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ABSTRACT

This paper investigates the aeroelastic stability prediction of the ATTILA tiltrotor wind tunnel testbed through nu-
merical modeling of the system’s advanced dynamic characteristics. Specifically, the study addresses discrepancies
between baseline predictions and experimental observations regarding the unexpected sensitivity of flutter modes to
rotor disk tilting. Two enhancements are explored: mid-fidelity aerodynamic modeling using vortex particle methods
and mechanical friction modeling in critical joints. Vortex particle free wake and vortex lattice-based modeling for
wing aerodynamics significantly improve damping predictions for the out-of-plane bending and torsion modes com-
pared to strip theory approaches for the wing and rotor blades. In contrast, modeling rotor aerodynamics with lifting
line and vortex particle free wake only shows marginal improvements. However, aerodynamic enhancements alone
cannot reproduce the experimentally observed sensitivity to the gimbal angle. Conversely, introducing friction in spe-
cific joints can qualitatively replicate the observed tilt-dependent behavior through stiction-induced joint locking.

INTRODUCTION

Tiltrotor aircraft combine vertical take-off and landing ca-
pabilities with efficient high-speed cruise. This is achieved
thanks to their unique configuration that enables the rotation
of wing-mounted rotors, allowing the aircraft to convert from
helicopter to airplane mode. While offering remarkable ca-
pabilities, the design of a tilting nacelle introduces signifi-
cant engineering challenges, particularly concerning aeroelas-
tic stability across the entire flight envelope. An aeroelastic
instability known as whirl flutter can be a limit for the cruise
speed of tiltrotor aircraft. Whirl flutter arises from the interac-
tion between rotor aerodynamic forces and the elastic modes
of the structure the rotor is mounted on. The fundamental
mechanism behind whirl flutter instability is the gyroscopic
effect, where the rotation of the rotor disk couples different
degrees of freedom of the structure, adding a stabilizing or
destabilizing influence depending on the frequency and phase
relationships of the involved oscillations.
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The Clean Sky 2 initiative is a major European research pro-
gram that has enabled the development of innovative avia-
tion technologies to reduce greenhouse gas—mainly CO,—
emissions, noise, and pollutants from aircraft. As part of
this initiative, the Next Generation Civil TiltRotor (NGCTR)
project was aimed at pushing the technological boundaries
of tiltrotor aircraft. A design objective of the NGCTR was
to enhance cruise efficiency by employing thinner wing sec-
tions, which reduced the torsional stiffness, creating new chal-
lenges in maintaining sufficient whirl flutter stability mar-
gins while optimizing aerodynamic performance and struc-
tural weight. To address these challenges, the Advanced
Testbed for TILtrotor Aeroelastics (ATTILA) was established
as one of the main supporting initiatives for the NGCTR, fo-
cusing on developing, building, and testing (Ref. 1) an ad-
vanced aeroelastic wind tunnel testing platform to validate
the tiltrotor’s design before flight testing through wind tunnel
tests in both Froude and Mach scaled conditions.

Results from testing in the DNW Large Low-speed Facil-
ity (LLF) revealed discrepancies between numerical predic-
tions and experimental results (Ref. 2). In particular, the
main modes—wing out-of-plane and in-plane bending, and
torsion—exhibited an unexpected sensitivity to the tilting of
the rotor disk, and the torsional mode demonstrated higher
than predicted whirl flutter speeds. This work focuses on an-
alyzing the modeling enhancements aimed at improving the
correlation between simulations and experimental observa-
tions, first through mid-fidelity aerodynamic representations



Figure 1: ATTILA testbed in the DNW Large Low-speed Fa-
cility (LLF) 6 m x 6 m wind tunnel test section.

and subsequently through the implementation of friction mod-
els in specific joints of the system.

WIND TUNNEL TESTBED AND MODELS

The ATTILA wind tunnel testbed, shown in Fig. 1, consists
of a 1:5 scale semi-span wing with a powered proprotor that
replicates the design of the Next Generation Civil TiltRotor
(NGCTR) developed by Leonardo Helicopters. The model
maintains dynamic similarity with the full-scale aircraft by ad-
hering to Froude scaling. The testbed features a three-bladed
2.5 m diameter stiff in-plane rotor mounted on a 1.6 m can-
tilevered wing. The rotor connects to the mast through a gim-
bal joint, allowing for tilting of the rotor disk, while the blades
are controlled by a control chain capable of both cyclic and
collective commands. The mast, which is part of the tilting
nacelle, connects to the non-tilting nacelle via a set of in-
terchangeable springs designed to simulate both on-downstop
and off-downstop conditions. The non-tilting nacelle attaches
to the wing tip through a six-component load balance whose
stiffness is a key element for tuning the dynamic behavior of
the structure.

The development of the project was supported by several
aeroelastic and structural dynamics simulations, performed
using CAMRAD II (LHD), FLIGHTLAB (NLR), and MB-
Dyn (POLIMI), in strict cooperation and with frequent corre-
lations (Refs. 1—4). The MBDyn model, mainly used in this
work, is discussed in detail in the following, specifically ad-
dressing the modeling enhancements developed for the pro-
posed investigation.

MBDyn Structural and Baseline Aerodynamic Model

A reference aeroelastic model of the ATTILA testbed was
built using MBDyn to support its design and development
phase (Refs. 3,4). MBDyn' (Ref. 5) is a free general-purpose
multibody solver designed to simulate complex mechanical
systems. The robust implementation of this software makes

"https://www.mbdyn.org/, last accessed June 2025.

it suitable for applications ranging from simple mechanical
systems to complex aeronautical structures.

The complete structure can be divided into two major com-
ponents: the wing-pylon assembly and the rotor. The wing-
pylon assembly comprises the wing, nacelle, and motor, while
the rotor model consists of a yoke, the control chain, and three
blades.

The wing model incorporates a series of finite volume three-
node beams based on the C° formulation (Refs. 6, 7). These
one-dimensional structural components account for the vis-
coelastic properties of the structure. The inertial properties of
the wing are condensed into a series of lumped masses for the
airfoil segments, with additional non-structural masses strate-
gically placed during development to match the system’s tar-
get weight distribution of wing and fuel. In the baseline anal-
ysis, the aerodynamic surface of the wing utilizes MBDyn’s
aerodynamic beam elements, where each three-node struc-
tural beam is paired with a corresponding three-node aero-
dynamic beam. The aerodynamic load calculations employ
a low-fidelity 2D strip theory model that incorporates C81
lookup tables to account for compressibility and viscosity ef-
fects.

