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Abstract—This paper describes the modeling and 
maneuvering performance of a second generation (Gen2) bio-
inspired unmanned underwater vehicle (UUV) propelled by four 
pectoral fins.  Based on both computational fluid dynamics 
(CFD) simulations and experimental data, we developed a UUV 
model that includes a representation of actively controlled 
curvature fin-generated forces.  The vehicle model is validated by 
comparing open-loop simulated responses with experimentally 
measured responses to identical fin thrust and lift inputs.  
Closed-loop control algorithms, which command changes in fin 
kinematics, are tested on the vehicle.  Comparison of 
experimental and simulation results for various maneuvers 
validates the fin and vehicle models, and demonstrates the 
precise maneuvering capabilities enabled by the actively 
controlled curvature pectoral fins.  Finally, various dynamics 
state responses of the Gen2 vehicle are compared with those of 
the smaller first generation (Gen1) vehicle to evaluate the effects 
of vehicle changes on performance. 

Keywords—bio-inspired; UUV; pectoral fin; robotic fish; low-
speed maneuvering; underwater propulsion; station-keeping 

I. INTRODUCTION 
There are many undersea arenas in which traditional 

propulsion and sensing techniques have proven effective for 
unmanned systems, but these have mostly been in open waters, 
uncluttered and with generally predictable flow dynamics.  It is 
in the more cluttered undersea areas with fast changing 
currents and near-surface wave effects that much is yet to be 
accomplished when it comes to unmanned platforms. 

Researchers seeking to improve on vehicle performance in 
these environments have looked to nature as an inspiration for 
their designs.  Fish and other aquatic organisms that inhabit the 
types of environments where unmanned platforms could prove 
very useful have are effective navigators of their domains.  
Combinations of finned propulsion and control surface 
actuation, and unique sensory systems have given these 

organisms the tools they need to survive and thrive, and these 
same systems can provide scientists and engineers with the 
inspiration they need to greatly improve vehicle performance 
in difficult environments. 

A number of researchers have studied the fin force 
production mechanisms employed by various fish species in 
their attempts to understand how these organisms achieve high 
levels of controllability in difficult environments [1][2].  
Within fish swimming, articulation of the pectoral fins has 
been shown to produce forces and moments ideal for high-
maneuverability in low-speed and hovering operations 
[3][4][5].  Several investigators have developed and adapted 
rigid and passively deforming robotic pectoral fins onto 
unmanned underwater vehicles (UUVs) including [6][7][8][9].  
Others have pursued the development of actively controlled 
curvature pectoral fins including [9][10][11][12], but few have 
deployed these fins on UUV platforms [13][14][15]. 

This paper builds on previous work with actively controlled 
deformation pectoral fins.  A first generation (Gen1) fin was 
designed and experimentally tested [10][16].  A two-fin and a 
Gen1 four-fin vehicle were designed, constructed, and tested 
demonstrating the capabilities of the fins as effectors of 
propulsion and control [15][17][18].  Based on these results a 
scaled up second generation (Gen2) fin and four-fin vehicle 
were designed and analyzed to improve performance for 
operation in near-shore environments where precise low-speed 
maneuvering is needed in the presence of obstacles and 
dynamically changing flow conditions [19]. 

This paper details the initial modeling of the Gen2 vehicle 
and fin dynamics using preliminary experimental results and 
computational fluid dynamics (CFD) simulations, and validates 
these models with experimental vehicle test data.  Feedback 
control algorithms are designed and verified through 
experiments demonstrating the maneuvering capabilities of the 
Gen2 vehicle.  Comparison of the Gen1 to Gen2 vehicle 
maneuvering performance is made, outlining the effects of 
changes made to the fin and vehicle. This work was supported by the Office of Naval Research.



II. VEHICLE DESIGN AND MODEL 

A. Vehicle Design 
After demonstrating the performance capabilities of a 0.41 

m long four-fin vehicle in [18], added payload space and 
greater thrust for countering currents and wave forces in near-
shore environments was determined necessary [19].  After 
multiple design iterations, the final 1.01 m long design was 
reached.  Fig. 1 shows this Gen2 vehicle design with its 
coordinate reference frames, while Fig. 2 shows the Gen2 
vehicle prototype. 

