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The Rotor Optimization for the Advancement of Mars eXploration (ROAMX) project

advances the design and validation of airfoils and blades for next-generation Mars rotorcraft.

A comprehensive computational modeling and experimental campaign was conducted to

address the unique low-density compressible �ight environment of Mars. An airfoil and

rotor modeling and optimization framework tailored to Mars Reynolds and Mach number

regimes was developed and applied to generate a portfolio of candidate geometries. A novel

lift-generation mechanism was identi�ed and experimentally validated, broadening the design

space for airfoil and rotor performance. Airfoil performance was rigorously assessed through a

combination of wind tunnel testing and high-�delity computational �uid dynamics simulations

under Mars representative �ow conditions. Airfoil optimization resulted in airfoils that had

a 25% increase in coe�cient lift to drag ratio at the 75% radial station, compared to the

clf5605 baseline airfoil (Ingenuity Mars Helicopter). Unique internal structural designs were

developed to support the unusually thin airfoils, and a structural design methodology for use

under the low Lock number environment present for Mars was established. The strength of the

rotor blades was veri�ed via static pull testing at 110% of the centrifugal force experienced

at a tip Mach number of 0.95. Facilities were expanded at NASA Ames for Mars rotorcraft

testing, including the development of a state-of-the-art hover stand capable of high-accuracy

performance measurements at very low pressure inside a 30 meter tall chamber of 4,000 cubic

meters out of ground e�ect. Collectively, these e�orts culminated in the demonstration of

optimized rotor performance at Mars �ight conditions, providing validated design tools, test

infrastructure, and performance data to support future scienti�c and exploration rotorcraft

missions on Mars. The full-scale ROAMX rotor achieved a 29% increase in peak Figure of

Merit over the Ingenuity rotor at design density, with no performance loss at its higher tip Mach

number. It also exhibited about 2.3 times lower sensitivity to Reynolds number variation within

the range expected for Mars �ight.
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Nomenclature

� = Rotor Area
CAMRAD II = Comprehensive Analytical Model of Rotorcraft Aerodynamics and Dynamics
CFD = Computational Fluid Dynamics
CG = Center of Gravity
�% = Coe�cient of Power
CSD = Computational Structural Dynamics
�) = Coe�cient of Thrust
DNS = Direct Numerical Simulations
ELISA = Evolutionary aLgorithm for Iterative Studies of Aeromechanics
FM = Figure of Merit
JPL = Jet Propulsion Laboratory
NACA = National Advisory Committee for Aeronautics

 = Rotor Rotational Speed
% = Rotor Power
PAL = Planetary Aeolian Laboratory
PI = Proportional-Integral
& = Torque
’ = Rotor Radius
d = Air Density
ROAMX = Rotor Optimization for the Advancement of Mars eXploration
f = Rotor Solidity
SVS = Steam Vacuum System
) = Rotor Thrust
UMD = The University of Maryland

I. Introduction

In 2021, the Ingenuity Mars Helicopter demonstrated powered �ight on another planet for the �rst time by �ying
on Mars (Figure 1). Ingenuity’s sole purpose was to demonstrate that �ying on Mars is possible, and far exceeded

the expectations for the original �ve-�ight mission, ultimately completing 72 �ights which included feats such as
serving as scout to the Perseverance Rover. An in-depth investigation of the underlying aerodynamics acting at Mars
�ight conditions was beyond the scope of the timeline for the development of Ingenuity. At the Reynolds number
experienced by Ingenuity on Mars, the Reynolds number is too low to allow for classic laminar separation bubbles or
classic boundary layer trips. The approach taken for the design of the Ingenuity airfoils was to maintain a continuous
laminar boundary layer on the airfoil, which resulted in a successful �ight campaign on Mars. The �ow, however, still
separates from the airfoils and does not result in a true fully attached laminar boundary layer. Further research was
needed to understand the �ow physics at these Reynolds numbers to allow for optimization of aerodynamic design to
maximize vehicle performance.

Fig. 1 Ingenuity Mars Helicopter. Picture from science.nasa.gov.
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The aerodynamic regime in which helicopters �y on Mars is largely unexplored. The low atmospheric density on
Mars, which is roughly 1% of that on Earth, results in a Reynolds number that is nearly two orders of magnitude lower
than that experienced with �ight on Earth (on the order of 104 on Mars, versus 106 on Earth). In addition to the reduced
density, the temperature on Mars is much lower than on Earth and the atmosphere is carbon dioxide-based, as opposed
to the nitrogen-based atmosphere found on Earth. The combination of the low temperature and carbon dioxide-based
atmosphere results in a much lower speed of sound on Mars, on the order of 70% of that on Earth. This results in a
higher tip Mach number experienced on Mars for equivalent tip speed (compared to Earth). To compensate for the
lack of atmospheric density, the rotor speed must be maximized for an equal-sized rotor, thereby resulting in a high
(subsonic) tip Mach number. Thus, on Mars, helicopters �y in a low Re, high subsonic tip Mach number aerodynamic
regime that, until recently, was largely unexplored (see Figure 2).

