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Abstract

:

The sparse atmosphere on the surface of Mars provides the necessary flight conditions for Mars unmanned aerial vehicles (UAVs) to perform low-altitude flights. This work presents a comprehensive overview of key technologies in the development of Mars UAVs, with a specific focus on rotary-wing Mars UAVs. It summarizes prototypes of rotary-wing Mars UAVs developed by various global research institutions. It reviews essential technologies in rotary-wing Mars UAV research, including the Mars near-surface atmospheric environment, aerodynamic characteristics, and principles of low-pressure flight control. This work also summarizes various experimental setups and ground test results for rotary-wing Mars UAVs. Furthermore, it discusses the future development trends of rotary-wing Mars UAVs.
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1. Introduction


Mars, which is adjacent to Earth in the solar system and shares similar physical dimensions and topography, provides a comprehensive record of the birth and evolution of planets in the past 4.5 billion years in the solar system [1,2]. Therefore, Mars exploration is important in expanding human habitation space and exploring the origin of life [3]. Over 40 Mars exploration missions have been implemented worldwide, with over 80% failing to achieve their intended objectives. Even Mars rovers that have successfully landed face the risks of becoming trapped in sand pits or experiencing mechanical failures [4]. In the 20th century, the former Soviet Union and the United States launched Mars probes but failed to complete their exploration missions [5]. In the 21st century, the United States once again launched the nuclear-powered Mars rover, Curiosity, and obtained comprehensive Mars environmental data. Researchers have discovered the presence of a tenuous atmosphere on Mars, which makes it possible to develop Mars UAVs to assist the Mars rovers in operating within the Martian atmosphere, attracting domestic and international attention from scholars [6,7].



Currently, the Mars UAVs developed abroad mainly include four types: floating balloons [8], fixed-wing UAVs [9], rotary-wing UAVs [10], and flapping-wing UAVs [11], as shown in Figure 1. The research on floating balloons started early; however, due to the difficulty in controlling them once released and their limited sensing capabilities, they did not receive extensive investigation. Fixed-wing UAVs, such as the ARES [9], can only perform a single flight after being released at high altitudes. Once their energy is depleted they will crash on the Martian surface and cannot be reused. Furthermore, due to the low image resolution, fixed-wing UAVs are not considered an optimal choice for a Mars UAV solution. Flapping-wing UAVs face significant limitations in their flight capabilities on Mars due to the low flight speed of their wings and the extremely low Reynolds numbers involved. These factors make it challenging for flapping-wing UAVs to achieve sustained flight on Mars. Hence, rotary-wing UAVs are positioned as aerial exploration platforms to assist Mars rovers [12,13], primarily for the following reasons: (1) the high flight speed of UAVs can greatly enhance the speed and efficiency of Mars exploration [14]; (2) the wide-ranging exploration capability of UAVs can expand the exploration range of Mars rovers, avoiding dangerous areas such as sand pits [15]; (3) the local exploration capability of UAVs can enable in-depth research in areas inaccessible to Mars rovers [16]; and (4) the precise landing and exploration capability of UAVs can assist Mars rovers in accomplishing multi-point sampling tasks [17].



The harsh Martian environment poses significant challenges for the study of Mars UAV technology. The Martian atmospheric density is only 1/70 that of Earth’s atmosphere, leading to significant effects on the aerodynamic characteristics of UAVs due to low-Reynolds-number flight conditions, including viscous effects and flow separation phenomena [18]. The presence of numerous steep circular mountains on the Martian surface necessitates UAVs to fly at suitable altitudes. The Martian surface is subject to unpredictable Martian winds and dust storms, with wind speeds ranging from 2 to 8 m/s and reaching up to 30 m/s at terrain boundaries [19], requiring UAVs to quickly adjust their attitudes to changing flight environments [20]. There are significant diurnal and seasonal temperature variations on Mars, with average temperatures of 213 K in summer and 153 K in winter [21]. The low temperature reduces the speed of sound on Mars to only 72% of that on Earth, resulting in UAV rotor blades operating at high Mach numbers and being susceptible to air compression effects and shock oscillations [22]. The Martian surface exhibits a diverse topography, with numerous raised circular ramparts, mountains, and canyons, necessitating Mars UAVs to perform takeoff and landing on a complex and ever-changing terrain [23]. A comparison of flight environments between Mars and Earth is shown in Table 1.



