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Abstract. This paper discusses the use of multibody dynamics, augthégtthe direct im-
plementation of nonlinear finite element beams and sigmifigahells, to perform the coupled
structural and fluid-dynamics analysis of flapping wing Migerial Vehicles. The implemen-
tation of the shell formulation in a free general-purposeltibody solver is described and
validated. The solver, coupled to a free-wake aerodynamideioased on vortex-lattice, is
applied to the analysis of a very flexible MAV flapping wing. &maging results have been
obtained, which illustrate how the structural model shoutddble to capture the physics of the
problem when coupled with more sophisticated aerodynamietaod
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1 INTRODUCTION

Micro-Aerial Vehicles (MAV) capable of hovering and forveaflight represent an interest-
ing means to provide reconnaissance and surveillance iti&ipabn dangerous environments,
for both military and civil tasks. Foreseen applicationsgist in inspecting dangerous envi-
ronments, including urban battlefields, caves, mines, azdtious places like chemical plants
during emergency operations.

The problem presents many issues from the analysis poinewaf Vi he aerodynamic flow
field is characterized by very low Mach and Reynolds numberyaieler, the problem appears
to be dominated by the significant unsteadiness of the flowerahan by viscosity itself, with
separations occurring at both the trailing and the leadoigeeof the wings. The resulting
vortical structures remain in the vicinity of the wing, esjadly in hover or at very low speed.

The problem has been analyzed from different points of vieerodynamics |1+6], aeroe-
lasticity [7,8], kinematics and structural dynamics/[9}; B¥stemics|[13, 14], testing [15,116].

The capability to analyze the problem is important becaurgeprototyping, although not
extremely expensive, can be significantly time consuming) emor prone. The problem re-
quires the capability to address structural dynamics wighiScant geometrical nonlinearity,
mechanism modeling capability to take into account theadtapping and pitch mechanism,
and consistent fluid-structure coupling. Multibody Syst@ymamics (MSD) represents an ideal
modeling environment to address this type of problems gsiinallows to directly consider so-
phisticate structural dynamics and mechanism modelingthAtsame time, the analysis can
be consistently coupled to external solvers for the Comymurtak Fluid Dynamics (CFD) part
of the problem. The free general-purpose multibody solvBDyn is used as the core of the
coupled simulation.

Membrane-based insect-like MAV have been proposed for plamm [17]. This work
presents the implementation of a consistent geometricalhfinear four-node shell element
that is used, in conjunction to an already available noalifeeam element [18], to model a
flapping wing model manufactured and tested by Malbaal. [16] within the MAST/CTA
project sponsored by the US Army. A consistent meshlessoappris used to model Fluid-
Structure Interaction (FSI). It is based on Moving Least&@qa (MLS) using Radial Basis
Functions (RBF) and represents a very efficient and reliabletavaouple a multifield analy-
sis with possibly incompatible interface boundaries. lis thork free wake analysis, modeled
using a vortex-lattice formulation, is coupled to the dethstructural analysis. The essentially
inviscid fluid dynamics model is not expected to give an aatuprediction of airloads. How-
ever, it is considered sufficient to validate the soundné#iseostructural model, in view of its
subsequent coupling with more sophisticate CFD analysis.

The use of shell elements either in Finite Element (FE) or 8lManalysis to model flapping
wing MAV has been recently proposed, for example, by Chanddr@amodaran/[19] and
Chimakurthiet al. [20]. The novelty of the approach used in this work is relatethe use of
a truly nonlinear shell model, as opposed to the co-rotatione of [20], and to the use of a
consistent mapping of the interaction between the stractund the CFD analysis.

