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ABSTRACT

Rotor blade optimization plays a critical role in improving helicopter performance. This study aims
to enhance two key metrics: the Figure of Merit (FM) in hover and the Lift-to-Drag ratio (L/D) in
forward flight. Traditional high-fidelity methods are accurate but computationally expensive, mak-
ing them less practical in early-stage design. To address this, we use low-fidelity aerodynamic and
structural tools with global optimization methods to efficiently explore the design space. Building
on previous work with rigid blade assumptions, this study includes aeroelastic effects to better cap-
ture the blade’s dynamic behavior. The optimization uses the University of Maryland’s Aerome-
chanical Rotorcraft Analysis Code (UMARC-II) and Genetic Algorithms, allowing for non-linear
twist and chord distributions along with spanwise airfoil selection. Two optimization approaches
were investigated: with and without airfoil selection parameters. Results show that combining air-
foil selection with twist and chord optimization provides the most significant performance gains.
Aeroelastic analysis confirms that the optimized blades are structurally feasible, with acceptable

modal behavior and deflections in both hover and forward flight.

INTRODUCTION

There is increasing interest in optimizing rotor
blades to enhance aerodynamic efficiency. How-
ever, this optimization process comes with signif-
icant challenges. The design space is vast, mul-
timodal, and often contains local minima, making
it difficult to navigate. Additionally, the problem
is inherently multi-objective, and the high com-
putational cost of evaluating these objectives adds
further complexity. To address these issues, re-
searchers have undertaken various studies to de-
velop effective solutions.

Recent work has advanced rotor blade optimization
through a mix of computational and experimental
methods. Wilke et al. [I] studied helicopter ro-
tor aerodynamics in hover, combining low-fidelity
models with CFD to optimize the HART-II blade’s
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chord and twist. Later work [2] expanded this to in-
clude noise reduction during descent, using multi-
objective optimization to balance power efficiency
and acoustics. For tiltrotors, Jimenez-Garcia et al.
[3] showed how adjoint-based CFD optimization
could improve performance in both helicopter and
airplane modes by adjusting twist and chord distri-
bution. Their gradient-based approach proved effi-
cient, requiring few flow evaluations.

Several studies explored multi-fidelity methods.
Leusink et al. [4] combined genetic algorithms
with selective CFD runs to optimize hover and
forward flight performance at lower computational
cost. Similarly, Johnson and Barakos [5] used neu-
ral networks with harmonic balance CFD to refine
BERP-like tips while maintaining hover efficiency.

Surrogate modeling has grown prominent. Ear-
lier, Zhao et al. [6] trained neural networks on
CFD data to optimize turbine blades via genetic
algorithms.  Other approaches focused on air-
foil optimization. Massaro [7] generated Pareto-



optimal airfoils for helicopters using surrogate-
assisted methods. Anand et al. [&] recently pro-
posed tandem neural networks to unify high- and
low-fidelity optimization. Koushik et al. [9] de-
veloped a framework integrating machine learning
with CFD to handle airfoil design uncertainties.

We started by using a Linear Inflow model, assum-
ing a rigid blade and bilinear chord and twist dis-
tributions [10]. Now, we use nonlinear chord and
twist distributions and explore the aeroelastic ef-
fects on rotor blade performance.

METHODOLOGY

The section defines the design objectives, flight
conditions, trim requirements, and design space to
guide the optimization process.

Design Objectives

The problem involves optimizing two main objec-
tives: FM and L/D (Equation 1). The objectives
are scaled to prevent bias in the multi-objective op-
timization.

L
J=wy-(FM)+w;- (B) (1)

Here, wy and w; are the normalized weights to
study the aerodynamic trade-offs, and FM and L/D
are given by
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Design Space

A HART-II rotor with four rectangular blades and
a NACA 23012mod airfoil with a linear twist of -
8°/R serves as the baseline. Seven design variables
are defined, including inner and outer linear twist,
two chord parameters at 0.8 r/R and blade tip, and
inner & outer airfoils, with airfoil transition loca-
tion (Figure 1). The upper and lower bounds are
chosen carefully (Table 1). A set of 17 rotorcraft
airfoils with various thickness ratios is included in
the design space, and constraints are applied to so-
lidity.
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Figure 1: Design variables include 3 twist parame-
ters, 2 chord parameters, and 3 airfoil selection pa-
rameters.