This work examines the characteristics and limitations of various UAV designs based on existing research on rotary-wing Mars UAVs. Additionally, it also provides a comprehensive summary of the aerodynamic simulation results, experimental research findings, flight control strategies, and system integration approaches for rotary-wing Mars UAVs. Building upon the current advancements in rotary-wing Mars UAV research, this study investigates the bottlenecks in the development of Mars UAVs.




2. Mars Near-Surface Atmospheric Environment


The Mars surface harbors a thin atmosphere, which enables the development of Mars spacecraft. However, the complex atmospheric conditions greatly impact the operation of Martian spacecraft [24]. Early Mars probes, such as Mars 1 and Mars 2, employed a low-altitude atmospheric density distribution model based on terrestrial ground test data with additional CO   2   atmospheric corrections, rather than a genuine atmospheric model derived from actual Martian atmospheric data. Over the years, several Martian atmospheric models have been released internationally. The Committee on Space Research (COSPAR) established the COSPAR model in 1982, primarily based on data from the Mars probes [25]. The COSPAR model provides average, maximum, and minimum atmospheric density values for the Martian northern hemisphere during summer. The Mars Global Reference Atmospheric Model (Mars-GRAM), developed by NASA MSFC, simulates various factors affecting Martian atmospheric parameters [26] and can calculate average and perturbed atmospheric density values for any spatial location and time. This model is continuously updated, with the latest version being Mars-GRAM2010 [27]. The Martian Climate Database (MCD) model [28], a collaborative effort between the Laboratoire de Météorologie Dynamique (LMD), the University of Oxford, and the Andalusian Astrophysics Institute, offers the main atmospheric parameters for any given date and location under given extreme ultraviolet (EUV) radiation and dust storm scenarios. These parameters include atmospheric density, pressure, temperature, Martian dust density, state of Martian dust particles, horizontal and vertical wind speeds, CO   2   ice cap thickness, atmospheric turbulence kinetic energy, and heat and solar radiation flux. This model is also subject to continuous updates, with the latest version being MCD5.2 [29]. All the aforementioned models are large-scale Martian atmospheric models. However, due to the increasing precision requirements for landing sites, large-scale models are no longer sufficient. Since 2000, the United States has successively released several medium-scale atmospheric models, such as MMM5 (Mesoscale Model Adapted to Mars) [30,31] and MRAMS (Martian Regional Atmospheric Modeling System) [32,33]. The atmospheric models used in foreign Mars missions are presented in Table 2 and Figure 2.




3. Development of Rotary-Wing Mars UAVs


Currently, in the field of rotary-wing Mars UAV research, numerous scholars have conducted extensive investigations into the following aspects: (i) the feasibility of rotary-wing Mars UAVs’ flight; (ii) the vertical-takeoff-and-landing (VTOL) capabilities of rotary-wing Mars UAVs; (iii) the development of prototypes for rotary-wing Mars UAVs. This section provides a summary of the state of research on rotary-wing Mars UAV technologies conducted by various research institutions [34,35], as depicted in Figure 3.



3.1. The University of Maryland


In the year 2000, the University of Maryland initiated a research project aimed at exploring the feasibility of rotary-wing Mars UAVs in the Martian atmospheric environment [36]. Subsequently, in 2001, they successfully engineered a rotary-wing Mars UAV named MICRO [37]. MICRO demonstrated the capability to hover in a simulated Martian atmospheric environment, equipped with an onboard camera for environmental reconnaissance. Furthermore, this UAV exhibited exceptional flight stability and robustness, enabling it to hover for 20 to 30 min. Notably, the figure of merit (FM) for this UAV reached 0.42. In 2003, the University of Maryland embarked on the design of a larger Mars UAV known as MARV, with a mass of approximately 50 kg. MARV could adjust its attitude in real-time while hovering [38]. In contrast to MICRO’s design paradigm, MARV featured non-viscous, incompressible blade design technology for its rotors, resulting in a low Mach number distribution over the rotor surfaces. This innovative approach ensured exceptional aerodynamic performance of the rotor system, allowing MARV to carry an effective payload of 10.8 kg, achieve a flight range of 25 km, a maximum endurance of 39 min, and maintain stable hovering for 1 min. Subsequently, in 2016, building upon experimental data obtained through rotor hovering tests based on the Ames Research Center (ARC), the University of Maryland conducted ground-based hover flight simulation experiments for rotary-wing Mars UAVs. These experiments factored in various parameters, such as Reynolds number, Mach number, and rotor structure, among others, to assess their impact on the FM of the rotor system. The final experimental results demonstrated that the selection of suitable airfoil profiles and an increase in the Reynolds number could elevate the FM of the rotor system from 0.34 to 0.6 [39], thereby enabling a 0.2 kg rotary-wing Mars UAV to achieve a flight duration of 12 to 13 min in the Martian atmospheric environment.