2 STRUCTURAL MODEL

A four nodeC"? shell element has been implemented to allow the modelinglfrary 2-
D structural elements. It is derived from the elements psegddoy Witkowski([21], based on
a combination of the Enhanced Assumed Strain (EAS) and Asdudatural Strain (ANS)
formulations.
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2.1 4-Node Shell Element Formulation

Let y be the position of the shell reference surface, and definesh twthogonal coordinate
system on the undeformed shell surface. Tedlso be a local orthonormal triad defined on the
surface. Two Biot-like linear deformation vectors can be patad by comparing the deformed
and undeformed back-rotated derivatives of the positien, i

& =Ty — T, Yo (1)
wherey ;. is the partial derivative with respect to the arc length dematet (¢ = 1,2); the

subscript(-), identifies the undeformed configuration. Vectégsare work-conjugated with the
force per unit length vectons,. The Biot-like angular deformation is defined as

ki = T ky, — T ko, (2)

wherek;, is the vector characterizing the spatial derivative of tefl3 with respect to arc length
coordinatek, i.e.

The angular strain vectors are work-conjugated with therirdl couple per unit length vectors
my. The straining of the shell is thus completely defined by thetor

r ~

€= ~ , (4)

which is work-conjugated to

o= : (5)

The virtual internal work is thus equal to
oL; = / deTodA (6)
A

The proposed formulation departs from Witkowski’'s ohel [2bh[d from the earlier work of
Chrdscielewski and Witkowski [22] in the treatment of the ratatifield. The orientation field
T is interpolated resorting to a co-rotational frameworlst jike in the above cited works. In
this work, however, the angular strain vectigsare computed from their definition EgJ (2), and
not from the back-rotated gradient of the rotation te®et T'T, . Furthermore, the direct use
of Eqgs. [1[2) and of their work-conjugated forces per unigtd nullifies the need to resort to
co-rotational derivatives in the definition of the strairctars. The linearization of the ensuing
virtual internal work differs as well, as the above cited kgoseems to miss a term related to
the second variation of the angular strain vectdik,.

The interpolation of the orientation field is performed aftefining in the reference config-
uration a triad of unit orthogonal vectats, t,.2, t,.3 for each node:, with ¢,,; andt,,» tangent
to the shell surface angl; = t,,; x t,». Let R,, be the orientation tensor of the node, and define
the local shell orientation as

’_F,L - RnR(j;n [tnlu tn27 tng], (7)
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where R, is the nodal orientation in the reference configuration. @erage orientatio

of the shell is then computed & = exp(log(1/N > n—1n In)), whereN is the number of
nodes, log) extracts a skew symmetric tensor, say, and expa x ) computes the rotation ten-
sor defined by the rotation vectar Standard bilinear interpolation shape functiong¢) are
then defined for each nodeand used to interpolate the relative rotation vectors teéihd the
relative nodal rotation®,, = T" T,,, i.e. ¢(£)x = log(R) = 3, _, y Na(€)log(T" T;,); the
interpolated orientation can finally be recoveredlas= Texp(g; x ). Computing the virtual
internal work Eq.[(6) and its linearization involves compgtthe first §) and seconddy) vari-
ations of the linear and angular deformation vectors Eq&)1These, in turn, require explicit
expressions for the interpolated virtual rotation vegtgy, defined byp;;x = dT;TL; recall
that the virtual rotation vectop; can be computed from the virtual variation of the rotation
vector asps = I'(p)dp, with I'(¢) a second order tensor. The interpolated virtual rotation
vector is

n=1,N
with o
The first variation of the linear strain is then
(T yik) = T (yise X Pis + 0Yisn) (10)

with the second variation equal to

9o (TiTyz‘/k) = T@'T ((yi/k: X Pis + 5yi/kz) X @ig — Pis X OYisr + Yisk X a‘Pia) . (11)
The back-rotated curvature follows

T ki = T ) Nowibn, (12)

n=1,N
with its first
) (TZTkzk) = T ky x @is + T} 6k,
FIXME: check = T s
FIXME: check = T Y (®in/uNin + ®inNinsi) @ns (13)

n=1,N

(thanks to the fact that according to Schwartz’s theod€fy ) = (9T;) /) and second variation