The pylon, consisting of a nacelle and motor, connects the
wing to the rotor. The nacelle is divided into non-tilting and
tilting sections. The non-tilting nacelle is clamped to the wing
tip and constrained to the tilting section through a downstop
spring. This spring can be activated or deactivated during sim-
ulations to accommodate various experimental configurations,
as the physical model allows for the substitution of the flex-
ible downstop spring with a much stiffer, ideally rigid ele-
ment. The nacelle structure is modeled as a flexible beam us-
ing three-node beam elements. The engine, clamped to the
nacelle beam, is represented by a short beam section with
strategically placed lumped bodies to accurately capture its
dynamic behavior.

The rotor assembly comprises three blades, a yoke, and the
control chain. Both yoke and blades are modeled as flexible
elements using three-node beams. The blades connect to the
yoke through inner and outer bearings: the inner bearing con-
strains the flapwise and chordwise displacement components,
while the outer bearing restricts all three displacement compo-
nents; together, they only allow blade pitch rotation. The yoke
connects to the mast through a gimbal joint, which allows ro-
tor disk tilting while transferring axial rotation between the
mast and the yoke.

The ATTILA structural model incorporates a complete
helicopter-like control chain comprising three primary com-
mands: cyclic, collective, and engine control. The cyclic con-
trol, both longitudinal and lateral, modifies the angle of attack
of the blades as a function of azimuth angle by rotating the
swashplate about axes perpendicular to the mast. The collec-
tive control simultaneously adjusts the angle of attack of all
blades by the same amount. Translation of the collective head
along the mast axis alters blade angles through the pitch-link
rods. The engine control involves applying a specific torque
or angular velocity to the mast axis.
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In the baseline model, the rotor blades utilize MBDyn'’s built-
in aerodynamic beams where surfaces are defined with chord,
twist, and (discretized) airfoil distributions along the spanwise
direction. Sweep and dihedral angles are incorporated into
the aerodynamic center position definition within the MBDyn
nodes, eliminating the need for explicit specification in the
aerodynamic beam definition. As for the wing, the aerody-
namic loads are calculated using blade element and momen-
tum theory (BEMT) using C81 lookup tables specific to each
rotor profile.

DUST Aerodynamic Model

DUST? is an open-source CFD tool that balances accuracy
and computational efficiency, ideal for non-conventional con-
figurations. It uses incompressible potential flow with com-
pressibility corrections through aerodynamic elements and
lookup tables. Its key feature is the use of the vortex particle
method (VPM), a grid-free Lagrangian approach that enables
the meshless representation of the wake, efficiently capturing
the wake’s effect on aerodynamic loads and its interactions
with the aerodynamic surfaces. DUST can be tightly coupled
to MBDyn using preCICE (Ref. 8). It offers three primary
aerodynamic elements for representing physical bodies: Lift-
ing Line (LL), Vortex Lattice (VL), and Surface Panels (SP).

Lifting Line (LL): The lifting line provides a one-
dimensional representation for thin, slender lifting bodies,
modeling them as a single row of vortex lattice panels with
uniform doublet distribution. This element calculates princi-
pal aerodynamic coefficients (C;, C;, C,,) based on angle of
attack (@), Reynolds number (Re), and Mach number (Ma).
The LL method evaluates circulation intensity using tabu-
lated aerodynamic data and employs a I"-method for solv-
ing the nonlinear problem that equalizes lift predicted by the
Kutta-Joukowski theorem with lift derived from aerodynamic
data tables. While offering excellent numerical performance
through its explicit numerical scheme, this approach may be
susceptible to numerical instabilities.

Vortex Lattice (VL): The vortex lattice provides a two-
dimensional representation of thin planar lifting surfaces by
discretizing the mean line of airfoils into rectangular panels.
Each panel contains a bound vortex with constant circulation.
The VL method enforces the non-penetration boundary con-
dition at collocation points to build a linear system for de-
termining vortex intensities. Through this system, the circu-
lation distribution across the surface can be determined, en-
abling the calculation of aerodynamic properties. The VL
approach utilizes an implicit numerical scheme that ensures
algorithmic stability at the cost of computational efficiency. It
accounts for compressibility through the Prandtl-Glauert cor-
rection, but cannot capture nonlinear aerodynamic behaviors.
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Figure 2: Example of the DUST aerodynamic surfaces and
wake on the ATTILA model.

Surface Panels (SP): Surface panels discretize both lifting
and non-lifting surfaces, making them ideal for modeling bod-
ies where three-dimensional effects are significant. Based on
the Boundary Element Method (BEM) originally proposed by
Morino (Ref. 9), this approach applies non-penetration bound-
ary conditions directly on the actual surface. The SP method
employs an implicit numerical scheme that provides greater
accuracy at the cost of computational efficiency. While it
handles complex geometries with higher fidelity, the method
faces challenges with convergence and, like the vortex lattice
approach, cannot represent nonlinear aerodynamic behaviors.

Figure 2 shows the most sophisticated and complete setup
used for the coupled MBDyn/DUST simulations, i.e., lifting
line for the rotor blades and vortex lattice for wing and nacelle
surface panels, with vortex-particle free wake.

WHIRL FLUTTER PREDICTION

The prediction of whirl flutter instabilities in tiltrotor aircraft
traditionally relies on linearized aeroelastic models, where
stability boundaries are determined through eigenvalue analy-
sis. However, as noted, for example, in the work by Cocco et
al. (Ref. 4), this approach becomes problematic when mod-
eling the system with multibody solvers formulated in the
absolute reference frame. The difficulty stems from the in-
herent time-variant nature of rotorcraft dynamics, where the
flow interaction with the rotor introduces periodicity in the
system’s response. To avoid this problem, a virtual experi-
ment approach was adopted, simulating the process used in
experimental testing campaigns. Like the above mentioned
approaches, this methodology relies on the assumption that
for small perturbations around an equilibrium condition, the
system’s response can be approximated as locally linear, al-
lowing for the characterization of each mode through its fre-
quency and damping ratio extracted from carefully designed
excitation and free-response analysis. The procedure consists
of three principal phases:

First, modal identification is performed through broadband
excitation using a linear chirp signal (the frequency varies lin-
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early with time). The resulting response is analyzed using
continuous wavelet transforms (CWT), revealing the system’s
natural frequencies at each specific trim condition.

