pT

out
p

P T t Udt
T U

   (14) 

 
0

1 ( ) ( ) ( ) ( ) ( )pT

in deform
p

P L t h t M t t P t dt
T U

    (15) 

with Tp denoting the period of the harmonic motion, T(t) is the instantaneous thrust and U the 
forward motion velocity. All motions share the same frequency. The power required to sustain 
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the active morphing; see, e.g., (Li, Pan and Zhang 2011) and (Neef and Hummel 2002) for a 
similar formulation, can be estimated as, 

1( ) ( ; ) ( ; ) ( ; )deform p deform
D

P t C t t t ds
A



  x n x V x  (16) 

where ( ; )pC tx  is the instantaneous pressure coefficient and ( ; )deform tV x denotes the instantane-
ous velocity component solely due to the active deformation; which is directly linked to the 
active deformation parameters introduced in Section 2. 

3 MATERIALS AND METHODS 
For the evaluation of the propulsive performance of flapping-foil thrusters that undergo pre-
scribed chordwise and spanwise active deformation, we extended the boundary element method 
(BEM) developed by (E. Filippas 2019) with results concerning the method validation and 
various applications in (Filippas, Papadakis and Belibassakis 2020) and (Papadakis, Filippas, 
et al. 2019). The code includes GP-GPU acceleration features targeting the computationally 
demanding numerical integration for the calculation of the induced coefficients using the pro-
cessors of an NVIDIA graphics card and the CUDA API, which significantly reduces the com-
putational time of the simulation. The present solver that has been used in a previous work by 
the authors (Anevlavi, Filippas and Belibassakis 2023), 

 enables numerical calculation of the wing body velocities using backward finite differ-
ences with GPU parallelization.

 re-generates the surface mesh at each time-instance to simulate a deforming wing
 re-calculates of the induced coefficients (DtN) matrix at each time-step
 calculates the propulsive performance metrics targeting flapping-foil thrusters

The proposed version of the GPU-BEM is cost-effective and is capable of predicting with ac-
ceptable accuracy the propulsive performance of actively deforming flapping-foil thrusters, 
thus allowing for detailed sensitivity analysis and optimization, which often require many cost 
function evaluations. The GPU-BEM computational tool performs unsteady simulations for 
wings with linearized wake or free wake modelling. A similar investigation based on Navier-
Stokes models would require costly simulations. The benefits of using potential-based solvers 
for the problem of energy-minimizing kinematics of animal flight are also addressed in 
(Stanford and Beran 2010) and (M. Ghommem 2012), where a vortex-lattice method is used to 
evaluate the performance of candidate thrusters with active morphing and to optimize their kin-
ematics.  

Figure 3. Body-fixed and inertial geometry definitions for the actively morphing wing. 
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In the present implementation the total velocity is calculated numerically using the consequent 
configurations of the wing, then 

( ; ) ( ; ) ( ; )deform total rigidt t t V x V x V x  (17) 

3.1 GPU-BEM Validation 
All computations were performed on an AMD Ryzen 9 3900XT workstation equipped with an 
NVDIA GeForce RTX 3080. Leading edge separation and tip vortex rollup modelling is not 
included in the present formulation. The propulsive performance metrics correspond to the av-
erage values during the last flapping cycle based on a three-period simulation.  

3.1.1 Flow past a flapping (i.e. bending) cambered wing 

In the work by (Vest and Katz 1996) were a potential-based computational tool is developed 
for the analysis of bird flight is it mentioned that time-dependent experimental data for actively 
deforming wing are very scarce; which still holds today. They compared their unsteady BEM 
solver with one of the few experiments on actively deforming wings by (Fejtek and Nehera 
1980), where a highly cambered NACA 8313 foil was tested. The experiments are motivated 
from large bird flight at high speeds. The wing had a rectangular planform with a blunt wing 
tip, 76mm chord length and 305mm span, shaped from a solid balsa plank and covered with a 
shrink-tight plastic film. We numerically simulated the whole wing as (Vest and Katz 1996) 
with AR=8, whereas in the experiments only the half-span was tested. 

In Figure 5, we compared our method with results from (Fejtek and Nehera 1980) regarding 
the time histories of the lift and thrust coefficients for a flapping wing in the sense of linear 
bending with 45o amplitude at a frequency of 3.3 Hz and inflow velocity U=21.4m/s at zero 
angle incidence. In Figure 5, numerical data from (Vest and Katz 1996) are also included for a 
reduced frequency k=ω c/(2U)=0.03082, where c denotes the chord length and U the inflow 
velocity. The numerical results obtained from our method are generally in good agreement with 
the potential code from (Vest and Katz 1996) and the experimental data. There is some discrep-
ancy between the inviscid numerical results and the experiment, especially during the down-
stroke which is attributed to viscous phenomena.   