05 (T ki) = 0 (T kix x pis + T, 0k, (14a)
= —T7pis x ki X @is + T Ok, x pis + T, 0ok, (14b)
FIXME: check = 0 (T wissi) = T;" (@is/e X Pio + OPisyr) (14c)

FIXME: check = ET << Z ((I)ln/kNm + (pmNzn/k) meS) X Z (I)ananOnd

n=1,N n=1,N

n=1,N
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It is worth noticing that the last term of Ed._(14b), whose l@ipexpression turns out to be
rather complex, seems to be missing from Goiélewski and Witkowski's works. Explicit
formulee for the derivatives of the rotation tensor up to thiedtorder, required in order to
consistently linearize the approximated deformation fiedh be found in Merlini and Moran-
dini [23].

2.2 Constitutive Properties

The constitutive law of the shell must be computed befordh#@rrelates the generalized
stress vector E(.]5) as a function of the generalized defttomvector Eq.L(4). As an example,
the constitutive law of an isotropic flat plate is

" €1
Mo i %2
. -D i (15)
with
T C 0 0 0O Cv 0 0 0 0 0 0 0 ]
0 2Gh 0 o 0 0 0 0 0 0 0 0
0 0 aGh O O 0 0 0 0 0 0 0
0 0 0 2GhL 0 0 0 0 0 0 0 0
Cv 0 0 o C 0 0 0 0 0 0 0
0 0 0 0 0 aGh 0 0 0 0 0 0
D=1"9 0 0O 0 0 2F 0 0 o 0 0 |° (16)
0 0 0 o 0 O 0 D 0 —-Dv 0 0
0 0 0 o 0 0 0 0 BF 0 0 0
0 0 0 o 0 O 0 —-Dv O D 0 0
0 0 0 O 0 0 0 0 0 0 2F 0
00 0 o 0 0 0 0 0 0 0 BF |

C =E/(1—-v*h, D= Ch*/12, F = Gh*/12, E Young's modulusy Poisson’s coefficient,
G = E/(2(1 + v)) the shear modulus, aridthe shell thickness; the coefficientsand 5 are
the shear and moment factors. The constitutive law for laieithplates can be easily estimated
using the Classical Lamination Theory (CLT), but is better pated using appropriate formu-
lations, as the one described in Masarati and Ghiringh24j,[which take into account the
effects of natural and kinematic inter-laminar boundamditons on the stiffness of the shell.

2.3 Static Analysis Verification

The soundness of the proposed implementation is illustriyethe capability to comply,
within the desired accuracy, with well-known static benelks that require the shell model to
undergo significantly large deformations.

2.3.1 Cantilever subjected to end shear force

This test case is illustrated in Section 3.1[0f|[25]. It cetsibf a cantilever subjected to a
shear force at the free end directed along the thickness wi@eformed. The direction of the
force remains constant while the load increases to the imdite. Figuré 1(h) compares the

5
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components of the tip node displacement for the 18nesh with those reported in [25]. The
8x1 mesh essentially yields the same result.

g _
g VVtip 7
c

LLl -
Sze o© ||

16x1
4 5 6 7

Tip deflections

(a) Sketch (b) Tip node displacement components

Figure 1: Cantilever subjected to end shear force (Examglé&8m [25])

2.3.2 Slit annular plate subjected to lifting line force

Example 3.3 of[[25], illustrated in Fid. 2(a), consists inertical axis slit annular plate,
clamped at one side of the slit and subjected to a verticalftince. Figuré 2(b) compares the
vertical displacement of the two end points of the free glié $or the 10<80 mesh with those
reported in[[25]. The much coarsexB80 mesh yields slightly different results.
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(a) Sketch (b) Vertical displacement component of slit end-nodes

Figure 2: Slit annular plate subjected to lifting line fo&xample 3.3 from([25])
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2.3.3 Pullout of an open-ended cylindrical shell