The Gen2 vehicle employs a water-tight cylinder for 
housing the lithium batteries, control electronics, and inertial 
measurement sensors including three-axis gyro (ITG-3200), 
three-axis accelerometer (ADXL345) and compass 
(HMC5343).  The fin mounts and housings are designed to 
reduce drag by minimizing cross-flow through the vehicle hull.  
The flooded, fiberglass molded nose and tail sections are 
currently reserved for additional payloads and sensors.  As 
with the Gen1 vehicle, hardware control and all computation 
are performed by a 16 MHz ATmega2560 microcontroller. 

B. Vehicle Model 
The rigid body vehicle hull is modeled separately from the 

elastic bending and twisting of the fins.  The six degree-of-
freedom (6-DOF) translational and rotational equations of 
motion for a rigid body are given in [20] as, 
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Here v0 = [u v w]T is the velocity vector, ω = [p q r]T is the 
angular rate vector, rG = [xG yG zG]T is the center of gravity 
position vector, I0 is the inertia tensor, f0 = [X Y Z]T is the 
external force vector, and m0 = [K M N]T is the external 
moment vector.  Equation (1) is rewritten in matrix form as, 

 τη =+++ )()()( gvvDvvCvM  (2) 

Here M = MRB + MA is the inertia matrix for rigid body and 
added mass, C = CRB + CA is the centripetal and Coriolis 
matrix, D = DQ + DL is the hydrodynamic lift and drag matrix, 
g is the gravitational and buoyancy vector, v = [v0

T ωT]T is the 
body-fixed linear and angular velocity vector, η = [x y z φ θ ψ]T 
is the earth-fixed position and orientation vector, and τ = τfins + 
τexternal is a vector of all forces and moments external to the 
rigid body. 

The Gen2 vehicle hull is symmetric about the x-z and y-z 
planes, and although it is not symmetric about the x-y plane, it 
is assumed to be symmetric because it operates at low-speeds 
[21].  We can therefore simplify both MRB and MA to diagonal 
matrices, eliminating the cross-terms.  Also because of vehicle 
symmetry and low speed operation, lift forces on the body 
become negligible and D simplifies to a diagonal matrix of 
quadratic and linear drag terms. 

 

Fig. 1. Gen2 UUV design and coordinate reference frames. 

 

Fig. 2. Gen2 UUV prototype. 

 

Fig. 3. Pressure contours on Gen2 vehicle hull computed using a CFD tool. 

The rigid body mass terms were calculated from CAD 
models and physical measurements of the Gen2 vehicle.  The 
added mass terms were calculated using strip theory as in 
[20][22][23].  The drag terms were computed in CFD, as 
illustrated in Fig. 3, and showed that the linear terms were 
negligible along and about all axes.  Axial drag results along 
each body axis are shown in Fig. 4. 

 

x, φ 

y, θ 

z, ψ 

u, p w, r 

 v, q 

Inertial 
Frame 



 

Fig. 4. Vehicle axial drag as a function of axial velocity as computed using a 
CFD tool. 

C. Fin Model 
The actively controlled curvature fins have been mounted 

to the rigid body of the Gen2 vehicle such that fin thrust acts 
along the body x-axis and fin lift acts along the body z-axis.  In 
the current study, fin force generation along the body y-axis 
has been neglected as the differential in the force produced by 
the left side fins compared with the right side fins is close to 
zero in this direction.  We then represent the forces and 
moments produced by the fins on the vehicle as, 
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Here fT is fin thrust, and fL is fin lift.  Subscripts ‘LF’, ‘LB’, 
‘RF’, and ‘RB’ identify the left front, left back, right front, and 
right back fins, respectively.  The x-position of the center of 
pressure on the fins is denoted by xF for the front fins and xB 
for the back fins.  The y-position of the center of pressure on 
the fins is denoted by yL for the left fins and yR for the right 
fins.  The center of pressure defines the location of the fin 
generated forces which is needed to compute the fin generated 
moments, and was determined in CFD simulations [16]. 