Figure 4.  Variations of the (a) lift and (b) thrust coefficients for a flapping (i.e. bending) wing. Comparison with 
numerical data from (Vest and Katz 1996) and experimental data from (Fejtek and Nehera 1980). 

(a) (b) 
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3.1.2 Flow past a flapping (i.e. bending)/twisting rectangular wing 

Next, we selected from (Neef and Hummel 2002) a study case inspired from bird flight, at U = 
15m/s cruising speed, with reduced frequency of k = 2πfc/(2U) = 0.1 and  f = 3s−1. The plung-
ing-type motion is modelled as the first bending mode with flapping amplitude of 15o, whereas 
the twist motion varies linearly from root to tip. Particularly, the plunging and twisting motions 
using in the aforementioned study case are based on the linear expression G1 as follows,  

10 1 0

0 1, 1 0

( , ) sin(2 ) ( )

( , ) [ sin(2 / 2)] ( )
s b

s o tip

t f A ft G

t f a a ft G

 

  



  

x x

x x

(18) 

The negative value of the twist angle amplitude corresponds to a nose-up twist at the tip. Also, 
the mean angle of attack examined were α0 = 0o (no lift, thrust only) and α0 = −4o (lift and 
thrust). Regarding the spatial and temporal discretization dt = 0.125T/100, NEA = 49 (number 
of panels in the spanwise direction) and NEC = 60 (number of panels in the chordwise direc-
tion); i.e. approximately 1.25 hours per simulation. In the simulations, wake roll-up is included 
however; and the trailing vortex sheet is shed from the trailing edge. 

For the first comparison shown in Figure 6, Ab1 = 0.5s tan(15o) and α1,tip = −4o. Numerical 
results from the vortex lattice solver from (M. Ghommem 2012) that neglects the wing’s thick-
ness are also included for comparison purposes. The thrust is over predicted by the BEM solver 
despite the dense spatial/temporal discretization, which can be attributed, as discussed in 
(Stanford and Beran 2010), to an under prediction in the strength of the tip vortex swirling (i.e. 
an under prediction in the strength of the induced drag).This effect is relatively strong in the 
flow field results provided. Since both models are inviscid, this comparison shows that the pre-
sent BEM method is capable of reproducing trends in terms of thrust coefficient and Froude 
efficiency with acceptable accuracy within its range of validity.  

Figure 5. Plunging/twisting wing comparison with (Neef and Hummel 2002) and (M. Ghommem 2012). 
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3.1.3 Friction drag correction 

Consideration of friction drag effects can be included using the following empirical formula 
that comprises of a skin friction resistance coefficient and a coefficient dependent on the effec-
tive angle of attack from (Filippas and K.A. Belibassakis 2014), 

   2
2

10

0.0858Re (Re) , Re
[log Re 1.22]r f a fC C C a C  



(20) 

This friction coefficient increases at higher angles of attack leading to better predictions. In 
(Anevlavi, Filippas and Belibassakis 2023) the comparison between the GPU-BEM and the 
experimental data from (Heathcote, Wang and Gursul 2008) can be found. Other coefficients 
targeting effects such as leading edge separation can also be formulated in future work to bring 
inviscid result closer to the reality, assuming that adequate data from either CFD or experiments 
are provided. The corrections are implemented during the post-processing phase on the instan-
taneous thrust coefficient ( ) ( ) ( )Tvisc r TC t C t C t   and then on the efficiency after averaging for 
the last period of the simulation, i.e. /Tvisc PwtotC C  .  

4 DESIGN OPTIMIZATION APPLICATIONS 
The hydrodynamic optimization of actively deforming wings is based on optimally tuning cer-
tain key geometric and kinematic parameters. The problem formulation is targeted toward the 
maximization of propulsive efficiency under thrust and effective angle of attack requirements 
that are included as constraints.  

Particularly, 

max

max  
    (1 ) (1 )

( )
Treq T Treq

eff

n

subject to p C C p C
a root a

b DS



   





(21) 

where nb  is design variable vector and { | }n
n nDS b R lb b ub     the design space defined as 

an n-dimensional bounding box and. The geometric and kinematic parameters included in the 
present study are shown in Table 2. The phase difference for the twisting motion is determined 
via the optimization. Both constraints are enforced upon the average values during the last flap-
ping-cycle of the numerical simulation. 

In the applications that follow we assume thet designs with thrust requirement within p = 5% 
tolerance are acceptable; whereas for the root section the maximum admissible effective angle 
of attack lie below 12deg. Friction drag corrections given by Eq. (20) are included in the results 
concerning both the thrust and the efficiency; however, the thrust constraint enforced corre-
sponds to the equivalent inviscid result. The Reynolds number for this study is estimated as 
Re=861,600 and the coefficients for the friction drag viscous corrections are taken as 
Cf=0.0039 and Ca=0.13. 