Table 1: Design Variables and Bounds

Geometric Variables Lower bound Upper bound
Inboard twist rate (deg) -15 0
Outboard twist rate (deg) -5 5
Chord 1 (@ 0.8 1/R) 1 1.5
Chord 2 (@ 1.01/R) 0.5 1.0

Inboard & Outboard Airfoils NACA 64-208, SSCA09, SC
1094-R8, SC 1095, VRS,
RC3-10, RC4-10, V-23010,
VR-7, SC 1012-R8, NACA 0012,
NACA 23012, CLARK Y, OA
212, NACA 64-212, VR-12,
NACA 0015

Airfoil transition location 0.3 0.9

Figure 2 shows the first 40 distinct blade designs
generated by the genetic algorithm. All designs ad-
here to three core constraints: zero twist at 75%
radius to ensure consistent aerodynamic reference,
fixed rotor solidity to maintain disk loading char-
acteristics, and smooth chord distributions achieved
through spline interpolation between control points.

Flight and Trim Conditions

The flight and trim conditions for both hover and
forward flight are summarized in Table 2. The rotor
is trimmed to generate a thrust of 5582 N in both
hover and forward flight. In forward flight, a hor-
izontal force of 527 N is generated to balance the
drag. The tip Mach number remains constant at
0.641 in both cases. All aerodynamic moments are
zeroed out in trim.
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Figure 2: Blade geometry random samples. Top:
Twist distributions with baseline HART-II twist.
Bottom: Chord distributions with baseline HART-1I
chord. All designs maintain the same rotor solidity
(o =0.077).

Table 2: Flight and Trim Conditions

Flight Condition Hover Forward Flight
Thrust (N) 5582 5582
Horizontal Force (N) 0 527

Miip 0.641 0.641

M., - 0.194

M, - 0

M, - 0

Computational Tool

To ensure an efficient and accurate optimization
process, we integrated the University of Mary-
land Rotorcraft Aeromechanical Analysis Code
(UMARC-II) [11] with a Genetic Algorithm. The
aeromechanical solver has been validated using ex-
perimental data from sources such as the U.S. Army
and the Boeing Model 222, showing good agree-
ment in performance predictions [!1]. The code
employs the Weissinger-L. model [12] to estimate
the aerodynamic characteristics of rotor blades by
predicting lift and drag coefficients based on airfoil
properties and flight conditions.

High-fidelity CFD simulations using an enhanced
Spalart—Allmaras model, referred to as APGCII-
LRe, have been used to generate the airfoil ta-

bles [13, 14]. This improved turbulence model en-
ables better prediction of stall onset, more accurate
lift estimation in the stall region, and improved drag
prediction at low Reynolds numbers. The airfoil ta-
bles span Mach numbers from 0.1 to 0.9 and angles
of attack from —180° to 180°, which eliminates the
need for extrapolation. These tables are used to op-
timize airfoil selection for the inner and outer blade
spans, as well as to optimize the airfoil transition
location along the blade.

UMARC-II provides several inflow models; how-
ever, this study employs the linear inflow model,
which assumes uniform inflow in hover. The struc-
tural coupling is based on one-dimensional Eu-
ler—Bernoulli beam theory and includes flapwise
and lagwise bending, axial extension, and torsion.

Validation of UMARC-II for Performance and
Aeroelastic Response

Figure 3 presents a comparison between the FM
predicted by the Linear Inflow model and the exper-
imental data for the HART-II blade. At low blade
loading, the model shows close agreement with the
experimental results. As C, /o increases, deviations
appear due to the nonlinear aerodynamic effects.
The strong agreement at lower loading levels sup-
ports the use of this model for subsequent design
optimization.
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Figure 3: UMARC-II validation for the base-
line HART-II blade, closely following experimental
data up to a blade loading of 0.08, with minor devi-
ation beyond.



Table 3 presents a frequency comparison between
experimental data and UMARC-II predictions for
the HART-II blade. The results show good agree-
ment across all modes. The first two modes ex-
hibit a precise match within 1% for the fundamen-
tal lag and flap modes (0.78€2 and 1.12€2, respec-
tively). The maximum difference observed is 4.1%
for the second flap mode, while all other modes
show differences below 3%, which are most criti-
cal for aeroelastic stability. The torsion mode pre-
diction shows a 2.6% difference, which confirms
UMARCHII as sufficiently accurate for aeroelastic
analysis of rotor blades.