Fig. 2 Comparison of existing Mach-Reynolds number research regimes with the Mars Helicopter (MH) �ight

regime [1].

With aerodynamic design speci�cally for the low Reynolds number, high (subsonic) tip Mach number �ight regime
found on Mars, signi�cant improvements in airfoil and rotor performance compared to Ingenuity are possible. The Rotor
Optimization for the Advancement of Mars eXploration (ROAMX) project [2, 3] at NASA Ames Research Center sought
to increase the understanding of the Mars �ight regime, and then utilize that increased understanding to design airfoils
and rotor blades optimized for �ight on Mars. The ROAMX project computationally optimized airfoils and blades in
hover for the low Reynolds, high subsonic tip Mach number aerodynamic regime found on Mars, and experimentally
tested the optimized airfoils and full-scale blades. To better assess the performance improvements that were achieved
via the optimization, computational analyses and experimental testing was also conducted for Ingenuity’s clf5605 airfoil
and rotor blades, to serve as baseline and to compare to the ROAMX computational and experimental results.

Blades that exhibit better performance on Mars compared to the blade performance of Ingenuity can enable
helicopters that �y farther, faster, and carry signi�cant science payloads on Mars. This leads to more capable helicopter
science and exploration missions [4, 5]. Figure 3 demonstrates the impact of increased aerodynamic performance on
the overall vehicle performance [6]. Increase in airfoil section lift-to-drag ratio has a multiplicative impact on overall
rotor e�ciency, or Figure of Merit (FM). In turn, FM has a signi�cant impact on overall vehicle performance. Figure 3
shows hover time and range that is possible for an Ingenuity-sized vehicle that uses ROAMX optimized blades. Notably,
the range increases by more than 1200%. The increased aerodynamic performance of the blades allows the vehicle to
carry additional payload, which enables a bigger battery for the vehicle, increasing endurance (hover time) and range of
the vehicle, as well as increasing scienti�c payload that the vehicle can carry (whereas Ingenuity was not able to carry a
scienti�c payload). These performance increases are possible with the increased aerodynamic performance provided by
the ROAMX optimized airfoils and rotor blades.

II. The ROAMX Project
This paper summarizes the novel design guidelines and �ndings developed through the ROAMX project for airfoils

and rotor blades optimized for Mars, and presents experimental results from full-scale hover testing comparing the
optimized ROAMX blades with Ingenuity’s baseline blades. ROAMX was funded by NASA’s Science and Technology
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Fig. 3 Impact on helicopter performance when using optimized blades, compared to Ingenuity [6].

Mission Directorate through the Early Career Initiative (ECI) program.
The goals of the ROAMX project include:
� Increase the understanding of aerodynamics for �ight at Mars aerodynamic conditions (low Reynolds number,

high subsonic tip Mach number);
� Develop an airfoil and blade optimization framework that can be used to design airfoils and blades for Mars

rotorcraft, given the mission requirements of the helicopter;
� Optimize a rotor blade at Ingenuity’s �ight conditions to draw a fair comparison of optimized blade performance

compared to Ingenuity’s baseline blade;
� Utilize high-�delity OVERFLOW Computational Fluid Dynamics (CFD) and fully resolved PyFR Direct Numerical

Simulation (DNS) to verify airfoil performance;
� Experimentally test the Ingenuity and ROAMX representative airfoils;
� Increase the understanding of rotor aeroelasticity for �ight on Mars (low Lock number, high centrifugal stresses);
� Investigate the design and fabrication of novel internal structures and root geometries to support the unusual

aerodynamic pro�les required on Mars and develop design guidelines for future Mars rotors;
� Utilize high-�delity X3D Computational Structural Dynamics (CSD) to fully resolve hub and blade stresses to

verify strength and margins of safety;
� Design, analyze, manufacture, and assemble a test stand capability that can be used to experimentally validate

the performance of the Ingenuity and optimized ROAMX blades and provide rapid testing for any future Mars
mission blade designs;

� Manufacture an Ingenuity baseline rotor blade set and a ROAMX optimized rotor blade set;
� Enhance the NASA Ames Planetary Aeolian Laboratory (PAL) facility to enable higher quality testing at Mars

�ight conditions;
� Experimentally test the Ingenuity and ROAMX representative blade sets;
� Develop data acquisition and post-processing algorithms to reduce, analyze, and visualize experimental test data.

All of these goals were met in the project, with signi�cant contributions from many collaborators. The following
sections discuss these objectives, and other achievements through the project, in further detail. The results of the
full-scale blade experiment are also shown.