The solution of the optimization problem is based on the gradient-based nonlinear program-
ming “fmincon” solver offered from (MATLAB n.d.). Particularly, we implemented the se-
quential quadratic programming algorithm through the “sqp” option, which is suitable for 
handling nonlinear constraints, whereas the gradient computations for the Hessian matrix where 
based on forward differences. A typical three flapping-cycle simulation with linearized wake 
(including DtN re-calculation) takes 8min (NEA=31, NEC=60, TSR=0.36 (ω=7.17 rad/s, 
dt=0.0032s, T3=0.8730s).  
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4.1 Optimal thruster with active chordwise/spanwise bending 

For the first optimization study (case-1) we introduce 0 0{ , / , , , , , }n sweep t r c bb A c c h Str A A  
with emphasis on the effects of a superposition of chordwise and spanwise bending on the pro-
pulsive performance of the thruster. The phase differences that contribute to efficiency enhance-
ment for this setup have been determined in previous work by the authors (Anevlavi, Filippas 
and Belibassakis 2023), as ψc=180deg and ψb=0deg respectively. The frequency of motions is 
kept the same. The optimal thruster is shown in Table 2 and the corresponding propulsive per-
formance metrics in Table 3. In Figure 7, we provide schematically consecutive instances of 
the wing’s shape during one period of motion. The optimal wing is swept back with taper ratio 

/t rc c =0.335, it operates at the maximum heaving amplitude, a higher pitching amplitude and 
frequency. Regarding the active deformation, the solution yields the maximum chordwise bend-
ing amplitude and Ab=8.9deg. The optimization study required 10 hours on an AMD Ryzen 9 
3900XT workstation equipped with an NVDIA GeForce RTX 3080.  

Both constraints have been satisfied with a 21% gain in propulsive performance. Essentially, 
active chordwise deformation resembling the behavior of passively deforming hydrofoils under 
hydrodynamic load excitation; see e.g. (D. E. Anevlavi, et al. 2020), leads to a significant in-
crease in the propulsive performance as the hydrofoil section follows the flapping-foil trajectory 
of the motion at a thrust reduction penalty. In addition, since active chordline deformation does 
not alter drastically the effective angle of attack its contribution to the overall propulsive per-
formance is predicted with good accuracy via potential-based solvers. On the other hand, as 
shown in (Neef and Hummel 2002) and (Heathcote, Wang and Gursul 2008) spanwise bending 
contributes significantly to the thrust production and affects significantly the maximum effec-
tive angle of attack. Particularly, from the GPU-BEM we predict that the maximum effective 
angle of attack at the tip of the wing is 22deg. High effective angles of attack are responsible 
for the high propulsive efficiency reported as shown in Table 4. However, large effective angles 
of attack are related to dynamic stall phenomena which can be predicted only via viscous com-
putations. In any case, the margin of propulsive performance enhancement is high and thus the 
proposed optimal thruster design has the potential to outperform the reference design in further 
numerical examination.   

4.2 Optimal thruster with active chordwise bending/twisting 

The next optimization study (case-2) is concerned with investigating the effects of a combina-
tion of active chordwise bending and twisting; for which we introduce the following design 
variable vector 0 0{ , / , , , , , , }n sweep t r c t tb A c c h Str A A  . Investigations regarding the effects twist 
have been addressed in recent works such as (Thielicke and Stamhuis 2018), where it is found 
via experimental computations using that adapting twist is essential to meet the demands of 
varying mission requirements by keeping the effective angle of attack sufficiently low to avoid 
reduction of forces due to viscous phenomena. Motivated by this, we performed the present 
optimization to reveal whether a combination of active chordwise bending and spanwise twist-
ing variation can increase the efficiency at a reduced effective angle of attack at the root and 
tip; while at the same time satisfy the thrust requirement.  

The findings are presented in Table 3 along with the reference design and the thruster from 
case-1 for comparison purposes. Figure 8 contains instances of the optimal thruster during the 
last flapping-cycle. We can observe that the solution fails to satisfy the constrain regarding the 
effective angle of attack at the root, however at the tip the effective angle of attack is lower than 
the thruster obtained from case-1; indicating that a combination of both bending and twisting 

216



D. Anevlavi, E. Filippas and K. Belibassakis 

motions has the potential to produce an optimal thruster with maximum effective angle of attack 
along the span that is sufficiently low. This is left for future work.  

The optimal phase difference for the twist motion is found to be 90deg; thus in phase with 
the pitching motion with an amplitude of 7deg. The rigid-body motion parameters are close to 
the results of case-1. The efficiency enhancement is 20% and the discussion from the previous 
section regarding the effective angle of attack that should be examined with caution is remains 
valid. 