Table 3: Comparison of Frequencies EXP vs
UMARC-II
Mode Exp 0/Qp¢ UMARC-II 0/Qs Diff %

1st Lag 0.78 0.78 0.8

1st Flap 1.12 1.12 0.8

2nd Lag 2.83 2.81 1.0

2nd Flap 3.85 4.00 4.1

3rd Flap 4.59 4.58 0.3

1st Torsion 5.17 5.03 2.6

Optimizer Details

The design space is non-convex and may contain
local minima, so a global optimization method is
used. This study uses the Non-dominated Sort-
ing Genetic Algorithm II (NSGA-II), which is suit-
able for problems with multiple conflicting objec-
tives [ 15]. Each design is encoded using real-valued
variables, and a population of 200 designs evolves
over generations. This helps explore a wide range
of solutions in fewer generations.

OPTIMIZATION RESULTS

This section presents the findings from two opti-
mization scenarios. The first scenario includes all
seven design parameters in the design space, which
also includes three airfoil selection parameters. The
second scenario excludes airfoil selection parame-
ters and only includes two chord and two twist pa-
rameters.

Navigating trade-off

To navigate the trade-off between two objectives,
the full optimization scenario is run various weight
fractions: one with a maximum weight on FM (us-
ing 0.99 x FM +0.01 x L/D), one with a maximum
weight on L/D (using 0.01 x FM + 0.99 x L/D),
and one multi-objective case with higher weight on
both. The second optimization scenario (exclud-
ing airfoil parameters) is only run for the multi-
objective case.

Figure 4 (left) shows the optimization results. Each
scatter point represents the best design selected
from 200 samples in each generation. In the FM-
focused optimization (99% weight on FM), the de-
signs cluster toward high FM values, while in the
L/D-focused optimization (99% weight on L/D),
the designs cluster toward high L/D values. In the
multi-objective case with equal weights, the designs
lie between the two extremes, showing a trade-off.
Without airfoil selection (second optimization sce-
nario), both FM and L/D values are lower than the
full optimization cases. This suggests that airfoil
selection contributes significantly to performance
improvement.
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Figure 4: Navigating trade-offs identified three best
designs. The optimization without airfoil selection
didn’t show much improvement.

The Pareto Front (Figure 4 right) shows the best de-
signs from three full optimization cases: hover opti-
mized, cruise optimized, and a multi-objective case
with airfoil selection. It also includes the multi-
objective case without airfoil selection. The hover-
optimized design achieves higher FM but slightly
lower L/D. The cruise-optimized case gives better
L/D with a small drop in FM. The multi-objective



case with airfoil selection offers a balanced trade-
off between FM and L/D. Without airfoil selection,
both FM and L/D remain low.

Summary of improvements

The trade-offs become clear when looking at per-
centage changes from the baseline (Figure 5). The
hover-optimized blade shows the largest gain in
FM, however, its improvement in L/D is modest.
With 99% weight on FM, we get a 6.3% FM gain
and 7.0 % L/D gain. The multi-objective gives
6.1% FM and 10.85% L/D gain. With 99% weight
on L/D, the L/D gain increases to 12.4%, but FM
drops to 5.1%. Without airfoil selection, gains drop
to 2% FM and 3.1% L/D. This means airfoil choice
gives over 60% of the total improvement, more than
what chord and twist alone could give.
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Figure 5: Trade-off between FM and L/D: FM-
focused maximizes FM, L/D-focused maximizes
L/D, balanced design achieves both. Airfoil selec-
tion drives most gains.

Optimized Geometry

Figure 6 shows the twist and chord distributions
along the blade span for the baseline, hover-
optimized, cruise-optimized, and multi-objective
designs. The hover-optimized blade has greater
twist near the root and a noticeable increase in

chord toward the outer span, which supports high
lift generation in hover, along with a reduced tip
chord to minimize tip losses. In contrast, the cruise-
optimized blade maintains lower twist and a rela-
tively larger tip chord to reduce profile drag during
forward flight. The multi-objective blade also uses
higher twist than the baseline and exhibits a rela-
tively smooth chord profile.
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Figure 6: Optimized geometries: Hover favors
higher twist and smaller tip chord. Forward flight
favors lower twist and relatively larger tip chord.
Multi-objective takes higher twist with more uni-

form chord distribution.

