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Abstract— We propose a six degree-of-freedom multi-body
approach for modeling and simulation of Biologically-inspired
(or Biomimetic) Autonomous Underwater Vehicles (BAUVs),
i.e., artificial fish. The proposed approach is based on consider-
ing the BAUV as comprised of multiple rigid bodies interlinked
through joints; the external force and torque on each rigid
body in the BAUYV is expressed using quasi-steady aerodynamic
theory and the joint constraints are imposed through an
impulse-based technique. A BAUV simulation platform has
been implemented based on the proposed modeling framework
and has been applied to analyze a specific BAUV inspired by
the electric ray. The hardware implementation of the electric
ray inspired BAUY is also presented. Finally, sample simulation
results and validation against experimental data collected from
the electric ray inspired BAUV are also presented.

In this paper, we address the development of a general
multi-body based framework (Section 1) for six degree-of-
freedom modeling of a general BAUV and the implementa-
tion of a simulation and visualization platform (Section Il1)
based on the modeling approach. The dynamic model is de-
veloped based on a formulation of a BAUV as the composi-
tion of a collection of bodies interlinked through appropriate
joints. The hydrodynamic effects on each body are expressed
through quasi-steady aerodynamic approximations and the
dynamics of the entire BAUV system is attained through the
utilization of a impulse-based approach [28,29] for capturing
the effects of the joint constraints. The proposed modeling
approach is generally applicable to any BAUV with arbitrary

I. INTRODUCTION arrangements of foils. While prior efforts have typically

Autonomous Underwater Vehicles (AUVs) have attractefbcused on specibc bshes such as the tuna or dolphin, the
increasing interest [1D3] in recent years due to their potentiufoposed approach and simulation platform are generic and
important role in several civilian and military applicationsconbgurable to a variety of BAUV designs. The proposed
such as intelligence and surveillance applications, searefpproach and simulation platform address full six degree-
and rescue, mobile communication relays, and hull and pief-freedom dynamics of the BAUV including roll and pitch
inspection with object identibcation and localization. In parmotions. The application of the simulation platform to the
ticular, Biologically-inspired (or Biomimetic) Autonomous analysis of the swimming of an electric ray and a ray-inspired
Underwater Vehicles (BAUVs), Oartibcial bshO in particuld8AUV (Section 1V) is also presented as well as the validation
are receiving signibcant attention [4,5] due to the attractivef simulation results against experimental results (Section V).
promise of being able to leverage optimizations achieved
over millions of years of evolution. The biological study I
of real bshes and their swimming mechanisms [6,7] offer :
key design ideas to achieve energy efbciency, stealth, aﬁd Overview of approach
maneuverability in BAUVSs. The proposed dynamic modeling technique is based on an

Classical approaches to understand the mechanics of hawiculated multi-body approach (Figure 1), which provides
bsh swim include the waving plate and the elongated bodyenerality and Rexibility in terms of support for various bn
theories [8,9]. Interest in developing BAUVs has spurred@onbgurations and designs. Compared to the conventional
renewed research into various techniques for modeling epproach utilized in the robotic Psh modeling and control
recent years [10D26] using primarily approaches based hterature wherein the dynamics of the multiple parts of the
guasi-steady aerodynamic theory and starting from a focussh are not modeled explicitly and the cumulative external
on modeling of the swimming behavior restricted to single¢hydrodynamic + gravity) force and torque are simply viewed
direction forward swimming on to planar (two translationalas acting on a rigid body capturing the inertia properties of
and one rotational degree of freedom) swimming and, in rehe entire BAUV, the approach here offers improved bdelity.
cent years, to three-dimensional swimming considering alddowever, while the approach here is based on a quasi-steady
diving (depth change) behavior. Modeling and simulatiormpproximation for hydrodynamic effects treating the different
based on Computational Fluid Dynamics (CFD) approacparts as hydrodynamically independent, it is to be noted
has also been addressed (for instance, in [27] and referentleat further Pdelity improvements can be attained through
therein); however, a CFD approach is computationally bua detailed Row modeling including cross-coupling between
densome and does not lend itself to development of a modgifferent parts. In the approach utilized here, the parts of the
usable for control design purposes. BAUV that can move relative to each other are modeled as