Following modal identification, targeted excitation is applied
for each mode of interest using sinusoidal forcing at the identi-
fied natural frequencies. The excitation amplitude is carefully
calibrated to exceed the numerical noise floor while remain-
ing within the quasi-linear response regime. In experiments,
the excitation amplitude is often tuned to maintain roughly
the same internal loads across different speeds. The system is
then allowed to respond freely after the excitation stops.

Finally, frequency and damping ratio are extracted from the
free response using the Matrix Pencil Estimation (MPE)
method (Ref. 10). This technique represents the signal as a
linear combination of complex exponential terms, enabling
the accurate identification of modal parameters from the de-
cay signature. For the accurate extraction of the modal pa-
rameters, noise reduction methods such as SVD decomposi-
tion (Ref. 1 1) and appropriate signal filtering are of paramount
importance. The resulting frequencies from the MPE identifi-
cation are then used for subsequent excitation of the structure.
This iterative process continues until the excitation frequency
converges sufficiently close to the identified frequency.

From this analysis, three principal structural modes were iden-
tified as critical for whirl flutter prediction: the beamwise
(out-of-plane wing bending), chordwise (in-plane wing bend-
ing), and torsional modes. Whirl flutter is predicted when the
damping ratio of any mode approaches zero, signifying the
onset of aeroelastic instability. This approach leverages com-
putational simulation as a virtual laboratory for providing a
data-based linearized model, enabling comprehensive stabil-
ity analysis across the operational envelope while circumvent-
ing the limitations of a-priori linearized models in capturing
complex aeroelastic phenomena.

Model Comparison

The investigation begins with a comparative analysis between
the reference MBDyn model and the mid-fidelity DUST im-
plementation to determine whether the Vortex Particle Method
(VPM) improves whirl flutter predictions.

For this comparison, the MBDyn model using strip theory and
blade element-momentum theory with tabulated airfoil data
serves as the baseline. The DUST models maintain a con-
sistent representation of the rotor aerodynamics using Lift-
ing Line (LL) elements while implementing three distinct ap-
proaches for modeling the wing aerodynamics: Lifting Line
(LL), Vortex Lattice (VL), and Surface Panels (SP).

Figure 3 presents the damping ratio results for the three main
structural modes. The beamwise mode results in Fig. 3a, char-
acterized by out-of-plane wing bending, demonstrate the im-
provement in damping prediction obtained by improving the
aerodynamic model’s fidelity (greater damping, as shown later
in Fig. 5a). The baseline model predicts an unrealistically
low whirl flutter speed, contradicting both pre-test simula-
tions (Ref. 4) and experimental results (Ref. 2), which never

exhibited instability for the beamwise mode. While the DUST
lifting line model predicts a moderately higher whirl flut-
ter speed, the results clearly indicate that modeling the wing
with at least the vortex lattice approach is necessary to cap-
ture the full aerodynamic effect. The surface panels approach
yields results comparable to the vortex lattice model but in-
curs significantly higher computational costs. For the chord-
wise mode in Fig. 3b, all three DUST aerodynamic models
produce results in close agreement, while MBDyn’s strip the-
ory model predicts slightly lower whirl flutter speeds.
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Figure 3: Comparison of damping ratios for different models
of wing aerodynamics and lifting line for rotor aerodynamics.



Table 1: Tested aerodynamic modeling configurations.

Case Wing Aerodynamics
1 MBDyn (Strip Theory)

Rotor Aerodynamics
MBDyn (Strip Theory)

2 MBDyn (Strip Theory) =~ DUST (Lifting Line)
3 DUST (Vortex Lattice) MBDyn (Strip Theory)
4 DUST (Vortex Lattice) DUST (Lifting Line)

The torsional mode in Fig. 3c shows a distinct separation be-
tween the lifting line approach and the higher-fidelity models,
with MBDyn'’s strip theory results positioned intermediately
between these extremes. The comparative analysis demon-
strates that the vortex lattice model provides sufficient fidelity
to capture the essential aerodynamic effects of the vortex par-
ticle method. It should be noted, however, that when im-
plementing the vortex lattice model for wing aerodynamics,
simulations tend to encounter numerical divergence at lower
speeds compared to both surface panels and lifting line imple-
mentations. Nevertheless, the vortex lattice model is deemed
a sufficient trade-off between numerical cost and accuracy.

A critical step in leveraging the mid-fidelity aerodynamic
models is to understand the source of the increased damping
observed in Fig. 3. To isolate individual aerodynamic contri-
butions, a systematic analysis was conducted comparing four
distinct modeling configurations as shown in Table 1.

The analysis examines the individual and combined effects of
representing wing and rotor aerodynamics using either MB-
Dyn’s strip theory or DUST’s VPM methodology. This ap-
proach enables the identification of which aerodynamic com-
ponent, wing, rotor, or both, contributes most significantly to
the damping predictions observed in the mid-fidelity models.

Figure 4 presents the comparative results of the four aerody-
namic modeling configurations, revealing distinct patterns of
influence for each structural mode. For the beamwise mode
(Fig. 4a), the significant increase in damping is observed
only when the wing is represented using DUST, with Case
2 closely tracking the results of the full DUST model (Case
4). This suggests that the enhanced damping prediction for
this out-of-plane mode is primarily attributable to the higher-
fidelity aerodynamic representation of the wing rather than
the rotor, as already pointed out in (Ref. 2). The chordwise
mode analysis (Fig. 4b) reveals a more complex interaction
between aerodynamic components. The full DUST model
(Case 4) predicts damping levels that fall between Cases 2 and
3, suggesting that the chordwise mode damping results from
contrasting influences: a stabilizing effect from the DUST-
modeled rotor combined with a destabilizing effect from the
DUST-modeled wing. The hybrid approaches (Cases 2 and
3) would either over- or under-predict stability margins for
this critical mode, which typically first encounters whirl flutter
when considering DUST results. Just like the beam mode, for
the torsional mode (Fig. 4c), Case 2 tracks closely with the full
DUST model at lower velocities but tends to deviate as speed
increases. Case 3 substantially underestimates damping, even
more severely than the baseline MBDyn model (Case 1).
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Figure 4: Analysis of aerodynamic contributions to structural
mode damping.

The comprehensive analysis across all three structural modes
reveals distinct patterns of aerodynamic influence on whirl
flutter stability. The out-of-plane modes (beamwise and tor-
sional) are primarily affected by the modeling of the wing us-
ing DUST, with the VPM approach capturing critical aerody-
namic behaviors that the strip theory fails to represent. For
the chordwise mode, both wing and rotor aerodynamic rep-
resentations significantly influence stability predictions, with
the combined effects determining the overall damping behav-
ior. The full DUST model ultimately appears to provide the



most accurate stability assessment, according to experimental
results shown later in Fig. 5, especially for determining oper-
ational limitations defined by the critical chordwise mode.