A. Demonstrated Airfoil Modeling Approach Tailored to Mars Helicopter Flight Regimes

An investigation into how airfoils perform at the low Re, high Mach conditions experienced during �ight on Mars
was conducted via the ROAMX project at NASA Ames Research Center. One of the �rst outcomes of the ROAMX
project was to establish best practices for modeling airfoil performance at these aerodynamic conditions.

Reynolds Averaged Navier-Stokes without the use of a turbulence model applied in the OVERFLOW CFD solver
was found to match well when compared to extensive wind tunnel tests conducted on the Eppler 387 airfoil at up to
’4 � 200� 000 [7, 8]. The study demonstrated that two-dimensional vortex shedding, resulting in unsteady reattachment,
can be analyzed using laminar unsteady Navier�Stokes simulations, and that it does not necessitate external disturbances
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or three-dimensional instabilities. This study was conducted for 2D airfoils and quasi-3D airfoils (�nite span with
periodic boundary conditions). The results demonstrated that the agreement between experiment and CFD justi�ed the
use of 2D airfoil results under similar aerodynamic conditions, for the design of airfoils and blades, as seen in Figure 4.
This result was improved by highlighting updated results from the University of Illinois Urbana-Champaign, indicating
the Low-Turbulence Pressure Tunnel (LTPT) turbulent reattachment location was actually the oil-accumulation location
instead. This signi�cantly reduced the computational cost of conducting optimization of airfoils to determine the best
airfoil shape. As a result, guidelines were established for airfoil designers for this Reynolds number range.

Fig. 4 Comparing 2D CFD, 3D CFD, and wind tunnel data from the LTPT for Eppler 387 airfoil and

demonstrating that 2D CFD matches well for laminar separation (LS) and turbulent reattachment (TR) [7].

B. Implemented Advanced Computational Rotor and Airfoil Optimization Frameworks

Using the design guidelines established under the ROAMX project, tools were developed to enable optimal design of
airfoils and rotor blades for Mars rotorcraft. The Evolutionary aLgorithm for Iterative Studies of Aeromechanics (ELISA)
code parameterizes unconventional airfoil shapes and uses a Genetic Algorithm with multiple objectives and the
OVERFLOW CFD solver to provide a Pareto-optimal set of airfoils that have the lowest drag for each given angle of
attack [4]. Up to three objectives can be used in the airfoil optimization: lift, drag, and thickness ratio for a given
Reynolds number and tip Mach number. Thickness constraints were included to enable optimization with not only
aerodynamic but also structural consideration, in order to allow structural designers the latitude to absorb loads and place
frequencies. ELISA can optimize airfoils alone, or simultaneously optimize for airfoil(s), planform (chord), and twist
distribution to generate the most optimal rotor blade given the mission requirements. For the rotor blade optimization,
the ELISA optimization framework optimizes the rotor blade planform and twist for hover using the comprehensive
analysis tool Comprehensive Analytical Model of Rotorcraft Aerodynamics and Dynamics (CAMRAD II) by linking
the Pareto-optimal airfoil sets for each radial station, as a function of angle of attack, to the rotor optimization. Similarly
to the airfoil optimization, the blade optimization is a multi-objective function that seeks to maximize thrust while
minimizing power, for a given operating density (Reynolds number). The solidity can be constrained or free and
overlapping-blades can be discarded (for high-solidity designs).

The ELISA code sought to study a large range of possible airfoil shapes while not being too computationally
expensive and time consuming. The roamx airfoil classes use the notation roamx-=c� ?c� =t� ?t, where = denotes the
number of nodes and ? the segment order, with the subscripts c and t referring to the camber and thickness distributions,
respectively. This parameterization is used in ELISA; see [6] for a more detailed description. This parameterization
allows the designer to choose how complicated of an airfoil shape is desirable (including possible discontinuities along
the airfoil pro�le). Through this feature, the ELISA code was able to generate novel airfoil shapes that demonstrated
high performance at Mars aerodynamic conditions, such as those seen in Figure 5. In Figure 5, airfoils at the 50% radial
station and outboard are kept at a constant 1% thickness-to-chord ratio, whereas the inboard airfoils use the roamx3-type
optimization which includes thickness as the third variable. In this paper, the roamx-0201 airfoil parameterization was
used to compare against Ingenuity performance, but ELISA allows for aribtrary roamx- or PARSEC-parameterized
airfoils, (see roamx-1301 and roamx-0202, among others).
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Fig. 5 ELISA framework used to design the ROAMX blade and airfoils, compared to the Ingenuity airfoils at

di�erent radial stations (r/R) [6].