o . ) separate rigid bodies and the coupling between the parts is

o i gaber s, wih nelech Migosysens, e, (M) modeled in terms of consiraints involving joints of various
Research Laboratory (CRRL), Department of Electrical and Computd¢inds (hinge, ball-and-socket, slider, etc.). Flexible parts such
Engineering, Polytechnic Institute of NYU, Brooklyn, NY, 11201 55 the tail and Rexible body used in RayBot (Section 1V)
and with IMI. The third to sixth authors are with Vassar College, . . . .
Poughkeepsie, NY, 12604. This work was supported in part bjl® approximated as an interconnection of a Pnite number
the Ofbce of Naval Research (ONR) under contract no. N000143f bodies. The conbguration geometry and parameters of all
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Fig. 1. Conceptual architecture of BAUV multi-body modeling approach.

B. Coordinate frames and rigid body dynamics of each body
Denoting the rigid bodies in the system &s,..., L

on body L; are brieBy summarized here. Details on the
modeling of each of these components and techniques for
estimations of various parameters entering therein can be
found in the vast literature on aerodynamic and hydrody-
namic modeling [30D34] and are only broadly outlined here
for brevity. The generalized forcg’; includes:

« Gravity: Generalized force due to gravity is given by
[(fG z(pr 1)) ( i" fG;L'(pr,i))T]T WherefG,i(pr,i) =
(R)T[0,0 #mg]T, g being acceleration due to gravity.

e Buoyancy: The buoyancy force is along the vertical
direction (in inertial frame) and through the center of
buoyancy CB (whose coordinates in body frame are
given bypp; ). The generalized force due to buoyancy
is modeled as(f5.:(pi))”, (pB:" fB.i(pi))T]" where
fB.i(pi) = (R)™(0,0, pg$ i(pi)]* with p denoting the
density of waterpp ; denoting the position (expressed
in body frame) of the center of gravity of a body of the
same shape ak; but with uniform density, an® ;(p;)
denoting the volume of water displaced by when the
generalized position vector (linear and angular position)
are given byp,. If L; is completely submerged, then
$ ;(p;) is independent op;.

where N is the number of rigid bodies in the robotlc Psh ., Added inertia: The motion of L; through the Ruid
multi-body model, the rigid-body state of each body is  results in the application of a generalized force on

comprised of translational positiom,(;), rotational position
(i.e., attitude) represented as a quaternjgn, translational
veIOC|ty (v¢;), and angular velocityw. ;). Each joint in the

system typically contributes one state (e.g., a joint angle
for a hinge joint). The kinematic reduction of the number

L; due to the added mass effects given by ; =
# M0 # Cai(vi)v; whereM , ; is @ 6x6 symmetric
positive-debPnite matrix ancCAl is the 6x6 matrix
obtained fromM 4 ; through the relation

of degrees of freedom due to the constraints introduced Cai (v) = Ost 3 Cni 12(wi) @)

by the joints linking the bodies in the system is implicitly

- Chii, 12(Ui) Chii, 22(vi)

handled by the impulse-based method for enforcing the where0sys is a 3x3 zero matrix)M 4 ; ; denotes the

joint constraints. A body-pxed frame is introduced for eac
body L; as X;Y;Z,. A suitable inertial frame (denoted as
frame 0) is introduced a¥X Yy Z, (typically, with Z, axis

h (k1) 3x3 submatrix ofM4 ;, and
Cai, 12(vi) = —=S(Maj, 11vi + Maj, 1201, )

pointing upwards, i.e., aligned opposite to the gravity vector). Cni, 22(vi) = —S(Maj, 210i + Maj 2201 ). (4)
The rotation matrix which transforms vectors in the body-  The off-diagonal elements d¥/4 ; are typically small

bxed frame ofL; to the inertial frame is denoted a8}

The translational and angular velocity of each bod)y are
represented in a frame Pxed to the body (The bod); frame

of L;). In terms of the 13x1 state vect@y? . p;;, v{,, v
of L;, the rigid- body dynamics of; are written as