The last step of this analysis involves comparing the simu-
lation results with experimental data to gauge the impact of
the enhanced modeling approaches. The experimental re-
sults were obtained from the ATTILA wind tunnel test cam-
paign conducted at the DNW Large Low-speed Facility in
late 2023 (Ref. 2). Flutter characteristics were identified from
the free response data obtained after dwell excitations of each
mode derived through the command of the swashplate mech-
anism. The data processing employed Leonardo’s internally
developed methods based on the Matrix Pencil algorithm for
extracting frequency and damping parameters from the wing
root and pylon balance strain gauge measurements. In gen-
eral, both the experimental and numerical identification tech-
niques are quite similar. As introduced in the previous section,
a critical observation from the experimental campaign was the
significant sensitivity of the chordwise mode damping to rotor
disk tilting angle. The experimental data revealed a consider-
able difference in the modes’ behavior between the untilted
and tilted configurations. Due to this sensitivity, the experi-
mental results are presented for both the untilted (zero gimbal
angle) and tilted (2 deg gimbal angle) configurations to pro-
vide a comprehensive comparison with the numerical models.

Figure 5 compares the baseline MBDyn model, the DUST-
enhanced model, and experimental measurements for all three
structural modes in both configurations. The experimental re-
sults are shown with error bars representing 20 variation in
the damping identified by Leonardo from the free response
to swashplate sinusoidal dwell excitations using the Bootstrap
methodology (Ref. 12). Concerning the beamwise mode, no
tests were conducted with non-zero gimbal angle. The exam-
ination of the experimental results reveals a clear distinction
between the tilted and untilted configurations. In the tilted
configuration, the damping trends follow relatively smooth
and predictable paths, whereas the untilted configuration ex-
hibits considerably more erratic behavior with pronounced os-
cillations and sudden variations across the wind speed range.

The comparison reveals limited correlation between numer-
ical predictions and experimental results across all modes.
Most significantly, neither the MBDyn nor DUST models
exhibit any sensitivity to gimbal angle, producing identical
damping trends for both tilted and untilted configurations.
This fundamental discrepancy indicates that the observed ex-
perimental behavior cannot be captured through aerodynamic
enhancements alone and thus suggests it is of a different na-
ture. The pronounced sensitivity to gimbal angle observed
in the experimental data, particularly the erratic damping be-
havior at zero gimbal angle, strongly suggests the presence
of nonlinear mechanical effects not represented in the current
models. As noted in (Ref. 13), this behavior likely stems from
structural nonlinearities in the rotor hub components, where
friction and stiction phenomena may significantly influence
the system dynamics at zero gimbal angle. Following these
observations, the next phase of this investigation focuses on
incorporating friction effects into the numerical models.
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Figure 5: Structural modes damping: strip theory for wing
and rotor, and vortex lattice for wing and lifting line for rotor,
compared with experimental results with and without tilting.

FRICTION

Motivation for Friction Analysis

The experimental observations from the ATTILA wind tun-
nel campaign and subsequent structural examination revealed
several indicators pointing to friction as a potential source of
the unexpected gimbal-angle-dependent behavior.

First, during both ground vibration testing and wind tun-
nel testing, nonlinearities in the system response were ob-



served. These nonlinearities were particularly evident in the
sensitivity of the chordwise mode damping to gimbal angle,
which showed significantly different damping characteristics
between tilted and untilted configurations, a phenomenon not
predicted by the baseline numerical models, and also by the
mid-fidelity analysis.

Second, post-test examination revealed wear patterns in the
blade pitch encoder mechanism, as shown in (Ref. 14), pro-
viding physical evidence of unanticipated friction interactions
during testing. Additionally, observations during the test cam-
paign suggested the presence of friction effects in other me-
chanical joints of the gimbal assembly.

Third, and most significantly, the experimental data demon-
strated that the anomalous damping behavior was observed
primarily in the untilted configuration, a condition where the
control chain joints intrinsically experience minimal relative
motion. Under such conditions, friction, and particularly stic-
tion, could exert a dominant influence on the system dynam-
ics. When gimbal angle was applied to the rotor disk, primar-
ily by acting on the cyclic pitch, the damping trends exhibited
an instantaneous transition to more predictable behavior, as
evident in Fig. 5. This rapid change in dynamic characteris-
tics with gimbal angle strongly suggests that friction-induced
locking in the hub components may be responsible for the
phenomena observed in the experiments.

These observations collectively indicate that friction effects,
particularly in the pitch encoders and gimbal assembly, war-
rant detailed investigation to understand their role in the ex-
perimentally observed whirl flutter characteristics.

Friction Modeling Approach

The accurate characterization of friction generally requires
extensive experimental campaigns with specialized measure-
ments necessary to precisely define and model friction param-
eters in each specific joint. Since such comprehensive charac-
terization was not feasible within the scope of this work, a
different approach was adopted. Rather than pursuing an ex-
act test-to-code correlation, this investigation focuses on un-
derstanding the qualitative effects of friction on the system’s
dynamic behavior and determining whether friction could ex-
plain the observed experimental phenomena.

To capture the most probable effects of friction, a stochas-
tic approach was implemented using uncertainty quantifica-
tion techniques. This methodology treats friction parameters
as random variables with defined probability distributions, al-
lowing exploration of how friction influences system stability
across a realistic parameter space. By propagating these un-
certain parameters through the model, the analysis provides
insight into the sensitivity of whirl flutter characteristics to
friction effects.

Friction models can be broadly categorized into static and
dynamic formulations. Static friction models, such as the
classical Coulomb model, represent steady-state behavior but
cannot capture time-dependent phenomena. Dynamic friction

models, conversely, account for effects such as pre-sliding be-
havior, hysteresis, and the Stribeck effect.