3.2. Stanford University


In the year 2000, sponsored by the National Aeronautics and Space Administration’s Advanced Concepts Research Institute (NIAC) in the United States, Stanford University researched a rotary-wing Mars UAV, Mesicopter [40]. The Mesicopter UAV had two generations. The prototype of the first-generation Mesicopter had a mass of 3 g and required an external power source for hover flight. In contrast, the prototype of the second-generation Mesicopter weighed 15 g and was powered by a battery. The battery of the second-generation Mesicopter weighed approximately 325 mg, while the control circuitry of the UAV weighed less than 1 g. Subsequently, Stanford University’s research focused on developing sensors, including core components such as magnetometers and gyroscopes, along with their system integration. Furthermore, Stanford University collaborated with Intel Corporation to develop optical fiber and radio-frequency communication equipment suitable for UAVs of this scale.




3.3. University of Surrey


In 2008, the University of Surrey proposed the utilization of rotary-wing UAVs to assist the Mars rover in carrying out certain Mars exploration tasks. They formulated a series of operational strategies for rotary-wing UAVs, enabling them to collaborate with the Mars rover to achieve multi-point sampling on the Martian surface. This was primarily achieved by harnessing the rotary-wing UAV’s hovering and low-speed flight capabilities, as well as its ability to take off and land multiple times, effectively reducing the risk of accidents for the Mars rover in complex and unknown terrain. Simultaneously, the precise landing of the rotary-wing UAV ensured the accuracy of collecting Martian soil samples from predetermined locations. Subsequently, the rotary-wing UAV transported the soil samples to the Mars rover, facilitating the rapid acquisition of Martian soil information [41]. In 2012, the University of Surrey introduced a tilt-rotor UAV named “Eye-On”. This unmanned aircraft, weighing 15 kg, with a rotor span of 1.4 m, boasted a cruising range of up to 100 km and a flight endurance of 38 min. It is noteworthy that Eye-On could independently perform vertical and horizontal flights, exhibiting commendable stability during horizontal flight and ensuring dynamic stability during the transition between vertical and horizontal flight modes [42]. Subsequently, in 2016, the University of Surrey unveiled a next-generation tilt-rotor UAV named “Y4TR”. Y4TR employs nonlinear sliding mode differential Riccati equation (SDRE) control for autonomous cruising. This UAV is equipped with a coaxially counter-rotating rotor system located within the central duct for vertical takeoff, while two sets of single rotors on either side of the UAV are employed for horizontal flight [43]. In comparison to Eye-On, Y4TR possesses a relatively larger mass and requires the use of three rotor systems to generate sufficient lift, resulting in higher energy consumption. Nevertheless, the flight process of Y4TR eliminates the need for complex adjustments between vertical and horizontal orientations.




3.4. Harbin Institute of Technology


Harbin Institute of Technology has extensively researched the key technologies of rotary-wing Mars UAVs. In 2021, they established a Martian Atmospheric Simulator (MAS) simulation system to perform ground experiments related to Martian atmospheric conditions. Additionally, they developed a series of test apparatus to assess the aerodynamic characteristics of rotary-wing systems, aiming to evaluate the flight performance of these systems [44]. Subsequently, they tested the lift-to-drag characteristics of two-dimensional wing profiles for Martian UAV rotary systems and optimized wing shapes suitable for the Martian environment [45]. Furthermore, in 2023, they refined a three-dimensional rotor system tailored for flight in the Martian atmospheric environment [46] and assessed the hovering performance of UAV rotor systems [47]. Moreover, Harbin Institute of Technology has also engaged in comprehensive conceptual design of Martian UAVs [48] and conducted extensive research on the dynamic characteristics and flight control methods of UAVs operating in the Martian environment [49,50].