Dri —ROUII ; Dri = 2prl ovri ; MU|+C|(’U|)’U| F. (1)

where the rotation matrixk, is as computed from the
quaternionp, ;, ! denotes the quaternion produet,; is

T’L]

the augmented (with a leading 0) angular velocity vec-

tor, p; = [p{,;,pl,]" is the generalized position vector,
v; = [vl,,vT]T is the generalized velocity vectoF,; =

t,09 Yr

and a reasonable approximation for the diagonal ele-
ments is to consider the projected area of the body
in each direction and estlmatg the added mass for that
direction to be of the for% wherea and b are

the principal dimensions of the projected area.

. ﬁ/:t and drag: The net drag arises from various distinct

ects including skin friction, vortex shedding, leading

edge suction, etc., and can be modeled in a bulk sense
to be of the formDHi(vi)vi. The lift force onL; is
modeled using standard quasi-steady theory. Denoting
the unit vector along the chord (short side of central
plane) of L; by ¢.; and the unit vector normal to the

[FT, 71T is the generalized force vector (force ad torque  central plane ofL; by n., the unit vector along the
combined to yield a 6x1 vector expressed in the body frame ~ span (long_side of central plane) df; is given by

of L;) acting onL;, and

- m;ilar 3 —mi S(pai )
My = { mi S(pa,i ) f'pG }
o mi S (v ) —mi S(vii )S(psii )
G = { mi S(pei )S (vri ) —S(Li vy, f) } @)

with m; and I; being the mass and inertia matrix (expresse
in body frame), respectively, of;, S denoting the skew
symmetric matrix operatory ; denoting the position (ex-
pressed in body frame) of the center of gravity (CG)Lgf
and I3, 3 denoting the 3x3 identity matrix.

ces ' mes. The effective lift force onL; acts at the
center of pressure (CP) whose locationp depends
on the geometry of the control surface, but is glpically
on the central plane around 25% of the chord behind
the leading edge. Denoting the relative velocity of CP
with respect to the Ruid by,..; and decomposing the

d relative velocity along-.s andn.,, the angle of attack
of L; is obtained as

dattack = atan2vay .ncs/||vav ||, vav -ces /||vav ||) (5)
Wherevay = (v ncs )1es + (v cos Jees IS the advance

velocity. In its simplest form, the generalized force due
to the lift on the control surfacé; is modeled as being

C. External forces and torques of the form
The principal components entering into the generalized Fes = 0.5pAcsslva ['[A,(rep x B)']T (6)
6x1 force vector (force and torqud); = [F}', 7] acting Fi = On(battacknes + Ot (Oattackces  (7)



between the two joint points (i.e., the points on each of the
linked bodies which are constrained through the joint) while,
in the case of a rotational joint constraint, the corrective
impulses are computed based on the relative rotation between
the two linked bodies. A variety of joints can be modeled
for |dattack = Istall as appropriate combinations of translational and rotational
and a similar model forCr with Cpy instead of joint constraints. For instance, a hinge joint which is most
Cno. Cno and Crq are parameters depending on thecommonly required for BAUV modeling is modeled as a
geometry ofL; and dgtg is the stall angleA.; is a combination of three translational joint constraints (i.e., a
positive coefpcient representing the area of the surfaggherical joint which eliminates all translational degrees of
of L, contributing to the lift;A., could, in general, be freedom between the connected bodies) and two rotational
a function of the instantaneous conbguration (e.g., joigeint constraints (i.e., an orientation joint which allows the
rotations causing stretching of a lifting surface) of thdinked bodies to only rotate around a single common axis).
BAUV. Cno andCr are also, in general, conbguration-This multi-body formulation with joint constraints allows
dependent. The Theodorsen function can be used ainulation of general Pn, body, and tail motions including
in [10] with a linear Plter approximation to capture,3apping, twisting, and undulating motions. The Rexibility
through a multiplier, the portion of the lift due to of the perimeter of the body disc in the electric ray can
the wake of an oscillating foil. The effect of leadingalso be addressed through approximation as a network of
edge suction is included similarly through an attitudemultiple discrete bns, thus providing support for modeling
dependent quadratic form of the generalized velocita principal distinguishing characteristic of the electric ray,