The two friction models offered by MBDyn were employed
in this investigation. The discrete Coulomb model,

Fy = —F, (1sgn(x) 4+ 02x%), (1)

with transition to stiction when |x| falls below a given thresh-
old, and transition to sliding when the tangential force compo-
nents overcomes the static limit |F;| > @F;, provides a compu-
tationally efficient static representation with viscous damping
and provisions for stick-slip transitions. The LuGre model
represents a more sophisticated dynamic formulation, captur-
ing the complete range of friction phenomena through its rep-
resentation of asperity deformation and velocity-dependent
effects (Ref. 13). Since this study focuses on qualitative prob-
abilistic analysis, the additional accuracy of the LuGre model
is not required. Furthermore, the discrete Coulomb model
reduces the number of parameters compared to the LuGre
model, thereby decreasing the sample points needed for statis-
tically meaningful uncertainty analysis. MBDyn implements
friction modeling in a limited set of joint types. The two joints
relevant to this study are revolute hinges, which constrain all
degrees of freedom except rotation about a single axis, and
spherical hinges, which allow all three rotational degrees of
freedom. To incorporate friction effects in the testbed’s multi-
body model, the original formulation must be modified to rep-
resent critical connection points using these joint types.

The uncertainty quantification framework, implemented
through DAKOTA (Ref. 15), controls multiple MBDyn simu-
lations across the parameter space. This approach enables sta-
tistical characterization of friction’s influence on modal damp-
ing and frequency, as well as the duty cycle, a metric repre-
senting the fraction of time spent in the stick condition dur-
ing the free response. This comprehensive analysis provides
robust insights into how friction can affect both the stability
characteristics and the stick-slip behavior of the system.

Pitch Encoder Friction Analysis

The ATTILA testbed’s blade attachment, shown in Fig. 6 con-
sists of pairs of bearings that connect each blade to the yoke.
The inner bearing (point 1 in Fig. 6), positioned at the blade
root, constrains flapwise and chordwise displacements, while
the outer bearing (point 2 in Fig. 6), located further outboard
along the yoke, constrains all translational degrees of free-
dom. Together, these bearings allow only pitch rotation about
the blade’s feathering axis, with the angle measured by dedi-
cated pitch encoders positioned between the bearings (point 3
in Fig. 6).

During the wind tunnel testing campaign, adhesion was ob-
served between components of the pitch encoder mechanism.
This effect, not anticipated in the original design and possibly
caused by improper material selection, resulted in sliding fric-
tion between two aluminum surfaces. Post-test examination
confirmed wear patterns on the encoder components, provid-
ing physical evidence of friction development during opera-
tion.



Figure 6: CAD model of the pitch bearings (inner, 1, and
outer, 2) and encoder (3).

To incorporate these friction effects into the numerical model
while maintaining the original load paths, a modification of
the existing MBDyn joint formulation was required. The orig-
inal implementation utilized a fotal joint for both bearings, an
element that allows for arbitrary constraining of specific com-
ponents of the relative position and orientation between two
parts. The total joint does not enable friction modeling, so a
different approach was required. The outer bearing remains
unchanged, while the inner bearing is split in two parts, con-
nected by a revolute joint, an element capable of incorporating
friction models.

The standard MBDyn friction implementation calculates the
normal force based on the constraint reactions in the joint,
which in this case would coincide with the inner-bearing con-
straint reactions. Since the encoder mechanism was designed
to operate unloaded and was placed close to the outer bear-
ing, it certainly cannot sustain the magnitude of forces typi-
cally carried by the inner bearing. To address this limitation, a
modified version of the MBDyn revolute hinge friction model
was implemented. Instead of using the constraint reactions,
this model employs a user-defined constant preload as the nor-
mal force for friction calculations. This approach better repre-
sents the physical situation where the encoder surfaces expe-
rience contact pressure from installation tolerances or assem-
bly preload, rather than from the structural loads transmitted
through the bearing.

To implement the uncertainty propagation analysis for the
pitch encoder friction, a careful parameterization of the
Coulomb viscous model was necessary. This model requires
five parameters to fully characterize friction behavior.

In the modified Coulomb model implemented in MBDyn, it
was observed that changing the radius, preload, or friction co-
efficient had equivalent effects on the resulting static friction
moments. This means that for uncertainty quantification pur-
poses, these three parameters can be effectively represented
by a single variable, significantly reducing the dimensionality
of the parameter space and the number of simulations required
for statistically meaningful results.

With this simplification, the uncertainty analysis focused on
two primary variables:

Table 2: Encoder hinge friction parameters for uncertainty
propagation analysis.

Parameter  Value/Range
r, mm 10 (fixed)
u 1.0 (fixed)
P,N 10-100

07, N-ssm™~! 0.0-0.2

* The preload P range was selected to represent realis-
tic contact scenarios between the encoder surfaces. The
lower bound of 10 N represents a minimal contact pres-
sure that could develop due to minor misalignment or
vibration, while the upper bound of 100 N represents
more substantial contact pressure that might result from
assembly preload or thermal expansion. This range pro-
vides a comprehensive exploration of potential friction
conditions without extending into physically unrealistic
territories.

* The viscous damping coefficient o, affects energy dissi-
pation during the slip phase. A relatively narrow range
was selected. This parameter typically has less impact
on overall system behavior than the static friction param-
eters, but it can influence the energy dissipation charac-
teristics during slip conditions.

By treating these parameters as uncertain variables with de-
fined distributions, the uncertainty propagation analysis sys-
tematically explores the parameter space to determine how
friction affects the stability characteristics of the system
across different operating conditions and gimbal angles.

Figure 7 shows the results from the uncertainty propagation
analysis for three tilt angles compared to the reference damp-
ing trends of the frictionless system. The shaded regions
represent one standard deviation above and below the mean
value, capturing approximately 68% of the simulation results.
The analysis reveals clear sensitivity to the tilt of the rotor disk
across all modes, though with varying patterns.

For the beamwise mode (Fig. 7a), damping trends rapidly re-
vert to the frictionless system behavior as soon as tilt is ap-
plied. The untilted configuration exhibits higher damping,
particularly at low to mid airspeeds, where the duty cycle pa-
rameter approaches 100%, indicating the system remains pre-
dominantly in the stick condition. This locked state effectively
changes the overall stiffness of the system, causing the ele-
vated damping levels. In contrast, the torsion mode (Fig. 7¢)
presents an unexpected pattern where the untilted configura-
tion most closely resembles the reference frictionless case,
while the tilted configurations show increased damping. The
chordwise mode (Fig. 7b) presents a more gradual variation
in damping trends with changes in rotor tilt angle. However,
contrary to experimental observations, the numerical results
predict higher damping for all configurations compared to the
frictionless system. The addition of friction in the encoders
has a stabilizing effect on the chordwise mode, which di-
rectly contradicts the experimental findings where the chord-
wise mode became considerably less stable with applied tilt,
and ultimately became the critical flutter mode.
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Figure 7: Effect of pitch encoder friction on structural mode damping.