Optimizing Airfoil Selection

Optimizing the airfoil combination for the inboard
and outboard regions, along with the transition lo-
cation, is a key aspect of this study and contributes
significantly to improvements in FM and L/D. The
optimal airfoil selections for the three optimized de-
signs are given in Table 4, showing distinct com-
binations selected for each performance objective.
The results make physical sense: the inboard sec-
tion uses thicker airfoils to handle higher loads and
provide lift near the hub, while the outboard section
uses thinner airfoils to reduce drag and improve ef-
ficiency.

Table 4: Optimal Selection of Airfoil for Optimized
Designs

Objective Inner Airfoil Transition (r/R) Outer Airfoil
Baseline NACA 23012mod
Hover-optimized NACA 64212 0.674 VR 8
Multi-objective SC 1095 0.88 VR 8
Cruise-optimized ~ CLARK'Y 0.43 SSCA 09




The multiobjective design selects SC1095 (9.5%
thick) from the root to 0.88 r/R and VR8 (8.2%
thick) from 0.88 r/R to the tip. This selection
matches the flow conditions: the thicker SC1095
handles high lift requirements inboard and outer
span where dynamic pressure is modest, while
the thinner VRS reduces drag and improves stall
characteristics near tip where Mach numbers are
high. For instance, Figure 7 compares the airfoil
polars with the baseline NACA23012mod. The
VRS8 performs best at high Mach numbers (tip
Mach = 0.641 in hover, 0.833 in cruise), which
makes it ideal for the tip region where most lift
is generated. While VRS excels at high speeds,
SC1095 provides better low-Mach performance,
justifying its inboard placement.
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Figure 7: Airfoil VR-8 performs significantly bet-
ter than NACA 23012mod at higher Mach numbers
while SC 1095 performs slightly better than NACA
23012mod at lower mach numbers.

Quantifying the Role of Airfoil Selection

To assess and reiterate the true impact of airfoil se-
lection parameters, we conducted a comparative op-
timization study. With the same weight fraction be-
tween two objectives, we repeated the optimization
process with airfoil parameters excluded from the
design space.

Figure (8) summarizes the results and reveals two
key findings. First, optimizing only twist and chord
distributions yielded modest improvements (FM:
+2%, L/D: +3.06%) over the baseline. Second,
including airfoil selection parameters tripled these

6

gains (FM: +6.1%, L/D: +10.85%), confirming that
airfoil characteristics dominate rotor performance.
This substantial difference emerged because airfoil
shape directly controls boundary layer behavior and
stall characteristics, while twist and chord mainly
redistribute existing aerodynamic loads. The results
emphasize that comprehensive optimization must
include airfoil parameters to achieve maximum per-
formance benefits.
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Figure 8: Performance improvements showing 2%
FM and 3.1% L/D gains from twist-chord optimiza-
tion, increasing to 6.1% FM and 10.85% L/D when
including airfoil selection.

Control Angle Characteristics

The collective pitch angles in hover are shown in
Figure 9. Most designs use a similar hover col-
lective between 8.60-8.70 °, but the multi-objective
blade uses a higher value of 9.46°. This higher
collective in hover helps the blade perform bet-
ter in forward flight. As shown in Figure 10, the
multi-objective blade needs a moderate collective
angle in forward flight (9.40 °), which is between
the baseline (10.25 °) and the hover-optimized de-
sign (8.59 °). More importantly, it needs the least
lateral cyclic input (6;; = —3.80°) and longitudinal
cyclic input (61, = 0.37°), meaning the blade has
more balanced loading during forward flight. This
reduces the effort needed for roll and pitch trim.

The hover-optimized design achieves 6.3% higher
FM than baseline (0.741 vs. 0.697) while maintain-
ing identical collective pitch. The multi-objective
optimization strikes a middle ground, delivering
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Figure 9: Hover collective pitch (6y) comparison
across optimization configurations. Multiobjective
requires a relatively higher collective.

151

10.25°
10 8.59° 8 42° 8.42°

60°
1. 15° 37° 1 54° 74o

B

U’I

Control Angle [deg]
o

5 . 3 80° . -4.00°
5 59° 4 45 4 72
10+ 8 5
o, WS, [ 1s)
-1 5 L lb L L
N & @e & )
) S J S &
% & ¥ & \o
& R ® R °
& o Q)
& §‘- < .
°~\ & o
Oy c} \oo

Optimization Scenario

Figure 10: Forward flight control angles showing
collective (0y), longitudinal cyclic (6,.), and lateral
cyclic (0;,) inputs. All optimized designs show re-
duced collective pitch requirements.