where

CN o sin ('5 .‘.”‘ttaCk)
stall

for |dattack < Istall
COn oSign(dattac

Cn (5attale = ®)

vector. Froude-Kriloff and diffraction forces can alsowhich is a rigid central body disk with a highly Rexible
be modeled along similar lines through a generalizegerimeter actuated in a distributed fashion.

force of the formM gk p(vei) + Dri p (Ve,i)ve,; Where
Mprp andDpgp are 6x6 matrices angl. ; is the Buid
velocity vector expressed in the body-bxed frame.

o Actuators: Characterizations of the actuation mechas

[1l. SIMULATION PLATFORM AND APPLICATION TO A

BAUYV INSPIRED BY ELECTRIC RAY

A BAUV simulation platform has been implemented based
the proposed multi-body modeling approach. The main

. . n
nisms (e.g., the tendon mechanism used to actuate tE@mponents in the simulation platform (Figure 2) are:

RayBot tail as discussed in Section IV) used to actuate
the Pns, body Rexibility, etc., can be modeled using
either static models (i.e., simply as appropriate force and
torque models on the relevant bodies in the multi-body
system) or dynamic models (i.e., including additional

dynamics capturing dynamics of the actuators).

As described above, the hydrodynamic forces and torques
on each body in the articulated mechanism are computed
based on quasi-steady Row assumption with the different
bodies being treated as hydrodynamically independent, i.e.,,
cross-coupling due to wake and backwash are not modeled
explicitly; however, these effects are approximately cap-
tured through appropriate modibcations of the lift and drag
coefpcients of the bodies. While explicitly accounting for
cross-coupling and also incorporating accurate Ruid Row
models would enhance simulation bdelity at the expense of
signibcantly increased computational complexity and loss of
simplicity and tractability for use for control design purposes,
the present approach does provide sufpcient richness to yield
a reasonable match with experimental results (Section V).

D. Impulse-based technique to address joint constraints

The generalized force applied dn by the joints connect-

ing L; to other bodies includes constraint forces and torques
as well as effects of joint stiffness (which are modeled by
a function of the form# Dy ;n; # D, ;n.; wheren; and

7; are the joint variable and its derivative, respectively, and
D, ; and D, ; are 6x6 possibly state-dependent matrices).
An impulse-based method is utilized to enforce the joint
position and velocity constraints. The impulse-based method
[28,29] uses an iterative approach to compute a sequence
of impulses to apply to the rigid bodies to enforce the con-
straints and supports general open and closed kinematic chain
mechanisms. In the case of a translational joint constraint,
the corrective impulses are computed based on the drifts

« Impulse-Based Dynamic Simulation (IBDS): The open-

source IBDS library [28,29] provides functionality to
set up systems of rigid bodies inter-connected with a
variety of joints; the user of the library can then use
the provided API to set external forces and torques at
each time step and command a simulation update. IBDS
utilizes an impulse-based technique to satisfy the joint
constraints. A customized version of the IBDS library is
used here as the back-end for multi-body computations.
HydroBody: A generic OhydrodynamicO rigid body has
been implemented as a wrapper around IBDS contain-
ing the hydrodynamic force and torque computations
described earlier. A general set of parameters (including
mass, inertia matrix, linear and rotational drag parame-
ters, locations of CG, CB, and CP, lift coefbcients, stall
angle, etc.) is used to debne a HydroBody. Internally,
the implementation of HydroBody calls the IBDS API
functions to set up appropriate external forces and
torques. A Python interface to HydroBody was imple-
mented using SWIG (Simpliped Wrapper And Interface
Generator) to generate the Python API wrapper code.
BAUV conbguration and simulation control: The geo-
metric and hydrodynamic conbguration of the BAUV is
set up at run time through the Python scripting interface
to HydroBody. This provides a high degree of Rexibility
since all aspects of bPn conbguration and parameters
as well as time trajectories (and control laws) for bn
actuation are set at run time through a Python script
and text-based conbguration Ples, thus facilitating easy
reconbguration and testing of BAUV designs.
Autonomous Vehicle Visualization (AVV): The AVV
platform which was implemented in our prior efforts is a
general-purpose real-time visualization platform which
we have utilized for sea surface vehicle, AUV, and
rotorcraft visualizations. Screenshots from AVV applied