This tilt sensitivity is primarily attributed to the effects of stic-
tion, summarized by the duty cycle parameter, which repre-
sents the percentage of time spent in the stick condition dur-
ing the free response. In the untilted configuration, small os-
cillations of the blades around the feathering axis struggle to
overcome stiction, resulting in duty cycle values approaching
100% at lower airspeeds, especially for higher friction config-
urations. As tilt is applied, the cyclic pitch motion induced by
the gimbal angle generates sufficient moments to consistently
break free from stiction, significantly reducing the duty cycle.

While the pitch encoder friction model successfully captures
some tilt-dependent behavior, it fails to reproduce the experi-
mental observation that the chordwise mode becomes less sta-
ble with applied tilt. This fundamental discrepancy suggests
that encoder friction alone cannot explain the observed ex-
perimental phenomena. It is important to note that the wear
patterns observed on the encoder components provide con-
crete evidence that friction was indeed present in these as-
semblies during testing, and likely evolved (increased) with
usage. However, this model may either overestimate the mag-
nitude of this friction, or the experimental behavior may re-
sult from complex interactions between encoder friction and
friction in other joints of the system. The isolated encoder
friction effects may be necessary but insufficient to fully cap-
ture the observed dynamics, suggesting that a more compre-
hensive friction model incorporating multiple joints might be
required.

Gimbal Joint Friction Analysis

The gimbal joint assembly, shown in Fig. 8, represents one of
the most critical mechanical interfaces in the tiltrotor testbed.
This complex assembly consists of two primary components:
a central spherical bearing and three compass mechanisms ar-
ranged radially around the mast.

The spherical bearing (point 1 in Fig. 8), positioned at the in-
terface between the mast and the rotor hub, permits the rota-
tion about all three axes while constraining translational mo-
tion and transmitting forces between the rotor and the shaft.
This component consists of two steel plates with a spherical
recess that rotate around a spherical element made of bronze,
with lubrication. Meanwhile, the three compass mechanisms
(one highlighted by point 2 in Fig. 8) serve a dual purpose:
they transmit rotational motion and carry torque from the mast
to the rotor disk around the shaft axis while accommodating
the tilting of the rotor disk by allowing rotation about the re-
maining two axes perpendicular to the shaft. Each compass
consists of two aluminum arms connected by a spherical joint.
The lower arm attaches to the mast through a revolute hinge,
while the upper arm similarly connects to the upper plate of
the hub assembly. The revolute hinges rotate around steel pins
with bronze bushings and are lubricated to minimize friction,
while the spherical bearings connecting the two arms are stan-
dard commercial components.

Implementing friction in the gimbal assembly required signif-



Figure 8: CAD model of the gimbal joint assembly (yoke, 1,
and compasses, 2).

icant modifications to the original MBDyn model. The initial
implementation used MBDyn’s gimbal rotation joint, a spe-
cialized element that approximates an ideal tiltrotor gimbal.
However, since friction depends on the constraint reactions,
the actual load paths need to be reproduced in detail.

The spherical joint at the center of the gimbal assembly was
readily implemented using MBDyn’s spherical hinge element,
enhanced with friction support capabilities. The compass
mechanisms presented a more complex challenge. In the
physical testbed, three compass assemblies are used to en-
sure robust torque transmission and balanced load distribu-
tion. However, from a kinematic perspective, a single com-
pass would be sufficient to constrain the system. Implement-
ing all three compasses in the numerical model creates redun-
dant constraints that would lead to an ill-conditioned mathe-
matical problem. To overcome this challenge while maintain-
ing physical fidelity, all three compasses were modeled us-
ing a constraint regularization strategy based on the Tikhonov
method. This approach modifies the constraint equations
through the introduction of a compliance coefficient, effec-
tively transforming rigid constraints into stiff elastic connec-
tions. Mathematically, this can be interpreted as replacing
an infinitely stiff constraint with a finite but very large stiff-
ness value. The regularization compliance, placed over the
compass spherical hinges, was carefully tuned to the lowest
possible value that maintained numerical stability while min-
imizing constraint violations. This approach allowed for the
realistic representation of the complete compass assembly, in-
cluding the potential for different friction characteristics in
each compass, without creating an over-constrained system
that would be numerically intractable.

Friction can be represented in all of the joints of the gimbal
assembly. Testing friction representation in the compasses re-
quired unrealistically high levels of friction to obtain tangible
differences in the system’s behavior. Conversely, representing
friction in the gimbal’s spherical hinge showed interesting re-
sults with realistic levels of friction. Although friction in the
gimbal assembly is completely unknown, this part of the anal-
ysis aims at exploring what would be its effects concerning the
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tilting of the rotor and, in particular, whether friction-induced
blocking of the tilting motion can affect the system dynamics.

The approach employed represents friction only inside the
gimbal spherical hinge through a Coulomb friction model that
uses, as the normal force, the reaction constraint inside the
gimbal joint. This methodology represents a realistic sce-
nario since the spherical hinge experiences the complete loads
transmitted between the mast and the rotor assembly, provid-
ing a physically meaningful basis for friction calculations. For
the uncertainty quantification analysis, the friction parameters
were defined as shown in Table 3. The spherical hinge’s actual
radius was held constant, while the friction coefficient varied
between reasonable bounds for lubricated bronze-steel inter-
faces. The lower bound represents well-lubricated conditions,
while the upper bound accounts for potential degradation of
lubrication effectiveness during operation or other unexpected
problems that may affect the free tilting of the rotor disk.

Table 3: Gimbal spherical hinge friction parameters for un-
certainty propagation analysis.

Parameter Value/Range
r, mm 25 (fixed)
u 5x1073-2.5%x 107!
02, N-sm™! 0.0-0.1

Figure 9 presents the results from the uncertainty propagation
analysis for the gimbal spherical hinge friction. The analysis
reveals distinct patterns that differ significantly from the pitch
encoder friction results of Fig. 7. The time spent in the stick
condition is considerably lower compared to the encoder fric-
tion case. Most notably, as soon as tilt is applied to the rotor
disk, the effects of friction nearly disappear since stiction no
longer occurs in the gimbal joint.