94% of the hover performance gain while improv-
ing L/D by 11% over baseline, though requiring
higher collective pitch in both regimes. All opti-
mized configurations reduce forward flight collec-
tive pitch by 15-18% compared to baseline, which
suggests more efficient lift distribution across the
rotor disk.

Off-design Performance Analysis

The off-design analysis in hover (Figure 11) shows
that all designs perform equally well up to a blade

loading (CT/o) of 0.08. At the design point and
higher loadings, the hover-optimized and multi-
objective blades perform better than the cruise-
optimized design, which shows slightly lower FM
at higher loadings.

In forward flight (Figure 12), all three blades
perform similarly up to a velocity of 50m/s.
At higher speeds, the multi-objective and cruise-
optimized blades achieve better L/D, while the
hover-optimized blade struggles. Overall, the
multi-objective blade offers the best balance be-
tween hover and forward flight performance.
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Figure 11: Hover performance showing 0.75 FM
as optimal with higher stall margin at high blade
loading.
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Figure 12: Forward flight performance confirming
0.25 L/D as optimal with better efficiency.



Contribution Analysis of Design Parameters

This analysis examines how individual design pa-
rameters contribute to performance improvements
compared to the baseline HART-II configuration.
Each parameter was varied independently while
keeping others at baseline values. The multi-
objective optimized twist distribution was assessed
with baseline chord and NACA23012mod airfoil,
while the optimized chord distribution was eval-
uated with baseline twist and airfoil. Similarly,
the optimal airfoil combination was assessed using
baseline twist and chord distributions. Finally, both
optimized chord and twist were combined while re-
taining the baseline airfoil.

The parameter’s contributions reveal competing ef-
fects on performance metrics. While twist op-
timization improves both FM (+2.2%) and L/D
(+2.3%), chord changes show opposite trends -
increasing FM (+0.7%) while decreasing L/D (-
4.0%). Airfoil selection alone provides the largest
individual FM gain (+5.1%) but still reduces L/D
(-1.9%). The combination of optimized twist and
chord partially mitigates these trade-offs, achieving
+2.9% FM with +0.9% L/D.

The complete optimization integrating all three pa-
rameters - twist, chord, and airfoil - achieves the
highest performance gains: 6.3% FM increase and
10.8% L/D improvement. These results illustrate
that while airfoil selection drives significant FM im-
provements, its full potential for L/D gains is only
realized when properly integrated with compatible
twist and chord distributions.

Elastic Versus Rigid Blade Performance

The baseline and three optimized blades were eval-
uated using rigid blade analysis. Elastic blades
mostly achieve higher FM and L/D values com-
pared to their rigid counterparts (Figure 14). This
improvement results from the blade’s ability to
adapt its shape dynamically during rotation. In
hover, elastic deformation introduces favorable
twist, which reduces induced power losses and in-
creases FM. In forward flight, passive adaptation to
asymmetric loading likely improves sectional an-
gles of attack along the span, which enhances L/D.
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Figure 13: Performance contribution from individ-
ual optimized parameter. Twist and chord provide
modest improvements, while airfoil changes signif-
icantly increase FM but require proper integration
with twist and chord to yield maximum improve-
ments (FM: +6.3%, L/D: +10.8%).
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Figure 14: Performance comparison of elastic and
rigid blade configurations. Elastic blades mostly
outperform rigid ones in both FM and L/D metrics.

AEROELASTIC RESPONSE
EVALUATION

This section examines the blade’s dynamic behav-
ior under loading using three key analyses: the fan
plot characterizes natural frequencies and potential
resonances; hover deflections reveal steady-state
elastic deformation; and forward flight responses
capture cyclic loading effects. The analysis com-
pares the optimized blades with the baseline.



To account for changing blade geometry, the struc-
tural properties were scaled based on the local
chord distribution. The mass per unit span and axial
stiffness were scaled linearly with chord, while tor-
sional stiffness and bending stiffnesses were scaled
with the cube of the chord ratio. This simplified
scaling captures the first-order effects of geometric
changes without performing a full structural opti-
mization. Although more detailed structural model-
ing could improve accuracy, this approach provides
reasonable trends for comparative analysis across
different blade designs.