Example 3.5 of[[25], illustrated in Fig. 3{a), consists in @men-ended cylindrical shell
subjected to pullout forces at two points along a diametenidtheight. Thanks to symmetry,
only one-eight of the problem is modeled. Figure B(b) corapdinree noteworthy displacement
components for the 614 and 2436 meshes with those reported in[[25]. The two meshes
yield nearly identical results.
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Displacements at points A, B and C
(a) Sketch (b) Noteworthy displacement components

Figure 3: Pullout of an open-ended cylindrical shell (Exéa§5 from [25])

2.3.4 Pinched cylindrical shell mounted over rigid diaphraggms

Example 3.6 of[[25], illustrated in Fig. 4{a), consists inydirdrical shell with end di-
aphragms that prevent radial displacement subjected ital G@mpression forces at two points
along a diameter at mid-height. Thanks to symmetry, only@géat of the problem is modeled.
Figure[4(b) compares two noteworthy displacement compsnien the 40<40 and 4&48
meshes with those reported in [25] for the isotropic mateaae. The two meshes yield nearly
identical results as soon as the analysis converged, nahelyly after a snap-through. Fig-
ure[4(c) plots the same data when the displacement of thedioaaint is imposed.

2.4 Dynamic Analysis Verification

2.4.1 Eigenanalysis of cantilever

The problem of Section 2.3.1 (3.1 6f[25]) is modified by calesing its dynamics when the
uniform density of the cantilever is setto= 3.13142 x 10~ to set the first bending frequency

to 10 Hz, according to
E\* EJ
= (=) == 17
(1) =% an
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Figure 4: Pinched cylindrical shell mounted over rigid dieagms (Example 3.6 from [25])

with k£ = 1.8751.
The inertia of the problem is modeled using rigid bodies leth@at each node, with the

center of mass appropriately offset. The transient reguftom a transverse perturbation of the
system is analyzed using the Proper Orthogonal Decompogi#OD) as illustrated in_[26].
This allows to assess the correctness of the residual in thebedy implementation of the
shell element.

The analysis, with a time step of 0.001 s corresponding tosi€@s per period to guarantee
accurate integration, yields 10.0315 Hz for the first begdiiaquency. The direct eigenanalysis
is subsequently performed using the procedure illustratg@7]. This allows to assess the
correctness of the linearization of the problem; it yiel@s0B55 Hz. The two results are fairly

consistent; the error in both cases is about 0.3%.
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2.4.2 Cantilevered rectangular plate in single degree-dieedom flap rotation

This example is presented as Case 4 in [20]. It consists intangalar beam-like model
of 80 mm span, 27 mm chord, and 0.2 mm thickness ( [20] errasigoaports 2 mm), made
of Aluminum alloy with Young’s modulus 70 GPa, Poisson’s mlus 0.3, and density 2700
kg/m?, clamped at one corner on a 5 by 5 mm square. Flapping is edfatmout an axis directed
along the root chord, by prescribing the motion of the cladpartion as a flap oscillation about
the chordwise root axis according to the functjgf) = A(1 — cos(27 ft)), with A =17 deg
andf =5 and 30 Hz. The model consists of a3shells mesh, consisting of 288 elements and
330 nodes; inJ20], 512 three-node elements were used, sudkbk refinement is comparable.
The vertical component of the displacement of the tip nodayalized with respect to the span,
is compared with results presented(in![20] in Eig. 5.

0.7

0.6
0.5
04 -
0.3
0.2
0.1 r

Tip displacement, z/L
Tip displacement, z/L

[l
02 ‘ ‘ ‘ ‘ IMSC.Marc__ & ‘ ‘ ‘ ‘ IMSC.Marc &
’ 0 0.5 1 1.5 2 25 3 3.5 4 0 0.5 1 1.5 2 25 3 3.5 4
Time, VT Time, VT
(a) S5Hz (b) 30 Hz

Figure 5: Cantilevered rectangular plate in single degrfefeeedom flap rotation (Case 4 from [20])

Figure 6: Cantilevered rectangular plate in single degfefieeedom flap rotation (Case 4 from [20]): sketch of
motion with 30 Hz excitation.