For the beamwise mode (Fig. 9a), the untilted configuration
shows markedly reduced damping compared to both the tilted
configurations and the reference frictionless system. This be-
havior indicates that friction, most notably stiction, in the
gimbal joint has a destabilizing effect on the beamwise mode
when the rotor operates without tilt. The locking of the gimbal
motion, as evident from the duty cycle parameter, restricts the
system’s ability to naturally respond to the loads developed,
leading to a considerably less stable beamwise mode. It is
important to note that beamwise damping requires represen-
tation through the VPM to be accurately captured, but even
s0, the behavior differs considerably from the experimentally
identified trends. The chordwise mode (Fig. 9b) demonstrates
the most dramatic sensitivity to gimbal angle, being charac-
terized by considerably higher damping in the untilted con-
figuration at high airspeeds. Conversely, in the tilted config-
uration, the damping trends revert to the original frictionless
system behavior. The torsion mode (Fig. 9¢c) presents an in-
termediate response, with the untilted configuration showing
moderately reduced damping at higher speeds compared to
the tilted cases, though the effect is less pronounced than for
the chordwise mode.
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Figure 9: Effect of gimbal spherical friction on structural mode damping.

The mechanism underlying these results can be understood
through the role of the gimbal joint in tiltrotor dynamics. Un-
der normal operating conditions, the gimbal allows the rotor
disk to freely articulate, providing a degree of isolation be-
tween rotor forces and the supporting structure. When fric-
tion in the gimbal joint becomes significant, particularly under
low-motion conditions characteristic of the untilted configura-
tion, stiction can effectively lock the gimbal degrees of free-
dom. This locking transforms the rotor mounting from a flex-
ible, articulated system to a rigid connection, fundamentally
altering the load paths and dynamic response characteristics of
the entire assembly. The transition from locked to unlocked
gimbal behavior with applied tilt occurs because the cyclic
pitch motion required to maintain the gimbal angle generates
sufficient moments to overcome static friction, restoring the
intended articulated behavior of the gimbal joint.

Combined Friction Effects

To investigate the potential synergistic effects of friction
across multiple joints, a preliminary analysis was conducted,
incorporating both pitch encoder and gimbal spherical hinge
friction simultaneously. This combined approach recognizes
that, in the physical system, multiple sources of friction likely
coexist and may interact to produce the observed experimen-
tal behavior. The gimbal joint and blade pitching mecha-
nisms are kinematically coupled through the flexible control
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chain, meaning their motions are not independent. For in-
stance, when cyclic commands are held constant, the tilting
of the rotor disk necessarily induces blade pitching motion to
maintain the prescribed control inputs. This coupling creates
a scenario where friction in one component can influence the
behavior of another. Specifically, stiction in the pitch encoders
could restrict blade motion, which in turn affects the relative
motion between the mast and rotor hub, potentially facilitat-
ing the development of stiction in the gimbal joint. Further-
more, the physical evidence of wear patterns observed when
the encoder components were disassembled between test runs
confirms that friction was indeed present in these assemblies
during the test campaign. While the magnitude and precise
characteristics of this friction remain uncertain, its presence
cannot be dismissed when attempting to understand the sys-
tem’s overall dynamic behavior.

For the uncertainty quantification analysis of the combined
friction effects, the same parameter ranges established for the
individual friction studies were employed. The pitch encoder
friction parameters remained consistent with Table 2, while
the gimbal spherical hinge parameters followed those defined
in Table 3. However, a key simplification was implemented
to maintain computational feasibility: for both joints the vis-
cous damping coefficient (0>) was constrained to have iden-
tical values throughout each simulation. This constraint was
necessary because introducing an additional independent vari-
able would exponentially increase the required sample size for



statistically meaningful results. In this manner, the parameter
space dimensionality was maintained at a manageable level
while still capturing the essential friction interactions.

Table 4: Combined friction analysis parameters.

Parameter  Encoder Gimbal
r, mm 10 (fixed) 25 (fixed)
u 1.0 (fixed) 5x1073-2.5%x 107!
P,N 10-100 not applicable
02, N-ssm™! 0.0-0.2 (shared)

Figure 10 presents the results of the combined friction anal-
ysis, which reveals distinctly different system behavior, par-
ticularly in the untilted configuration. As observed in the
gimbal-only friction case (Fig. 9), the application of tilt to the
rotor disk effectively eliminates most friction effects, with the
exception of the torsional mode. This means that in the com-
bined friction case, the tilted configuration behavior closely
resembles that observed in the encoder-only friction analysis
(Fig. 7).

The beamwise mode (Fig. 10a) exhibits a particularly interest-
ing behavior in the untilted configuration. Rather than show-
ing a simple superposition of the individual encoder and gim-
bal friction effects, the results demonstrate a complex interac-
tion between the two friction sources. This interaction leads to
a considerably more damped beamwise mode compared to ei-
ther individual case, though the predicted behavior still differs
significantly from the experimental observations. The chord-
wise (Fig. 10b) and torsional mode (Fig. 10c) display behavior
that more closely resembles a combination of the two separate
friction cases. The untilted configuration shows characteris-
tics influenced by both friction sources, while the tilted con-
figurations primarily reflect the encoder friction effects due to
the elimination of gimbal stiction when rotor tilt is applied.

CONCLUSIONS

The most important results of this investigation can be sum-
marized as follows:

1. Mid-fidelity aerodynamic modeling. The combination
of the vortex particle free wake model and the vortex
lattice representation of the wing in DUST generally
yields more accurate damping estimates for out-of-plane
modes when compared to a strip theory-based approach.
The vortex lattice method provides an optimal balance
between accuracy and computational efficiency. How-
ever, neither the baseline MBDyn model nor the DUST-
enhanced model shows any relevant sensitivity to rotor
disk tilt.

Friction effects in mechanical joints. The stochastic
friction analysis demonstrates that mechanical friction,
particularly in the gimbal spherical hinge, can create
distinct dynamic responses between tilted and untilted
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configurations through stick-slip mechanisms that funda-
mentally alter the equivalent system stiffness. In particu-
lar, stiction-induced locking represents a plausible mech-
anism for the observed experimental phenomena.

Combined friction effects. The simultaneous presence
of friction in both pitch encoders and gimbal components
produces a response that differs from the simple superpo-
sition of the individual effects, suggesting that multiple
friction sources may interact synergistically in the phys-
ical system.

Author contact:

Paolo De Vita, paolo.de.vita@mail.polimi.it

Gianni Cassoni, gianni.cassoni@polimi.it

Marco Morandini, marco.morandini @polimi.it
Pierangelo Masarati, pierangelo.masarati @polimi.it
Federico Fonte, federico.fonte @leonardo.com
Marco Favale, marco.favale @leonardo.com

Stefan van 't Hoff, stefan.van.t.hoff @nlr.nl

ACKNOWLEDGMENTS

The authors give thanks to the complete ATTILA team for
their contributions to the success of the test campaign. This
research received funding from the Clean Sky 2 — H2020
Framework Program, under grant agreement N. 863418 (the
ATTILA project).