Fan Plot Analysis

Figure 15 compares the natural frequencies of the
baseline HART-II blade with those of three opti-
mized designs across a range of rotor speeds. All
designs follow a consistent mode sequence up to the
first torsional mode, which suggests that optimiza-
tion mainly affects the stiffness distribution rather
than the modal identity. The higher mode frequen-
cies show noticeable drops due to smaller tip chord
than the baseline blade, whereas the lower mode
frequencies change less significantly (Table 5).

For the hover-optimized blade at design RPM
(Q/Qper = 1), the first flap and lag modes re-
main nearly unchanged (within +0.01 @/Q) be-
cause root stiffness dominates these modes. The
blade shows lower frequencies in higher modes.
This reduction occurs because higher modes are
tip-sensitive, and the smaller tip chord (Figure 6)
causes stiffness (EI «< ¢?) to drop faster than mass
(m o< ¢). The resulting flexibility at the tip, com-
bined with a larger outer span area and aerodynamic
loading, enables greater twist and improves hover
efficiency if compared with a rigid blade.

The cruise-optimized blade, in contrast, shows
slightly higher Ist lag frequency, which reflects
stiffer in-plane behavior. Compared to the hover-
optimized blade, its relatively larger tip chord mit-
igates significant drops in higher frequencies (3rd
flap: —3.7%, torsion: —5.7% vs baseline).

The cruise-optimized blade shows a +0.9% increase
in 1st lag frequency due to its larger inner span area
(Table 5). Higher modes see moderate frequency
drops (2nd flap: -7.4%, torsion: -5.5%) because the
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Figure 15: Natural frequency versus rotor speed
for baseline and optimized blades. Fundamental
modes (1st flap/lag) remain stable near design RPM
(Q/Qrer = 1), while higher modes (2nd/3rd flap,
torsion) show reduced frequencies

Table 5: Modal frequencies (@/Qyr) for baseline
and optimized blades

Mode Baseline FM Opt. Multi-Obj. Cruise Opt.
Ist Lag 0.78 0.7811 0.7789 0.7872
Ist Flap 1.12 1.1096 1.1251 1.1143
2nd Lag 2.83 2.6961 2.7594 2.7610
2nd Flap 3.85 3.8080 3.5644 3.7012
3rd Flap 4.59 4.3049 4.3662 44188
1st Torsion 5.17 4.7023 4.8861 4.8758

blade’s outer is not as larger as the hover-optimized
design. This still preserves some tip flexibility for
load alleviation while prioritizing cruise efficiency
through stiffer inboard structure.

Table 6: Comparison of modal frequencies
(w/Qyer) between baseline and multi-objective op-
timized blades.

Mode Baseline Multi-Obj. % Change
1st Lag 0.78 0.7789 —0.14%
Ist Flap 1.12 1.1251 +0.46%
2nd Lag 2.83 2.7594 —2.49%
2nd Flap 3.85 3.5644 —7.43%
3rd Flap 4.59 4.3662 —4.88%
1st Torsion 5.17 4.8861 —5.49%

The natural frequencies of the multi-objective opti-
mized blade were compared with the baseline blade
for the hover condition (Table 6). The first lag and
flap modes showed very small changes, with the
first lag mode decreasing by 0.14% and the first flap



increasing slightly by 0.46%. Higher modes, such
as the second flap, third flap, and torsion, showed
larger reductions. In particular, the second flap
mode dropped by about 7.4% and the torsional fre-
quency decreased by 5.5%. This shift in frequen-
cies indicates that the optimized blade became more
flexible in higher modes, which is a trade-off result-
ing from changes in mass and stiffness distribution
to improve aerodynamic performance.

Spanwise Blade Deformation in Hover

Figure 16 shows the spanwise distribution of flap-
wise, lagwise, and torsional deflections in hover for
the baseline and optimized blades.

The flapwise deflection increases from root to tip in
all cases, with all three optimized blades showing
greater deflections than the baseline. This can be at-
tributed to the larger blade area around 0.6 < r/R <
0.85, which results in higher aerodynamic loading
in the outer span. The hover-optimized blade ex-
hibits a 17% larger peak-to-peak flapwise deflection
(0.0726 m) compared to the baseline (0.0618 m),
despite its higher inboard twist rate (—14° vs —8°).
This increase results from reduced chord at both the
root and tip, which lowers flapwise stiffness (evi-
dent in the lower 2nd and 3rd flap frequencies in
Table 5), while the increased mid-span chord en-
hances lift generation. The increased deflections in
the multi-objective and cruise-optimized blades are
also influenced by slightly lower higher-mode fre-
quencies due to reduced tip stiffness (see Table 5).