4.3 Comparative analysis 

Finally, we present in Figure 9 the time-histories of lift, thrust and moment coefficients for the 
reference design and the optimal thrusters (case-1, case-2). The new thruster designs produce 
slightly lower average thrust and lift coefficients, as expected. The moment coefficient is cal-
culated with respect to an axis parallel to the y-axis and positioned at c/3 at the root section. 
The large deviations from the time-history of CM of reference design are attributed to the active 
deformation of the wing and the changes in planform. The average values of the moment coef-
ficient are lower compared to the reference design as shown in Table 3. The instantaneous 
power coefficients defined in Sec. 2.3 are also provided for completeness.  

Table 2. Design variables and constraints for the optimization studies. The quantities in brackets are defined 
prior to the optimization and remain fixed for all solutions. 

Geometric Units (SI) Lower 
bound 

Reference Optimal 
Case-1 

Optimal 
Case-2 

Upper 
bound 

Sweep angle 
sweepA

deg 0 0 14.30 27.50 30.00 

Taper ratio 
/t rc c  

- 0.100 1.000 0.335 0.950 1.000 

Flapping 
h0 m 0.250 0.750 0.930 1.000 1.000 
θ0  deg 5.000 23.00 33.10 28.00 40.00 
Str - 0.234 0.260 0.279 0.270 0.286 
Active de-
formation 
Αc m 0 0 0.085c 0.100c 0.100c 
Αb deg 0 0 8.900 - 10.00 
At deg -10.00 0 - 7.000 10.00 
ψt deg 0 0 - 90.00 180.0 
ψc deg - 0 (180.0) (180.0) - 
ψb deg - 0 (0) - - 

Table 3. Propulsive performance of thruster designs. 

id Inviscid Viscous 
Corrected 

Root Tip 

TC η 
PoutC TC η aeff 

(deg) 
aeff 
(deg) 

Sarea 
(m2) 

Diff (%) 

0 0.329 0.721 0.4558 0.302 0.663 16.23 16.23 0.3300 
1 0.312 0.878 0.3538 0.296 0.834 11.98 22.04 0.2759 +21.77 
2 0.314 0.867 0.3615 0.292 0.8087 13.24 19.30 0.3259 +20.24 
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Figure 6. Case-1: Deformed shape instances for a wing with active chordwise and spanwise bending deformation 
during two flapping-cycles. 

 
Figure 7. Case-2 Deformed shape instances for a wing with chordwise bending and spanwise twisting defor-
mation during two flapping-cycles. 
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Figure 8. Time-histories of lift, thrust and moment coefficients for the reference design and the optimal thrusters. 

Figure 9. Instantaneous power coefficients for the reference and optimal thrusters during the last flapping-cycle 
of the simulation. 
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5. CONCLUSIONS
In the present work, we examined the effects of geometric and kinematic parameters in the 
sense of heaving/pitching motions as well as parameters of active time-varying bending and 
twisting deformation on the propulsive performance of flapping-foil thrusters for AUV propul-
sion using a realistic scenario. The two optimization studies are conducted to reveal whether an 
optimal tuning of the examined parameters exists, with a focus on propulsive efficiency maxi-
mization under a thrust and effective angle of attack constraints. Each candidate design is eval-
uated using a new cost-effective GPU-accelerated BEM solver suitable for predicted 
hydrodynamic forces and the propulsive performance of wing performing prescribed but arbi-
trary motions (flapping, chordwise/spanwise bending, twisting etc.). Friction drag corrections 
have used in the post-processing phase for the average thrust coefficient and efficiency.  

Based on the findings of this work, an optimally tuned combination of active deformation in 
the sense of bending and twisting for an optimized planform (sweep angle, taper ratio) yields 
up to 20% performance enhancement, although the instantaneous angles of attack become quite 
increased and it needs further investigation. The optimal thrusters operating at a higher Strouhal 
number and a heaving/pitching amplitude compared to the reference design, to compensate for 
the reduction in thrust due to the increase of propulsive efficiency. Regarding the phase differ-
ence, for the optimal design spanwise bending is in phase with the heaving motion, whereas 
chordwise bending has a phase difference of 180degrees compared to the heaving motion. The 
optimal phase difference for the twisting motion is found to be 90deg; thus in phase with the 
pitching motion. The results indicate that flapping-foil thrusters have the potential to operate as 
highly energy-efficient AUV propulsors, thus extending the operational capabilities of these 
vehicles and providing stealth due to their low frequency operation.  

Future work is directed towards further verification of the developed BEM solver via com-
parisons with the NTUA in-house developed MaPFlow RANS solver (Papadakis 2014) to de-
termine whether effects of flow separation and dynamic stall affect the trends that the GPU-
BEM solver reveals during this study. Finally, effects of free surface and waves are also worth 
investigating for AUVs operating at small to moderate submergence depths based on their mis-
sion. The study of more complex modal shapes for a wing with active deformation is an inter-
esting topic of research that is also left for future work.  
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