* X %
* *
* *
*

Clean Sky

REFERENCES

1. Stefan van’t Hoff, Jelmer van Vilsteren, Alessandro
Cocco, and Pierangelo Masarati. Design of a tiltrotor
semi-span wind tunnel model for whirl flutter investiga-
tions. In AIAA Scitech 2023 Forum, page 1306, 2023.

Stefan van ’t Hoff, Federico Fonte, Paolo De Vita,
Gianni Cassoni, Pierangelo Masarati, and Keith Soal.
ATTILA tiltrotor whirl flutter code-to-test correlation.
In Vertical Flight Society 81st Annual Forum, Virginia
Beach, VA, USA, May 20-22 2025.

Alessandro Cocco, Pierangelo Masarati, Stefan
van 't Hoff, and Bart Timmerman. Tiltrotor whirl flutter
analysis in support of NGCTR aeroelastic wind tunnel
model design. In 47th European Rotorcraft Forum,
Glasgow, UK (virtual), September 7-10 2021.

Alessandro Cocco, Pierangelo Masarati, Stefan
van 't Hoff, and Bart Timmerman. Numerical whirl-
flutter analysis of a tiltrotor semi-span wind tunnel
model. CEAS Aeronautical Journal, 13(4):923-938,
2022. https://doi.org/10.1007/s13272-022-00605-2.



Reference Encoder Friction Gimbal Friction Experimental Results
-9V =0.0° -V = 0.0° Exp. ¥ =0.0°
-©-Frictionless - Vv =10° -V =1.0°
- U =20° - v =20° - Exp. U =2.0°
8 8 8
1 6 1 6 [ 1 6 [
Dy Dy Dy
= 7 7
g 2 g 2 g 2
3 3 3
A 0 A 0 A ) S A O S SO
2 : . : : 2 : : : 2 : : :
0.4 0.6 0.8 1 0.4 0.6 0.8 1 0.4 0.6 0.8 1
100 100 ¢ 100 ¢
S S X
& . &g < :
g, e » = e 5, 5
O 50 ® - .:%s"'ﬁ.—-'ﬂ &) 50+ » - Q\"'-’—;‘ﬁ @) 50+ ~\"'~‘—Tﬁ%
A A —~ A .
0 0 0
0.4 0.6 0.8 1 0.4 0.6 0.8 1 0.4 0.6 0.8 1
Wind Speed, - Wind Speed, - Wind Speed, -
(a) Beamwise (b) Chordwise (c) Torsion

10.

Figure 10: Effect of combined gimbal spherical friction and encoder friction on structural mode damping.

Pierangelo Masarati, Marco Morandini, and Paolo
Mantegazza. An efficient formulation for general-
purpose multibody/multiphysics analysis. J. of Compu-
tational and Nonlinear Dynamics, 9(4):041001, 2014.
https://doi.org/10.1115/1.4025628.

Gian Luca Ghiringhelli, Pierangelo Masarati, and Paolo
Mantegazza. A multi-body implementation of finite vol-
ume CY beams. AIAA Journal, 38(1):131-138, January
2000. https://doi.org/10.2514/2.933.

Olivier A. Bauchau, Peter Betsch, Alberto Cardona,
Johannes Gerstmayr, Ben Jonker, Pierangelo Masarati,
and Valentin Sonneville. Validation of flexible multi-
body dynamics beam formulations using benchmark
problems. Multibody System Dynamics, 37(1):29—48,
2016. https://doi.org/10.1007/s11044-016-9514-y.

Alberto Savino, Alessandro Cocco, Alex Zanotti, Mat-
teo Tugnoli, Pierangelo Masarati, and Vincenzo Mus-
carello. Coupling mid-fidelity aerodynamics and multi-
body dynamics for the aeroelastic analysis of rotary-
wing aircraft configurations. Energies, 14(21):6979,
2021. https://doi.org/10.3390/en14216979.

L. Morino. A general theory of compressible potential
aerodynamics. CR 2464, NASA, 1974.

Y. Hua and T. K. Sarkar. On SVD for estimating gen-
eralized eigenvalues of singular matrix pencil in noise.

11.

12.

14.

13

IEEE Transactions on Signal Processing, 38(5):814—
824, 1990. https://doi.org/10.1109/78.55205.

Paolo Pivetta, Alberto A. Trezzini, Marco Favale, Cris-
tian Lilliu, and Attilio Colombo. Matrix pencil method
integration into stabilization diagram for poles iden-
tification in rotorcraft and powered-lift applications.
In 45th European Rotorcraft Forum, Warsaw, Poland,
September 17-20 2019.

A. Velo, F. Fonte, M. Favale, K. Soal, M. Bdswald,
R. Volkmar, and J. Schwochow. Uncertainty estima-
tion in experimental whirl flutter modes identification.
In Vertical Flight Society’s 81st Annual Forum, Virginia
Beach, VA, USA, May 2025.

Paolo De Vita, Gianni Cassoni, Marco Morandini,
Pierangelo Masarati, Federico Fonte, Marco Favale, and
Stefan van ’t Hoff. Numerical whirl-flutter investiga-
tion of a multibody/vortex particle tiltrotor model with
frictional components. In Multibody 2025, Innsbruck,
Austria, July 13-18 2025.

Stefan van ’t Hoff, Federico Fonte, Keith Ian Soal,
Oliver Schneider, and Kees Kapteijn. Whirl flutter test-
ing of ATTILA tiltrotor testbed—initial results. In Ver-
tical Flight Society’s 80th Annual Forum & Technol-
ogy Display, Montréal, Québec, Canada, May 7-9 2024.
https://doi.org/10.4050/F-0080-2024-1117.



Brian M Adams, William J Bohnhoff, Keith R Dalbey,
Mohamed S Ebeida, John P Eddy, Michael S Eldred,
Russell W Hooper, Patricia D Hough, Kenneth T Hu,
John D Jakeman, et al. Dakota, a multilevel parallel
object-oriented framework for design optimization, pa-
rameter estimation, uncertainty quantification, and sen-
sitivity analysis: version 6.13 user’s manual. Technical
report, Sandia National Lab.(SNL-NM), Albuquerque,
NM (United States), 2020.

14