C. Designed and Validated Airfoil Portfolio for Mars Flight

The ELISA airfoil design framework outputs a Pareto-optimal set of airfoils for each condition for which an
optimization is performed. Figure 6 shows an example of such a Pareto front. This means that the designer can choose,
for example, whether to prioritize high lift or low drag for the airfoil that is chosen. The result of this is the generation
of an entire family of airfoils with various shapes, representing the lowest drag geometries for each attainable lift
coe�cient. Through the ROAMX project, the ELISA code was used to generate airfoil shapes for a large range of
Reynolds numbers at various thicknesses. This means that future designers should be able to use the ELISA database to
choose airfoils for their application, without needing to re-run the ELISA code to optimize the airfoils [9]. Through the
ELISA database that was generated, as well as through the speed at which the ELISA code can run to generate new
airfoils, the ELISA framework succeeds at enabling the quick turn-around of airfoil and blade design for Mars helicopter
applications, depending on the needs of the mission. This was a desired output for the ROAMX project, similarly to
how the National Advisory Committee for Aeronautics (NACA) provided airfoil data for various airfoil shapes (albeit
on a signi�cantly smaller scale for this project). For access to the ELISA framework or the ELISA airfoil database,
please contact the NASA authors.

The airfoil chosen to demonstrate the e�ectiveness of the ELISA design framework and of the ROAMX project was
from the roamx-0201 family of airfoils [4]. The roamx-1301 family of airfoils resulted in markedly higher performance
with even more radical airfoil shapes. While the roamx-1301 family of airfoils performed better than the roamx-0201
family of airfoils, short of tests data there were additional uncertainties as to how the airfoil would behave in forward
�ight due to their unconventional mechanisms of lift generation, or whether such rotor blade structures can be built at all
with adequate strength and stability. Therefore, the roamx-0201 family of airfoils was chosen because of the better
understood modes of lift generation. Future work includes the experimental testing of airfoils with the unconventional
roamx-1301 shape and testing of blades that utilize the roamx-1301 style of airfoils. Such experimental testing can
improve knowledge of the lift generation mechanisms and possible increases in performance with these airfoils.
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Fig. 6 Airfoil Pareto front family optimized using ELISA framework [6]. In the images, every dot is a separate

airfoil (typically on the order of 100s to 1,000s in one Pareto-optimal airfoil set).

D. Novel Lift Generation Approach for Mars Rotorcraft

One of the �ndings made through the ROAMX project was a novel mechanism of e�cient lift generation at these
Mars aerodynamic conditions. The roamx-1301 family of airfoils bene�ts from this novel mechanism. By implementing
a sharp leading edge on the airfoil, the separation location is �xed. Large-scale instabilities (in contrast to the small-scale
instabilities found in turbulent �ow for conventional, Earth-based airfoils) are found to be shed from this separation
location and are consistently triggered. The midsection of the airfoil �catches� the �ow and causes reattachment of
the mean �ow. At the very low Reynolds number conditions experienced on Mars, a reattachment of the mean �ow is
achieved, with vortices that are much larger than traditional turbulent vortices. At low Reynolds number conditions,
the viscous forces dominate and transition to turbulence due to instabilities is less likely and more di�cult to predict.
The sharp leading edge found on the ROAMX airfoils �xes the separation location, resulting in predictable transition
location and leading to superior performance at relevant Reynolds numbers, as seen in Figure 7 [4].

Fig. 7 The roamx-1301 airfoil with �ow features described. The sharp leading edge consistently triggers

instabilities, and the dip and subsequent rise allow for the formation of the shear layer and for the airfoil to

"catch" and guide the reattachment of the mean �ow [6].

E. Experimentally Validated Novel Performance Models and Airfoils

To validate the performance of the novel roamx-0201 airfoils, a study was conducted by the ROAMX team in
collaboration with Tohoku University, Japan, and Imperial College London. The aim was to conduct performance
analysis comparisons between airfoil wind tunnel data collected by Tohoku University with predictions from high-�delity
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CFD using the OVERFLOW solver conducted by the ROAMX team at NASA Ames, and fully-resolved DNS conducted
with PyFR by Imperial College London [10]. DNS with PyFR provides a �rst-principles approach to modeling �uid
dynamics by resolving all relevant spatial and temporal scales of turbulence without any turbulence modeling, resulting
in the highest possible �delity �ow simulation [10]. The team is shown at the Mars Wind Tunnel at Tohoku University
in Figure 8. The Mars Wind Tunnel, previously located at Tohoku University and now located at Nagoya University, is a
one-of-a-kind wind tunnel with a small 10 cm by 15 cm test section that allows for testing of airfoils at Re � 103 and
high Mach numbers in the compressible �ow region (" � 0�6).

Fig. 8 Mars Wind Tunnel experimental campaign at Tohoku University. Pictured from right to left: Dr. Keisuke

Asai (front - Tohoku), Dr. Takayuki Nagata (back - Tohoku), Dr. Taku Nonomura (Tohoku), Dr. Peter Vincent

(back - Imperial), B. Natalia Perez Perez (front - NASA), Yudai Kanzaki (Tohoku), Miku Kasai (Tohoku), Witold

Koning (NASA), Dr. Lidia Caros Roca (Imperial), Dr. Oliver Buxton (Imperial), Haley Cummings (NASA),

Miku Miyagi (Tohoku).