Incorporating changes to fin geometry and kinematics, 
Gen2 fin force generation has been characterized using CFD to 
complement the experimental results presented in [19].  A CFD 
computed thrust time history for forward gait kinematics is 
shown in Fig. 5. 

 

Fig. 5. CFD computed thrust time history for the Gen2 fin using 
experimental forward gait kinematics at 1.8 Hz flapping frequency.  Average 
thrust is computed as 1.76 N. 

Based on the Gen2 fin thrust and lift results, we have 
updated the fin models from [18] to reflect the improved force 
generation, as well as the differences in the effects of free 
stream flow speed on fin thrust as shown in Fig. 6 for the 
forward thrust producing gait.  As with the Gen1 fin and 
vehicle, Gen2 fin thrust decreases linearly with free stream 
flow speed in the regime of flow speeds the vehicle is expected 
to experience. 

The Gen2 fin kinematics selection and fin force production 
characterization is an active area of research, and the fin model 
continues to be updated as these fin studies produce results.  
More detailed studies of fin kinematics including curvature 
time histories, and flapping frequency and amplitude will lead 
to improved fin thrust and lift performance.  This will lead to 
improved vehicle performance as well as a more refined fin 
model. 

 

Fig. 6. CFD computed average thrust for the Gen2 fin at varying free stream 
flow speeds. 



III. SIMULATION AND MODEL VALIDATION 
The 6-DOF model of Gen2 vehicle dynamics was 

implemented in MATLAB and Simulink to enable simulation 
of vehicle performance (Fig. 7).  Vehicle experiments were 
conducted to validate the model in heave (translation along the 
body z-axis) and yaw (rotation about the body z-axis) 
characteristics similar to the validation done for the Gen1 
vehicle model [18]. 

A. Heave Performance 
Heave performance is validated by setting an equal fin 

stroke angle bias for each of the four fins (to generate a 
downward force) and running the vehicle to a steady-state 
heave rate.  Fin lift as a function of fin stroke angle bias has 
been characterized in [18], and has been adjusted for the Gen2 
fin based on computational results as, 

 
biasΦ

biasL
f ⋅−=

Φ
0038.0

,
 (5) 

Here Φbias is the fin stroke angle bias.  With Φbias = 45o for 
all four-fins, each fin yields a –0.17 N lift force.  At this 
operating point, a steady-state vehicle heave rate of 3.1 cm/s is 
achieved in simulation (Fig. 8).  Experimental results 
demonstrate a steady-state heave rate of 3.3 cm/s, a difference 
of 6.4 % which is explained by finite sensor precision and 
errors in fin kinematics modeling. 

B. Yaw Performance 
Yaw performance is validated by setting a differential in fin 

curvature between the left- and right-side fins and running the 
vehicle to a steady-state yaw rate.  Fin thrust as a function of 
fin curvature has been characterized in [18], and has been 
scaled for the Gen2 fin based on computational results as, 
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Here κ is the fin curvature constant ranging from zero (full 
reverse gait curvature) to one (full forward gait curvature).  
The two fins on the left use the forward thrust gait, while the 
two fins on the right use the reverse thrust gait.  Because the 
forward thrust gait generates a larger magnitude force than the 
reverse thrust gait, a reduction in fin curvature (60 %) is 
programmed into the left fins to ensure near zero net forward 
thrust.  The resulting magnitude of average thrust from each of 
the four fins becomes 0.7 N. 

In simulation, a steady-state vehicle yaw rate of 37o /s is 
achieved (Fig. 9).  Experimental results demonstrate a steady-
state yaw rate of 41o /s.  This 11 % error in the model could be 
attributed to a number of sources including scaling 
assumptions in the fin thrust model and computations of the 
vehicle yaw rate damping constant. 