to the electric ray inspired BAUV visualization are We have implemented a prototype of the ORayBotO skele-
shown in Figure 3. AVV accepts time-indexed vehicletion with a biomimetic Rexible tail which uses tendon-
kinematic data from bles or piped (through FIFO Ples dike actuation with a retinacula-like tendon guide is shown
sockets) to it in real-time from the dynamic simulator;in Figure 6. Experimental results from this prototype and
the latter option is utilized in this application with comparison with simulation results are described in Sec-
the complete BAUV state vector (including Pn andtion V. Rebnements of the RayBot including an analysis
body Rexibility states) transmitted to AVV in real- of alternative actuation mechanisms for the tail, pelvic bns,
time through a network socket. The standard featureend Rexible body disc (including pectoral Pns) are being
provided by the AVV framework include support for studied in on-going efforts. The RayBot skeleton is housed
arbitrary obstacle geometries (specibed through tekt a biomimetic body (Figure 8) designed based on a model
conbguration Ples at run-time) composed of collectionsonstructed from a real electric ray. The casted ray is 75 cm
of cuboidal, cylindrical, and ellipsoidal shapes, supporong x 50 cm wide, with a maximal height of 15cm at the tip
for multiple possibly heterogeneous autonomous vehif the caudal bPn and disc height of 9 cm. It weighs 5.5 kg,
cles, full 3D interaction, keystroke logging and auto-and is easily carried by a single person. Without ballast or
replay, automated screen captures, and export to movigayload, the swimming RayBot is slightly buoyant, resting
mostly under the waterOs surface with the very top portion

AP functi Il t H i
Configuration and | A4 oo Eao 0o [ pyaromody of the body disc exposed. The electronics components are
S‘"‘Uég‘;ﬁgﬁ;’”“' ¥ o 'mp'e('gf:;am" contained within a completely submerged waterproof box
_J L‘ accessible from below. The prototype in Figure 8 utilizes a
A Network socket AP| function calls #

biologically-inspired rack-and-pinion shear actuation mecha-

communication (force and torque . ? . . . . .
(state vector transfers commands to nism to drive the oscillating, propulsive tail. The servo drives
from Python simulation rigid bodies and ni - i
| driver to AVV) simulation updatsshy a rack apd pinion gttached to a bn-ray like skgleton that
extends into the tail. The bn-ray skeleton consists of two
AVV OpenGL IBDS Impulse-Based

parallel, elongated, thin PVC plates joined at the distal end,;

at the proximal and free ends, one plate is attached to the
rack and the other to the servo. When the servo translates
the rack, the drive plate shears past the anchor plate causing

bending of the bn-ray system. To prevent bowstringing and
enhance bending, a retinaculum or sheath prevents the two bn
rays from separating laterally. The advantage of this bn-ray
system is that the actuator can be housed centrally, standard
servos can be used, and linkage systems are light and thin.

Visualization Environment
(C+4)

Dynamic Simulation Library
(C++)

Fig. 2. Architecture of the BAUV simulation platform.