Lagwise deflections remain small but show varia-
tion due to changes in in-plane stiffness and aero-
dynamic drag distribution. The cruise-optimized
blade shows nearly the same deflection as the base-
line due to its more uniform chord distribution. The
hover-optimized blade shows the highest deflection
due to a larger outer span area and the associated
drag. The multi-objective blade shows intermediate
deflection due to its relatively uniform chord distri-
bution.

Torsional deflections reveal the most noticeable dif-
ferences. The cruise-optimized blade exhibits the
highest torsional deflection, consistent with its re-
duced torsional stiffness and frequency (4.8758 vs.
5.17 for the baseline in Table 5). In contrast, the
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Figure 16: Spanwise deflection in hover: Out-of-
plane blade deflection shows larger upward bend-
ing with highest in the hover-optimized blade. In-
plane deflection shows higher backward bending in
the hover-optimized and multi-objective optimized
case. Torsional deflection is reduced and more sta-
ble in the multi-objective optimized blade.

multi-objective blade shows the smallest torsional
deflection despite having a high geometric twist.
This is likely due to its larger inboard area up to
r/R = 0.8, which increases stiffness as also evi-
dent by higher 1st torsion frequency. The hover-
optimized blade shows intermediate torsional de-
flection due to its larger outer span area and the as-
sociated stiffness.

Tip Deflection Behavior in Forward Flight

The tip deflection behavior of rotor blades in for-
ward flight is analyzed using time histories of tip
deflections (Figure 17) and peak-to-peak deflection
magnitudes at the blade tip (Table 7).

The Hover-optimized and Multi-objective blades
exhibit larger flapwise deflections and substantially
higher torsional deflections compared to the base-
line, consistent with their higher inboard twist rate



(—14°). The Hover-optimized blade features lower
tip twist than the Multi-objective blade, which alle-
viates the torsional tendency. The Cruise-optimized
blade shows flapwise and torsional behavior closer
to the baseline due to its lower twist rate (—7°). All
configurations maintain similar lead-lag deflection
magnitudes with peaks shifted a bit earlier than the
baseline. This suggests that twist and chord redis-
tribution primarily influence flapwise and torsional
responses.
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Figure 17: Tip deflections in forward flight: Larger
twist in Hover-optimized and Multi-objective
blades correlates with higher torsional and flapwise
peak-to-peak deflections. The Cruise-optimized
blade shows relatively lower peak-to-peak deflec-
tions, though still higher than the baseline.

Azimuthal and Spanwise Deflection Behavior of
the Multi-Objective Blade in Forward Flight

To further investigate rotor deformation in forward
flight, the azimuth—spanwise deflection characteris-
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Table 7: Peak-to-peak tip deflection characteristics
for different blade configurations

Configuration Flapwise (m) Lead-Lag (m) Torsional (°)
Baseline 0.0720 0.0506 2.1857
Hover-optimized 0.1069 0.0513 5.0078
Multi-objective 0.1269 0.0492 6.4224
Cruise-optimized 0.0902 0.0575 3.5145

tics of the Multi-objective blade are compared with
the baseline configuration.

In flapwise bending (Figure 18), both the base-
line and Multi-objective blades exhibit peak deflec-
tions near 180° azimuth, corresponding to the re-
gion of highest lift. However, the optimized blade
shows a slightly delayed and stronger peak, begin-
ning around 145° and extending to 250°. This in-
crease and shift in the peak are likely caused by
the higher built-in twist and increased aerodynamic
loading near the tip, resulting from the optimized
chord and twist distribution. These changes affect
local angles of attack and delay the onset of maxi-
mum lift-induced bending.

Lagwise deflections are primarily governed by in-
plane aerodynamic and inertial forces (Figure 19).
For the baseline blade, peak lag deflection occurs
near 85° azimuth on the advancing side where drag
forces are typically stronger (Figure 19). The opti-
mized blade shows a slightly earlier and lower peak,
around 78°, which suggests improved chord distri-
bution and airfoil selection. This may also indicate
an increase in in-plane stiffness, which contributes
to reduced lagwise bending amplitude.