Wind tunnel experiments and two numerical approaches, OVERFLOW (approaching Implicit Large Eddy Simulations,
ILES) and PyFR (DNS), all demonstrated a signi�cant performance improvement between the roamx-0201 airfoil and
the clf5605 airfoil, which was used for Ingenuity, independent of angle of attack, as seen in Figure 9 [11]. The Ingenuity
clf5605 airfoil is referenced as the baseline for this study, as that airfoil was the state-of-the-art at the commencement
of this research. Caros et al. [11] shows that the roamx-0201 airfoil is able to achieve approximately 25% higher lift
than the clf5605 airfoil (at equal drag). This result is shown in Figure 9e. The drag polars for all analysis methods
furthermore demonstrate that the roamx-0201 pro�le exhibits lower drag compared to the clf5605 for all angles of attack.
The performance increase for the optimized airfoils validates the case for using unconventional, optimized airfoils for
future Mars helicopters. The conceptual design vehicle being developed at NASA’s the Jet Propulsion Laboratory (JPL)
for future Mars missions, Chopper, is using ROAMX/ELISA optimized airfoils and blades [12, 13]. In addition, other
studies have incorporated ROAMX airfoils into conceptual design analyses, including [14], which used the airfoils in a
long-range Mars helicopter concept study.

F. Implemented Performance Enhancement Strategies into Rotor Optimization

Because of the signi�cantly reduced density of the atmosphere on Mars, generating lift is more di�cult than on
Earth. There are several ways additional lift can be generated by helicopters on Mars including: (1) utilizing more
e�cient airfoil technology for low Reynolds and high Mach number �ow; (2) increasing rotor speed; and (3) increasing
rotor solidity (i.e. increasing blade area for a �xed rotor diameter). Helicopters traveling to Mars have to �t inside a
�xed aeroshell size, thereby limiting the rotor radius that can be used. Thus, to increase blade area, the solidity of the
rotors must be increased beyond conventional solidities used for Earth-based helicopters. For the design of the ROAMX
blades, all three of these parameters were leveraged. Airfoils were designed to have superior performance for the low

8

D
ow

nl
oa

de
d 

by
 N

A
SA

 L
A

N
G

L
E

Y
 R

E
SE

A
R

C
H

 C
E

N
T

E
R

 o
n 

Ja
nu

ar
y 

8,
 2

02
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

6-
24

33
 



Reynolds, high Mach regime up to near sonic speeds (up to " � 0�95 ). The solidity of the rotor was also increased
beyond conventional solidities (for example, Ingenuity’s rotor has a solidity of 0.148 [5]). Research is limited in the area
of high solidity rotors since Earth-based helicopters favor increasing radius to increase thrust, and the aerodynamic
e�ects of increasing solidity to very high values (above solidity of 0.3) are not well understood. The ROAMX rotor was
chosen to have a 6-bladed rotor with a solidity of 0.25, to modestly increase the solidity beyond conventional solidities
(which are well understood) while staying in a conservative range of high solidity. Future helicopters for Mars will need
to employ even higher solidity rotors to be able to further increase lift and range capabilities. Research has started at
NASA Ames to investigate these higher solidity rotors. To compare against the Ingenuity blade performance, which was
used as the baseline, the ROAMX rotor was optimized using the same rotor radius and �ight conditions as Ingenuity.
For aerodynamic performance, the parameters of interest to match are the Reynolds number and tip Mach number. To
generate the ROAMX optimized rotor blade, airfoils were optimized for several radial stations along the blade, with
higher thickness ratio blades of type roamx-0202 (type roamx-0202 airfoils have a thickness degree of freedom in the
optimization) used inboard to provide structural support, and 1% thick roamx-0201 airfoils used at the 50% radial
station and outboard. The airfoils are novel in their shape, with a sharp leading edge that immediately separates and
trips the boundary layer and enables the large-scale instabilities to develop; the overall shape of the roamx-0201 airfoils
is closer to the shape of a cambered �at plate than a typical airfoil used on Earth. The airfoils are also only 1% thick
to mitigate the impact of �ying at high subsonic tip Mach number. Even with these aerodynamic improvements, the
structural weight must still be reduced, and it must begin with the rotor.

G. Established Structural Design Framework for Mars Flight Applications

The structural design of the ROAMX blade was performed in a collaboration with the University of Maryland (UMD).
The design covered the blade, root, and adapter. The challenge was to design a structure that could support the unusually
thin 1% thickness to chord ratio aerodynamic pro�le without undesired deformations, absorb loads with adequate stress
margin, harness su�cient aeroelastic damping for stability, and be manufacturable without surface wrinkling and resin
bubbling, all within a strict weight budget. Adequate �apping frequency needed for control was also ensured, although
it was not critical to the ROAMX tests.