Fig. 3. Screenshots from AVV for BAUV simulation. o 12 . '§ 3.0 .
E 10 v s o
IV. RAYBOT: A BAUV | NSPIRED BY THEELECTRIC RAY T s E e
o 2
A BAUV is being implemented based on design concepts & © £20 oo o’
inspired by the electric ray, Narcine brasiliensis (Figure 4). e %15 * .
Unlike other families of rays, stingrays, and skates, electric £ 5 ° 2 o ¢
e = 1.

rays swim not by undulating the body disc, but rather by
oscillating the tail in lateral motion. This allows the body 1o 15 20 2> 30 10 1> 20 25 3.0
disc to deliver a payload (electric organ) and be used as a Tailbeat frequency (Hz) Teilbeat frequency (Hz)
lifting body, with the trailing edges and adjacent pelvic bPn&ig. 4. Observation and performance testing of live electric rays. Bottom
controlling slot effects. Being negative buoyant, electric ray&'° Plots show constant-velocity swimming of live electric ray: blue dots

. . - . . e samples from observations of free-swimming juvenile electric rays (three
sink When not aCtNer SW|mm_|ng, and we have _ewdence thé?rfonths old); black line in left bgure is a linear bt of the observations.
they glide and control the glide under these circumstances,
with speed on the glide path inversely proportional to the V. SIMULATION AND EXPERIMENTAL RESULTS
glide angle (Figure 5). Upon reaching the bottom, the low The tendon-like mechanism for tail actuation utilized in
height proble of the ray provides passive station holding witthe RayBot BAUV prototype shown in Figure 6 is easily in-
low induced lift via Bernoulli effect. Our experimental ob- corporated in the proposed modeling framework as illustrated
servations and data from the live rays provide key biologicah Figure 9. For simplicity, only the central rigid body of the
inspirations in our design of the RayBot BAUV. RayBot, the tail (modeled as two bodies interlinked through
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Fig. 5. Gliding behavior of electric ray: A and B. Depth change example

in a free-swimming juvenile (three months old); C. Speed as a function of
descent angle based on observations from ten trials, with power pt.

Fig. 7. Design of biomimetic body for RayBot based on measurements
from actual electric ray body.

Fig. 8. RayBot experimental prototype in biomimetic body and self-
propelled using rack-and-pinion shear actuation of tail.
joints; physically, this is realized through 5 actuated points
at the circumference connected as in a wheel spoke with
central points). The pelvic bns are separate bodies connected
to the central body through hinge joints. The tail is composed
of two bodies connected to each other and to the central
body through hinge joints. Finally, an additional hinge joint
MR allows bending (nominally with respect to horizontal plane)
—_— between the central body plane and the tail bodies (this is
primarily exercised in diving behavior of the electric ray).
‘Sample 6DOF simulation results are shown in Figure 11;
full state plots are omitted here for brevity.

hinge joints), and the tail actuation mechanism are shown VI. CONCLUDING REMARKS
in Figure 9. Models of the tendon-relayed force are used to :
incorporate appropriate external force and torque inputs into In this paper, we presented a 6DOF modeling technique
the constituent rigid bodies of the RayBot simulation modeRnd simulation platform for a BAUV based on an impulse-
Comparisons between simulation results and experimentafpgsed multi-body approach. In on-going work, we are ad-
observed data are illustrated in Figure 10 for two keglressing the further validation of our simulation platform
characteristics, tailbeat frequency vs. tailbeat amplitude ag@ainst experimental data from biological and biomimetic
tailbeat frequency vs. maximum steady-state forward speg@ys including experimental data from the RayBot BAUV
For the modeling of the full 6DOF biomimetic RayBot, for turning, roll, and pitch maneuvers and experimental
9 bodies and 9 hinge joints are used. The body disc [data collected from our live electric rays. The modeling
decomposed into a central rigid part and four separatefj@mework and simulation platform also provide a Rexible

actuated planes in the periphery (corresponding to 4 hingé'd extensible testbed for analyzing the swimming behaviors
of other bshes and BAUV designs in future efforts.

Fig. 6. RayBot experimental prototype with tendon-like actuation of tail



Fig. 9.

(9

Modeling of tail actuation using a retinacular-like mechanism, a

biologically inspired tendon guide; each red dot is a hinge joint.

Fig 10.
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