The results obtained with the co-rotational shell formolatproposed in that work, called
UM/NLAMS, were originally compared with similar results @ined using the commercial
solver MSC.Marc. Figurg 5() refers to a 5 Hz oscillation; tietion is essentially rigid and
the two solutions basically overlap. Figlire 5(b) refers 80a1z oscillation; the motion quickly
becomes nearly chaotic. The wing bends and twists suballgntolling up almost entirely,
as sketched in Fig.]6. When analyzed with slightly differemsires, the 5 Hz case yields
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flap hinge

pitch spring

—

0.1in

(a) Sketch (b) Actual artifact (from[[16])

Figure 7: Flexible wing.

substantially identical results, while the 30 Hz case shawsppreciably different behavior.
The dependence of the results on the mesh seems to confirnedhlg nhaotic nature of the
response.

3 FLAPPING WING

The development of the proposed shell element within theibady environment provided
by MBDyn is motivated by the need to analyze the fluid-struettwupling problem defined
by the very flexible family of wings under development at thevgrsity of Maryland within
the MAST/CTA program. As a preliminary example, the flappinggvMAV experimentally
investigated in[[16], illustrated in Figl 7, is considered.

3.1 Structural Model

The structural model consists of a frame of beam elementsemiad by a membrane made
of shell elements. The length of the spar is 123.44 mm (4.8énd the diameter of the circular
section is 1.5 mm. The length of the chordwise ribs is 76.20(®m); their section is rectan-
gular, 2.54 mm (0.1 in) thick and 5.08 mm (0.2 in) wide. Thegwnoot is located at 38.10 mm
(1.5 in) spanwise from the flap hinge, where a torsional gpisriocated. The first chordwise
rib is located 4.06 mm (0.16 in) from the wing root. The tongsibspring (nonlinear, although
its actual characteristic is not currently modeled) alléavpassively control the pitch change as
a function of the wing motion and inertial and aerodynamade

The structural properties are listed in Table 1; in some sdey represent reasonable
guesses, as the actual properties of the artifact couldenotdasured. The model is currently
being correlated with experimental results; the fittingldqurobably be improved, although it
already appears to reproduce relatively well the obseredavior.

Figurel[8 illustrates the motion of the wing when performinhadf-cycle at zero reference
pitch angle, subjected to pure drag external forces (i.dahforces opposite to the absolute
velocity of the nodes).

3.2 Aerodynamic Model and Fluid-Structure Interaction

The aerodynamics of flapping wing for MAV are characterizggbbstantial unsteady low-
Mach, low-Reynolds phenomena. Viscosity and unsteadinagsagmajor role in the descrip-
tion of the dependence of aerodynamic loads on the motioheoktructure [6, 15]. For this
reason, it is understood that CFD based on unsteady Naw&esSequations need to be used.

10
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Table 1: Flapping wing: structural properties.

Carbon-fiber spanwise spar & chordwise ribs

Density 1600.0 kg/rh
Tensile modulus 220.0 GPa
Shear modulus 50 GPa
Mylar film
Density 1390.0 kg/rh
Tensile modulus 4.9 GPa
Poisson’s modulus 0.3
Thickness 2.54107°> mm
Pitch spring
Stiffness 1.0 N m/radian
Damping 5.10* N m s/radian
‘%‘f l. ' ! V
L

Figure 8: Half-cycle flapping sequence of multibody modeil@fible wing.

11
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(a) Upstroke (b) Downstroke

Figure 9: Flapping wing: wing motion during a complete s&ok

This will be a fundamental aspect of the continuation of trespnt research.

In this work, in order to address the coupled fluid-structamalysis of the flapping wing,
free wake aerodynamics based on the Vortex Lattice MethdadMs used, as discussed in
[28]. This approach represents a viable choice for the ptiedi of unsteady inviscid problems
at relatively low Mach numbers, when compressibility effecan be safely neglected. The
approach is known to suffer from severe limitations for fhrigblem, since it does not account
for viscosity, especially at low Reynolds numbers. Howeles, believed to be able to provide
a gross indication of the performances of the system andyyircase, to complete the problem
by providing appropriate interactional forces.