The ultra-low density on Mars (low Lock number) was exploited to meet a number of these challenges. The low Lock
number reduces aeroelastic sampling between modes and mitigates �utter. Therefore, leading-edge weights, needed on
Earth to bring the center of gravity (CG) at or ahead of the aerodynamic center could be eliminated. Note, however, even
though the coupling is reduced, the modes individually remain lowly damped, with the danger of sustained oscillatory
motions in response to any perturbations. Low density also meant inertial loading was dominant over aerodynamic
loading. Therefore, the pitch axis could be moved back without severe repercussions on the control loads as on Earth.
This provided latitude for an innovative internal spar construction that was balanced about the pitch axis without large
CG o�set and allowed the 1% thickness to chord ratio pro�le to be supported. The absence of large CG o�set also
eradicated the need for counter-weights like Ingenuity used.

The rotor blade aerodynamic shape and outer mold line were speci�ed by the ROAMX team and generated using
the ELISA optimization framework. The pro�le outboard of 50% radial station was maintained at all costs. The pro�le
inboard was modi�ed, collaboratively, to account for blade retention, stress concentrations, margins of safety, placement
of the pitch axis, and requirements of internal ply layup to construct the unusual spar. UMD designed and analyzed the
blade using their 3-dimensional Finite Elements Analysis (FEA) based rotor solver, X3D [15]. The X3D solver was
validated for blades used on Earth, as seen in Figure 10, as well as for blades for Mars and provides a unique, rotating,
3D structural analysis for the blades [16�21]. The deformation and loads on ultra-thin rotors with twist and varying
sections are governed by an interesting interplay of trapeze e�ect, propeller moment, pitch angle, pitch axis, CG, and
centrifugal stresses. Signi�cant elastic twist, of 5 degrees or more, were predicted at the tip of the blades. These, along
with spanwise discontinuities in materials and geometry warranted a 3-dimensional FEA based rotor analysis.
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X3D solver was successfully utilized to design novel shaped blades under novel conditions. The details of this structural
design is documented in [16].

Fig. 12 Reduction of stress in the blade possible by shifting the pitch-axis location along the chord, de�ned as a

percentage of chord length measured from the leading edge [16]. The y-axis shows the maximum stress on the

blade and the y-axis shows the pitch angle at the 75% radial station.

H. Static Blade Pull Test Stand Implemented and Validated with Successful Load Tests

The ROAMX blades are experimental blades and the �rst of their kind to be tested. Thus, e�orts were conducted to
demonstrate their structural strength prior to spinning the blades. Since the inertial loads dominate the aerodynamic
loads, the critical load during spinning of the blades comes from the centrifugal force. A test stand to conduct a static
pull test was developed and a static pull test was performed at 110% of the centrifugal force experienced at a tip Mach
number of 0.95, resulting in a total applied load of 2,716 lb [22]. There is a major stress at the root of the blade near the
retention mechanism. The static pull test validated that the retention mechanism could withstand the high centrifugal
loading force. The static pull test was conducted, and no structural damage was observed on the blade, thus validating
the structural design conducted by UMD.

I. Facility Expansion for Expanded Mars Test Capability

To replicate the aerodynamic �ight conditions experienced on Mars, a low-pressure chamber was required and to
mitigate the e�ect of recirculation, a large chamber was required. The Planetary Aeolian Laboratory (PAL) at NASA
Ames Research Center was chosen for the test [23]. The facility is a 4,000 cubic meter volume facility with a height of
30 meters. It was originally designed to conduct vibration testing on rockets in the 1960s. The facility can pump down
to pressures of approximately 5 millibars. By varying the pressure in the chamber, the density can be varied and thus the
Reynolds number the rotors would experience on Mars can be matched.

The PAL utilizes the NASA Ames Steam Vacuum System (SVS) to provide vacuum to the chamber. The SVS is
part of NASA Ames Arc Jet Facilities infrastructure. The SVS is able to remove a majority of the air from the 4,000
cubic meter volume of the PAL in about 45 minutes. Through the ROAMX project, the PAL facility was upgraded so
that it can maintain steady pressure while testing. Previously, as the facility was made to test rockets, the valve that
connects the PAL to the SVS was controlled by two push buttons that would either open or close the valve. For Mars
rotorcraft testing applications, this made it very di�cult to maintain a steady pressure in the PAL chamber, which is
necessary to take accurate aerodynamic measurements. A Proportional-Integral (PI) controller was implemented on the
pressure valve such that it can read the absolute pressure of the facility and automatically control the valve to achieve the
user’s speci�ed pressure. A system checkout test is shown in Figure 13.