3.5. Swiss Federal Institute of Technology in Zurich


In 2010, Swiss Federal Institute of Technology in Zurich (ETH Zurich) initiated the muFly project, intending to develop intelligent micro unmanned aerial vehicles (UAVs) while imposing stringent requirements on the overall size and mass of the UAV. ETH Zurich began by analyzing the mass distribution of the UAV and identified that the mass was primarily concentrated in the actuators (motors, servos) and electronic instruments. Conventional modular design approaches led to a relatively large mass for the UAV’s supporting structure. As a result, the first-generation muFly with a total mass of 95.84 g was developed [51]. Subsequently, ETH Zurich employed high-precision microsensors and structural units for system-level integration, leading to the assembly of integrated structural units, resulting in the compact and highly integrated second-generation muFly, with a total mass of 80.31 g. Throughout this process, there was no increase in the mass of electronic instruments, while the mass of the aircraft’s supporting structure decreased by approximately 77% [52]. Although this approach significantly reduced the overall mass of the UAV, it may have led to a decrease in the structural stability and reliability of the UAV. In 2016, the muFly team embarked on the development of a spherical-structured UAV named the spherical UAV. This UAV adopted the integrated design methodology of the muFly UAV to reduce the mass of the structural components while ensuring overall rigidity and reliability through the spherical structure [53]. This type of UAV exhibited excellent dynamic stability in the vertical direction but exhibited a certain degree of center-of-mass offset during flight.




3.6. The Ames Research Center


In 2001, NASA’s Ames Research Center (ARC) demonstrated the feasibility of utilizing the VTOL capability of rotary-wing UAVs to explore the rugged Martian surface. They proposed key technologies for rotary-wing UAVs, including lightweight structures, innovative propulsion systems, and autonomous flight. Predictions were made regarding the operational duration of UAVs in various weight ranges (10–50 km) [54]. In 2002, based on experimental results of four-blade independent rotors under simulated Martian atmospheric density conditions, the ARC analyzed and optimized the wing shape, chord length, and wingspan parameters of UAV rotors. This optimization improved the aerodynamic performance of the rotors under low-Reynolds-number conditions and led to the development of the TAMS series coaxial-rotor UAVs [55]. In 2005, the ARC explored the feasibility of UAVs with a maximum flight range of 500 kilometers and a maximum total mass of 2500 km [56]. Ultimately, they determined that releasing a small rotary-wing UAV through a Mars lander would be more meaningful to assist in exploration missions. This prediction considered conditions where the Reynolds number of UAV flight was less than 8 × 10   5   and the Mach number was less than 0.7 [57]. In the same year, the ARC collaborated with the Langley Research Center to develop a series of deployment strategies for UAVs on Mars. Extensive research was conducted on various aspects of Martian UAVs, including maximum lift, total mass, power source, mechanical efficiency, autonomous flight capability, reliability, and hover performance, among others [34].




3.7. The Jet Propulsion Laboratory


In 2004, the Jet Propulsion Laboratory (JPL) carried out an extensive investigation into the feasibility, aerodynamic characteristics, and hovering capabilities of rotary-wing Mars UAVs. This study involved a comparative analysis of flight principles, structural configurations, and adaptability across various types of Mars UAVs, with rotorcraft UAV-type Mars UAVs being recognized as a significant focus in Mars UAV research [58]. Subsequently, JPL collaborated with academic institutions such as the University of Maryland and the Georgia Institute of Technology to conduct in-depth research on rotorcraft UAV-type Mars UAV technology. The plan was to deploy the Mars UAV alongside Mars rovers in 2020 to aid in environmental exploration [59]. In 2015, the official website of JPL introduced the conceptual prototype of the Mars UAV [60]. This compact coaxial rotorcraft UAV-type Mars UAV possessed a mass of approximately 1 kg and a wingspan measuring 1.1 m. The lower section of the fuselage integrated systems and equipment including controllers, communication instruments, measurement and control devices, and power supplies within a storage compartment [61]. This integration significantly reduced the UAV’s mass, enabling it to perform flight maneuvers such as takeoff, hovering, maneuvering, and landing in a simulated Martian atmospheric environment. Currently, JPL is in the process of devising the control scheme for the UAV’s reconnaissance mission and conducting research on crucial parameters like payload capacity, endurance, and hover duration [62].