3.3 Numerical Results

The hover case at the largest flapping amplitude (40 degapelsrequency (10 Hz) consid-
ered in [16] has been analyzed, to address what is consitleeaniost challenging operating
condition from the point of view of the structural model ars$. Figurd P shows the motion
and the straining of the wing during a complete stroke. Ia tunfiguration, the flapping mo-
tion occurs about a vertical axis (axisin Fig.[d, with the positive direction that goes from
the leading edge to the trailing edge). The torsion of thegvand the warping of the shells is
apparent.

Figure 10 shows the three components of force generatedibgla &ing. The curve labeled
‘Thrust’ indicates the net force generated in the vertigadation; it pulsates with a frequency
that is twice that of the flapping, since a positive peak ocecuring both up- and downstroke.
The curve labeled ‘Lift’ acts along a direction normal to thieg surface at rest. It pulsates with
the same frequency of the oscillation, since it is negatiwend upstroke and positive during
downstroke. The curve labeled ‘Lateral’ represents theadvepanwise force; as expected, it
pulsates with a frequency twice that of the flapping. This ponent of force is not relevant,
since it is eventually cancelled by the corresponding camepb from the other wing. The
average thrust is about 0.1 N (10 grams). This is somehowistens with the experimental
results from Fig. 18 of[[16] (the ‘Flexible wing’ curve), wthi reports about 14 grams for
the flexible wing actuated at 10 Hz with a flapping amplitudel0fdegrees. The difference

12
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Figure 10: Flapping wing: force components of a single wimgaver.

is probably related to the inaccuracy of the vortex latticadei and to the uncertainties in the
structural model. The trend of the thrust with respect taadn frequency is shown in Fig.]11.

Figure[12 presents the difference of pressure distribdiitveen the upper and lower sur-
faces on the (deformed) wing at seven points during a comptebke of the wing,

Ap = p, — . (18)

The minimal pressure distribution, close to nilp on the entire wing surface, is obtained at
the maximum stroke amplitudes, upward and downward, f.e= 40 downstroke ands =
—40 upstroke. These positions correspond to the minimum pointse thrust curve shown in
Fig.[10. The maximum thrust is obtained/at= 0 always. However, the behaviour of the lift
force is different for the two cases. During downstroke, iieeximum positiveAp peak is on
the leading edge, while during upstroke, close to the lgpdage, the maximum negativep
peak can be observed. The lift distribution curve of Eig. A6ves that the positive lift obtained
close tog = 0 downstroke is larger, in absolute value, than the negatiigevobtained close to
£ = 0 upstroke; this corresponds to the pressure distributibavieur shown in Fig._12.

4 CONCLUSIONS AND FUTURE WORK

This work presented the implementation of a 4-node shetherg within the free multibody
solver MBDyn to support the modeling and the analysis of flagpving Micro-Aerial Vehi-
cles. In order to provide realistic aerodynamic forces,dtnactural solver has been coupled
to an existing in-house implementation of lifting surfaceldree wake analysis based on a
vortex-lattice approach. An original general-purposesintess boundary interfacing approach
based on Moving Least Squares with Radial Basis Functions éas bsed. Extensive vali-
dation of the shell implementation has been presented. utagmg preliminary results have
been obtained from the modeling and analysis of the dynaamdsaeroelasticity of a very flex-
ible flapping wing model. Future activity will address theupbng of the structural analysis
with unsteady Navier-Stokes for high-fidelity fluid-struct coupling, and extensive paramet-
ric investigation of the models to improve the understagdihthe physics of the problem and

13
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0.14 L Experimental (Malhan 2010) ———
' Vortex Lattice (present) -

0.12 r
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Figure 11: Flapping wing: mean thrust of a single wing as &fion of flapping frequency.

support future designs.
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