With this upgrade, the controller can maintain exceptional pressure regulation within +/- 0.05 mbar in the 4,000
cubic meter facility for the duration of the test. Before the upgrades, pressure was di�cult to maintain steadily, and it
took tens of minutes to arrive at a steady pressure. With the implementation of the new control system, the pressure can
be maintained steadily within around 1 minute, as shown in Figure 14.
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Fig. 14 Achieving steady facility pressure before and after ROAMX upgrades to the PAL pressure control

system.

III. ROAMX Hover Stand Developed and Tested for Future Research
The ROAMX experimental test stand, shown in Figure 15, was designed to be used in the PAL at NASA Ames

Research Center. Test stand speci�cations are shown in Table 1. It was designed as a hover test stand that maintains
the rotor two rotor diameters above the ground to avoid in-ground e�ects. The diameter of the stand was kept to less
than 20% of the rotor diameter to reduce blockage. The test stand incorporates strain gauge sensors to quantify blade
performance. Some of the sensors are shown in Figure 17 and sensor speci�cations are shown in Table 2. Because the
test stand was designed to test experimental rotors, features were built into it to so that it can sustain blade out without
damaging the test stand hardware. Wind tunnel model mechanical design requirements mandate that, in general, a safety
factor of one over ultimate strength is maintained under loads experienced in blade out, which is when a blade breaks or
is lost during testing. In this case, the test stand was designed to have safety factors of two over yield strength under
blade out loads. A swivel joint mechanism was included such that if a blade out occurred, the swivel joints would bear
the blade out load and protect the rest of the stand hardware. The swivel joints are not engaged during normal operation.
No blade outs have been experienced during testing for the ROAMX test campaigns.

The goal of the development of the test stand was to allow for measuring blade aerodynamic performance for current
and future Mars blade designs with minimal hardware development e�orts required; as such, it was desired to select a
strong hub that could be used for an extended period of time. The selected hub is a 4-bladed variable pitch propeller hub
manufactured by DUC Helices, shown in Figure 16. This DUC hub has high ratings for centrifugal loading, thrust,
pitch load, and side force, and is used in �ight on airplanes with thousands of hours of �ight time [26]. The centrifugal
loading capacity of the DUC hub far exceeds the loads experienced on the ROAMX stand. Because the test stand is
designed for ideal hover, cyclic control was not required.

A. Sensors for Monitoring

Rotor performance measurements were collected via strain gauge sensors. Three Interface SM-100 load cells
were used to collect thrust measurements, and an Interface TCSF-50NM torque sensor was used to collect torque
measurements. Three triaxial Michigan Scienti�c TR3D-B-250 load cells were used as part of the Safety of Flight
monitoring system to monitor side forces. Thermocouples were a�xed to the load cells to monitor temperature drift. Two
RPM sensors were used � one was an Omron E3S-AR11 optical sensor combined with retro-re�ective tape, and the other
was an encoder internal to the motor. A summary of the sensors used can be seen in Table 2. An end-to-end calibration
was performed on the sensors that collected performance data using the full cable lengths, bulkhead pass-throughs from
ambient to vacuum, and ampli�ers in place. Check loads were conducted before and after each test run to ensure the
accuracy of the sensors was maintained throughout the test.
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B. Sensor Accuracy Checks

In addition to the in-place calibration, additional checks were performed for the thrust and torque sensors to ensure
their accuracy during testing. The intention was to apply a known load as it is applied during the test (at the rotor plane)
to check the system as a whole as it is used in the �nal experimental con�guration. The system was veri�ed in this
manner for the sensors used to measure thrust and torque.

To check the torque sensor, an inline rotary torque sensor (reference rotary torque sensor) was installed on top of the
shaft and the test stand motor was used to provide torque to both the performance torque sensor and the reference rotary
torque sensor. Both torque sensors show agreement within a standard deviation of 0.009 Nm for 51 data points. Setup
and results for the torque check can be seen in Figure 18. The reference rotary torque sensor is a Futek TRS300 with
nonlinearity and nonrepeatability of 0.2% of rated output each, and a hysteresis of 0.1% of rated output.

(a) Torque accuracy check setup with reference rotary torque

sensor installed above shaft.

(b) Results from torque check showing agreement between

performance torque sensor and reference rotary torque sensor.

Fig. 18 Torque check setup and results.

To check the thrust load cells dynamically, a third rotor (AWT propeller) was tested on the hover test stand at normal
atmospheric conditions. This two-bladed propeller has previously been tested by NASA on a di�erent hover stand, with
di�erent sensors, and the thrust values per RPM are known. The thrust values measured by the ROAMX performance
thrust sensors showed good agreement with the previously measured thrust performance [24]. The standard deviation
for 33 data points was 0.63 N. Setup and results for the thrust check can be seen in Figure 19.
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(a) Thrust check setup with AWT propeller installed on shaft

of ROAMX stand.

(b) Results from thrust check showing agreement between

AWT propeller performance on ROAMX stand and other test

stand.