The conceptual prototype of the Mars UAV was unveiled on JPL’s official website in 2015. This small-scale coaxial-rotor Mars UAV can execute flight maneuvers such as takeoff, hovering, maneuvering, and landing within simulated Martian atmospheric conditions. In 2018, JPL, in collaboration with other research institutions, carried out thorough design and validation of the rotor system, main structure, avionics system, sensor payload, landing system, communication system, power system, and thermal control system for the rotary-wing Mars UAV of JPL. The intention was to launch it to Mars in 2020, alongside a rover [63]. In April 2019, the name "Ingenuity" was officially bestowed upon the Mars UAV in the United States [64,65]. The inaugural flight test of Ingenuity on Mars was successfully executed on 19 April 2021. This marked the first controlled flight ever achieved on another planet in human history, and it has been operational on Mars for one year [66]. Note that there are also open competitions for Mars UAVs, typically involving student groups, as detailed in [67], which are not elaborated upon within the scope of this work. The relevant parameters of the Mars unmanned aerial vehicles developed by various research institutions are shown in Table 3.





4. Progress in Aerodynamic Characteristics of Mars UAV Rotor System


The aerodynamic characteristics of rotary-wing Mars UAVs in the Martian atmosphere can be numerically simulated using finite element simulation methods. Based on finite element simulation, the distribution of the rotor surface flow field of rotary-wing Mars UAVs under given conditions can be obtained, allowing for the assessment of lift and drag characteristics of the rotor under different flight conditions. This approach facilitates the rapid acquisition of rotor characteristics suitable for the Martian environment, the description and analysis of phenomena such as laminar separation in low-pressure flow fields, and the determination of the optimal geometric shape of the two-dimensional wing and three-dimensional blade structure of the rotor system. This information is crucial for guiding the aerodynamic system design of rotary-wing Mars UAVs.



4.1. Research on Aerodynamic Characteristics of Rotor System


The rotor system functions as the primary lift source for rotary-wing Mars UAV flight, and its structural design constitutes a pivotal challenge in the realm of rotary-wing Mars UAV development. Due to the formidable challenges and high expenditures associated with the establishment of the atmospheric conditions requisite for rotor experimentation, encompassing parameters like gas pressure, density, temperature, and composition, early investigations pertaining to rotors predominantly relied upon finite element simulation techniques [68]. The finite element simulation technique, rooted in computational fluid dynamics (CFD) [69,70], presents advantages in terms of reduced research costs and expeditious computational speed. This enables the swift analysis of the lift-to-drag attributes of UAV airfoils, the aerodynamic characteristics of rotors, and the distribution of flow fields on rotor surfaces. Furthermore, it avails itself of providing theoretical elucidations for phenomena such as rotor stall, tip vortex compression, and shock oscillation [71].



Simulation outcomes concerning the airfoils of rotary-wing Mars UAVs divulge that, under conditions of low-Reynolds-number flight on Mars, the airfoil exerts a significant influence on the aerodynamic properties of the rotor. Unconventional curved airfoils, characterized by exceedingly slender thickness and pronounced camber, exhibit a noteworthy capacity to enhance the lift-to-drag ratio and mechanical efficiency of the rotor [72]. Nevertheless, the extreme thinness of the airfoil compromises the strength and rigidity of the rotor. Within the literature [73], multiple airfoil configurations underwent simulation to scrutinize their lift-to-drag attributes in the Martian milieu, revealing that the influence of the low Reynolds number on the airfoil lift-to-drag characteristics supersedes that of the Mach number. Refs. [74,75] reported that airfoils featuring a maximum camber position at 25% and a camber of 5% exhibit the highest lift-to-drag ratio in low-Reynolds-number settings. In addition, Ref. [76] conducted a comparative analysis of the aerodynamic characteristics of six low-Reynolds-number airfoils in the Martian environment, concluding that the E387 airfoil exhibits superior aerodynamic characteristics in the Martian atmospheric milieu. Furthermore, Refs. [77,78] ascertained that the structure of the E387 airfoil mitigates the laminar separation of the surface flow field, resulting in an augmented lift in low-pressure environments. Based on extensive CFD simulation results, employing machine learning for optimizing the airfoil of the rotary-wing Mars UAV can significantly enhance the lift-to-drag characteristics of its rotor system [79].