 

Fig. 7. Simulink block diagram for vehicle dynamics simulation showing models of fin forces, vehicle 6-DOF equations, and sensors.

 

Fig. 8. Simulated and experimental open-loop heave rate response to a 45o 
fin stroke angle bias. 

 

Fig. 9. Simulated and experimental open-loop yaw rate response to 
forward/reverse gait curvature differential between left- and right-side fins. 



While validation of the 6-DOF vehicle dynamics model is 
not complete using only analysis of experimental heave and 
yaw, it does validate the methods by which vehicle dynamics 
coefficients are calculated.  The rigid body mass, added mass, 
and drag coefficients validated through heave and yaw 
experiments were computed using the same equations and tools 
as the coefficients describing the other vehicle modes of 
motion.  

IV. CLOSED-LOOP MANEUVERING PERFORMANCE 
With a validated vehicle dynamics model, closed-loop 

control performance for simple maneuvers was analyzed in 
simulation and experiments.  Vehicle control is achieved, as in 
[15][18], by combining preprogrammed fin gaits to alter the fin 
kinematics and vector thrust in a direction to produce desired 
vehicle motion. 

A. Depth Control 
Feedback of vehicle depth through a pressure transducer 

(SSI Technologies P51-series) provides the primary source of 
state information for vehicle depth control.  Fin bias is 
controlled as a function of depth, pitch rate and angle, and roll 
rate and angle as in (7). As the vehicle has sufficient natural 
damping in heave, feedback of depth rate is not needed. 
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Here each K value is a gain constant on the subscripted 
state variable.  In a dive maneuver, pitch and roll stability are 
ensured while depth is controlled to a commanded value.  
Simulated performance of the vehicle in a simple depth change 
maneuver (moving vertically through a column of water) is 
compared with experimental results as shown in Fig. 10. 

 

Fig. 10. Simulated and experimental closed-loop depth control (Kz = 3) 
response to 40 cm commanded depth change. 

In both simulation and experiment, the Gen2 vehicle 
completes a 40 cm dive in 14 s.  The simulated depth matches 
the experimental depth with an average error of 0.7 cm during 
this dive maneuver.  However, during resurfacing (after 14 s), 
the simulation and experiment diverge leading to a depth error 
of 15 cm after 16 s of that maneuver.  Explanations for this 
error include changes in vehicle buoyancy, as there may have 
been pockets of air within the wetted hull, and shifting of mass 
within the vehicle electronics housing leading to fin bias angle 
saturation to maintain pitch and roll stability. 

B. Heading Control 
Feedback of vehicle heading through a magnetic compass 

and yaw rate through a gyro provides the primary sources of 
state information for vehicle heading control.  Fin curvature is 
controlled as a function of forward speed, and yaw rate and 
angle as in (8). While vehicle position in the x-y plane would 
normally also drive fin curvature, the Gen2 vehicle currently 
does not have an accurate positioning system in this plane. 
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Simulated performance of the vehicle in a simple yaw 
maneuver (in hover) is in agreement with experimental results 
as shown in Fig. 11.  The 180o turn is completed in 6 s in both 
simulation and experiment.  During the entire 180o heading 
change and steady-state oscillation, the average error between 
simulation and experiment is 16o.  Explanations for this error 
include interference in compass heading measurements due to 
magnetic field disturbances in the laboratory environment. 

Based on the validation of the feedback controller for 
heading, changes made to the control algorithm gains are made 
to improve performance.  Adding yaw rate feedback dampens 
the oscillations seen in the Fig. 11, as shown in Fig. 12. 

 

Fig. 11. Simulated and experimental closed-loop heading control (Kψ = 5) 
response to 180o commanded heading change. 



 
Fig. 12. Simulated closed-loop heading control comparison response to 180o 
commanded heading change varying heading and yaw rate control gains. 