Fig. 19 Thrust check setup and results.

C. RPM Control

The test stand RPM is controlled from inside the control room, as seen in Figure 20. The pilot has a dedicated screen
where the RPM readout is displayed. The maximum RPM limit can be digitally set, and the maximum RPM is tied to a
switch that disengages motor power if the limit is exceeded. The potentiometer controller RPM is also tuned such that
the minimum RPM it can provide is 0 and the maximum RPM it can provide is 4300 RPM. In addition, for safety of
�ight, an intentional limit was set on the motor drive for maximum current, such that at normal operations, the motor
would not exceed 45 Nm of torque provided. These three measures are implemented to ensure the test stand cannot
exceed safety limits which are determined such that mechanical limits on the test stand and blades are not exceeded.

Fig. 20 Control console, potentiometer, and RPM display for rotor.

D. Data Acquisition System

The sensor cables were connected to bulkheads on the vacuum and ambient sides of the test facility and were
connected to an AstroNova TMX data acquisition system in the control room (shown in Figure 21). The sampling rate
for all sensors was set at 5,000 Hz. Data was acquired continuously throughout each run, which consisted of an RPM
sweep at a set collective angle. Zero points were taken at the beginning and end of each run to account for temperature
drift throughout the run. The time for each run varied depending on how many data points were taken. On average, each
run took approximately 4 minutes.
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Fig. 21 TMX data acquisition system during system checkouts.

IV. Characterized Blade Performance at Mars Flight Conditions
The primary goal of the full-scale rotor experiment was to compare the performance of the Ingenuity and ROAMX

blades at their respective design conditions. The Ingenuity blades and ROAMX blades had identical radii for the
experiment. The Ingenuity blades have exactly the same geometry as �own on Mars. The shape of the Ingenuity blade
was obtained from JPL. The blades were tested in a four-bladed single rotor con�guration in hover because of the
commercial availability of four-bladed hubs. The ROAMX rotor was optimized as a six-bladed con�guration with
solidity of 0.25, whereas the rotor was tested in a 4-bladed con�guration, resulting in a solidity of 0.167. The Ingenuity
rotor was tested in an identical four-bladed single-rotor con�guration, resulting in a solidity of 0.148, matching the
solidity value used during Mars �ight.

The parameters matched during the experiment were the tip Mach number and the Reynolds number experienced
by the Ingenuity blades on Mars. Tip Mach number and Reynolds number can be matched by varying the RPM of
the rotors and by varying the pressure in the chamber. The Ingenuity design �ight tip speed was "C8 ? = 0�7. The
ROAMX design tip Mach number "C8 ? = 0�8. The aerodynamic replica of the Ingenuity blades which were tested
were structurally designed to be operated near their design conditions for this experiment, and their operation was thus
limited to that speed. A lightly damped structural mode of the test stand was identi�ed at "C8 ? = 0�7, so the blades
were spun at "C8 ? = 0�74. The ROAMX blades are designed to reach high subsonic tip speeds without experiencing
signi�cant adverse e�ects due to nearing the speed of sound. The ROAMX blades were spun at both "C8 ? = 0�74 and
"C8 ? = 0�8 to compare against Ingenuity; the ROAMX blades are designed to be able to be spun at an even higher tip
Mach number to generate more lift, but spinning beyond "C8 ? = 0�8 was beyond the scope of the current test campaign.
Several density conditions were tested to characterize the blade performance over the range of densities experienced on
Mars. This was done to investigate the impact of Reynolds number on blade performance. Carbon dioxide was not used
during the test; experiments at Tohoku University showed that there is little aerodynamic impact from using carbon
dioxide versus Earth air [27].

A. Experimental Test Procedure

The preparation to spin the experimental ROAMX and Ingenuity blades was a multi-step process. During the
build-up of the test stand, ground vibration testing was conducted to identify the natural frequencies associated with
lightly-damped structural modes of the test stand that might be excited by the rotor during operation. To avoid excitation
of these modes, a "no dwell" band of RPMs was de�ned for each potentially excitable mode, and these bands of RPMs
were avoided during testing. Figure 22 shows the ground vibration test being executed.

NASA wind tunnel model test criteria require that the blades be spun to 110% of the desired test RPM prior to
installation in the NASA wind tunnel. The ROAMX test followed NASA wind tunnel model test criteria for the design
and checkout of the test stand and blades. However, the experimental blades can only be spun at reduced pressure, and
thus must only be spun in the PAL facility. The static blade pull test demonstrated that the blades could handle the
centrifugal loading of 110% RPM. In addition to the static testing, the �rst time the experimental blades were spun in
the PAL, ballistic shields were installed around the test stand and the blades were spun to 110% of the desired test RPM
to validate their structural integrity. Once the blades were rated to 110% of maximum testing RPM, the shields were
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