Torsional deflections exhibit the most significant
differences between blade configurations (Fig-
ure 20). The baseline blade displays a relatively
uniform torsional response along the span with
modest variation, likely due to its lower built-in
twist and higher torsional rigidity. In contrast, the
multi-objective optimized blade experiences more
pronounced torsional deflection, with a maximum
of approximately +1° at 150° azimuth and a large
negative twist rate of —42° near 45° azimuth at the
tip. These variations stem from the interaction of
larger geometric twist and reduced torsional stiff-
ness with rapidly varying aerodynamic moments,
especially in the retreating-to-advancing transition.

While the flapwise and lagwise deflection patterns
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Figure 18: Flapwise deflection shows larger flapping amplitudes for multi-objective optimized blade due
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Figure 20: Torsional response shows -4.2° torsion peak at 45° azimuth in multi-objective design most
likely due to higher tip twist, smaller chord and tip stiffness reduction.
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remain qualitatively consistent with the baseline,
the enhanced torsional dynamics highlight the ef-
fectiveness of structural tailoring in managing aero-
dynamic loads and improving aeroelastic perfor-
mance.

Among the three optimized blade designs (hover-
optimized, multi-objective, and cruise-optimized),
the cruise-optimized shows the most favorable
aeroelastic behavior. It exhibits lower flapwise and
torsional deflections compared to the other two de-
signs, while achieving the highest (L/D) and main-
taining a competitive FM). Furthermore, its natu-
ral frequency distribution is better aligned with dy-
namic stability requirements. Taken together, this
makes the cruise-optimized blade the most practi-
cal choice.

CONCLUSIONS AND FUTURE
WORK

This study presents an efficient framework for opti-
mizing rotor blades to improve performance in both
hover and forward flight. The design process ac-
counts for blade elasticity, and all aeroelastic eval-
uations are performed using UMARC-II. Starting
from the HART-II baseline, the optimization in-
cludes airfoil selection, as well as twist and chord
distributions.

Two optimization strategies were explored: one
with airfoil selection parameters and one without.
Optimizing chord, twist and airfoil selection param-
eters in the design space, led to significant improve-
ments. The multi-objective design with optimizing
airfoil selection achieved a 6.1% improvement in
FM and a 10.8% improvement in L/D compared to
the baseline. In contrast, the design without air-
foil selection achieved only a 2% improvement in
FM and 3.1% in L/D. The contribution of each op-
timized design parameter toward the overall perfor-
mance gain further showed that the full benefit is re-
alized only when airfoil selection is combined with
twist and chord optimization.

Aeroelastic analysis showed that fundamental
modes (Ist flap and lag) remained stable, while
higher-mode frequencies decreased in blades with
reduced tip chord. These changes introduced more
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flexibility, especially near the tip, which helped ac-
commodate aerodynamic loads. In hover, span-
wise deflection patterns revealed increased flapwise
bending in optimized blades due to higher outer
span loading. Lagwise deflections showed moder-
ate in-plane bending near mid-span, consistent with
increased chord area and drag in outer span region.
Torsional deflections were smaller and more sta-
ble in optimized blades due to the built-in geomet-
ric twist, which reduced the need for elastic twist.
In forward flight, the optimized blade showed rel-
atively higher and delayed flap deflection due to
higher twist and tip loading. Lag deflection was
reduced and peaked earlier. Torsional deflections
increased to adapt to the redistributed aerodynamic
loads.

Among hover-optimized, multi-objective, and
cruise-optimized blades, the cruise-optimized de-
sign proves most practical, showing lower deflec-
tions, highest L/D, competitive FM with well dis-
tributed natural frequencies.

Future work will focus on high-fidelity CFD vali-
dation of the optimized geometries to confirm aero-
dynamic gains and understand flow behavior. Ad-
ditionally, instead of selecting from a predefined
airfoil set, we plan to integrate an in-house sur-
rogate model [16] that predicts polars of aerody-
namic coefficients based on airfoil geometry and
Mach numbers. This will allow greater flexibility
and precision in airfoil design. An inverse design
Artificial Neural Network framework [17] would
be used to further enhance the performance of op-
timized airfoils. Finally, acoustic performance will
be included in the optimization objectives to eval-
uate trade-offs between noise reduction and aero-
dynamic efficiency for a more comprehensive rotor
design.
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