V. GEN1 AND GEN2 VEHICLE COMPARISON 
In addition to adding usable payload space and improving 

vehicle endurance, one of the main goals of creating a second 
generation vehicle was to improve on maneuvering 
performance.  Based on the accuracy of the 6-DOF vehicle 
model presented in [18], on the scaled up fin data presented in 
[19], and on the simulation validation presented here, a 
comparison of Gen1 and Gen2 vehicle performance is made. 

With respect to surge (translation along the body x-axis) 
rate, the Gen2 vehicle outperforms the Gen1 vehicle by a ratio 
of almost 3:1 (Fig. 13).  The Gen1 vehicle was capable of a 
0.41 m/s (0.79 knots) maximum forward speed [18] while the 
Gen2 vehicle exhibits a 1.2 m/s (2.3 knots) forward speed.  

In heave and yaw, the performance of the Gen1 and Gen2 
vehicles is comparable.  The Gen1 maximum vehicle heave 
rate is 3.8 cm/s while Gen2 vehicle heave rate is 3.1 cm/s (Fig. 
14).  Also, the Gen1 vehicle has a maximum yaw rate of 41o /s 
while the Gen1 vehicle has a yaw rate of 37 o /s (Fig. 15). 

VI. DISCUSSION AND CONCLUSIONS 
Models of Gen2 vehicle and fin dynamics have been 

developed based on CFD and experimental results.  Gaps in 
current data on the Gen2 design were extrapolated from models 
of the Gen1 fin [18], which will continue to be updated as 
results become available.  However, our scaling assumptions 
for the vehicle and fin models yielded an accurate 
representation of vehicle dynamics based on comparisons of 
simulation and experimental vehicle results. 

Open-loop vehicle responses to induced heave and yaw 
motion demonstrated that model performance matches 
experimental performance within 6.4 % in heave rate (Fig. 8) 
and 11 % in yaw rate (Fig. 9).  Errors due to model scaling 
assumptions and sensor precision explain these measured 
differences.  While model improvements will be made going 
forward, the current results validate our models and 
simulations as tools for improving vehicle propulsion and 
control authority. 

 
Fig. 13. Simulated open-loop comparison of Gen1 and Gen2 vehicle 
maximum forward speed. 

 
Fig. 14. Simulated open-loop comparison of Gen1 and Gen2 vehicle 
maximum heave rate. 

 
Fig. 15. Simulated open-loop comparison of Gen1 and Gen2 vehicle 
maximum yaw rate. 



Based on experimental closed-loop performance in depth 
and heading control, it is evident that proportional-integral-
derivative (PID) control of fin parameters is sufficient for 
quick and accurate simple maneuvers.  This was also true with 
the Gen1 vehicle [18], and validates the Gen2 fins as capable 
effectors of propulsion and control for a highly maneuverable 
UUV. 

While the Gen2 fins have demonstrated the capability to 
vector thrust in multiple directions through changes to 
curvature and stroke bias angle, values for these fin parameters 
were subjectively designed and hence preliminary.  A more 
formal study of gait optimization for maximum thrust and lift 
generation is ongoing.  This area of research will enable greater 
control authority and improved vehicle performance. 

Maximum forward speed of the Gen2 vehicle has improved 
over the Gen1 vehicle to 1.2 m/s (2.3 knots) (Fig. 13).  
Operating in this range, between 2 to 3 knots, enables much 
greater position holding capability and vehicle control in 
shallow water areas.  

Although improvements in surge were demonstrated, the 
current Gen2 vehicle performance in heave and yaw shows no 
improvement over the Gen1 vehicle (Fig. 14 and Fig. 15) 
indicating a need to improve fin kinematics and investigate fin 
orientation effects [17] for greater thrust vectoring authority. 

In conclusion, while there will continue to be 
improvements in fin and vehicle modeling, the dynamics 
models developed and presented in this paper accurately 
capture the dynamics of the Gen2 vehicle prototype.  
Additionally, while Gen2 fin kinematics for thrust and lift 
production have not been optimized, the Gen2 vehicle 
performance shows improvement over the Gen1 vehicle 
primarily in surge motion.  The benefits of additional payload 
space and reduced power consumption [19] also cannot be 
ignored.  
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