Simulation findings related to the rotors of rotary-wing Mars UAVs indicate that the precision of finite element simulations in the context of three-dimensional rotors lag behind that of two-dimensional airfoil simulations. Within Ref. [80], a fusion of simulation outcomes and rotor design theory corroborated the consistency in two-dimensional simulation outcomes, encompassing lift characteristics, power characteristics, and experimental findings. Nevertheless, the lower precision in the simulation of the transition region from laminar to turbulent flow rendered three-dimensional simulation outcomes less consistent with experimental results. Researchers harnessed the aerodynamic properties model of the ARES rotorcraft UAV, coupled with simulation outcomes of flight and attitude control models, for the structural design of UAV blades, thereby enhancing flight efficiency in low-pressure settings. Spedding leveraged non-viscous analysis theory to optimize the trailing-edge structure of the rotor, culminating in increased lift under conditions of low Reynolds number [81]. Additionally, Ref. [82] uncovered that flexible blade structures, fashioned using structural elements, adeptly adapt to intricate and ever-changing flow field environments. This attribute holds immense significance for rotary-wing Mars UAVs in adapting to the Martian atmospheric milieu. Despite the efficacy of finite element simulation techniques in reflecting the aerodynamic characteristics of rotors, continued enhancement of rotor simulations remains an imperative pursuit. The aerodynamic characteristics of rotor systems from various institutions are depicted in Figure 4. The aerodynamic characteristics of rotor systems for rotary-wing Mars UAVs are shown in Table 4.




4.2. Research on Rotor Surface Boundary Layer Separation Phenomenon


When rotary-wing Mars UAVs operate under low-Reynolds-number conditions, the viscous effects in the flow field cause an increase in the viscous forces to the same order as the shear forces [83,84]. Consequently, the pressure in the laminar boundary layer at the airfoil’s leading edge decreases. At the same time, the momentum increases, resulting in the cessation of laminar flow in the lower boundary layer and the occurrence of laminar separation [85]. Additionally, the viscous effects transition the flow field behind the rotary-wing Mars UAV from laminar to turbulent; the higher turbulent energy causes the flow field to reattach to the rotary-wing Mars UAV’s surface, forming separation bubbles [86,87]. Laminar separation leads to the rotary-wing Mars UAV stalling and low-frequency oscillations, severely impacting its aerodynamic performance [88]. The laminar separation phenomenon of early rotary-wing Mars UAVs was difficult to explain reasonably [89]; however, finite element simulation methods can be used to analyze laminar separation and separation bubble generation and dissipation [90], as well as predict the location of laminar separation and the extent of separation bubbles [91].



The laminar separation phenomenon results in a transitional flow field of laminar-to-turbulent flow on the surface of the rotary-wing Mars UAVs. Therefore, different models need to be employed to simulate the flow fields on different regions of the rotary-wing Mars UAVs’ surface. Additionally, accurate prediction of the formation and disappearance locations of separation bubbles is crucial for the accuracy of the simulations [76,92]. Koen et al. investigated the aerodynamic characteristics of rotary-wing Mars UAVs and analyzed the variation in flow field parameters around separation bubbles using an unsteady time-marching algorithm [93]. Their method allows for predicting the formation and disappearance locations of separation bubbles based on the flow field information around them. Montelpare et al. analyzed laminar boundary separation phenomena of rotary-wing Mars UAVs under low-Reynolds-number conditions using infrared thermography and proposed an experimental-based method for predicting separation bubbles [94]. Tatineni et al. studied the aerodynamic characteristics of various airfoil shapes under low-Reynolds-number conditions, analyzing the linear stability of laminar separation fields for different airfoil shapes. They found that the instability of the laminar separation bubble boundary layer in a rotary-wing Mars UAV’s flow field caused periodic shedding of vortices during the separation process, ultimately leading to the instability of the rotary-wing Mars UAV’s flow field [95]. The investigation of the rotor surface boundary layer separation phenomenon is depicted in Figure 5. And the boundary layer separation phenomenon of rotary-wing Mars UAVs is shown in Table 5.





5. Research on Control Methods of Rotary-Wing Mars UAVs


Given the harsh flight conditions on Mars, as well as the significant time delays in communication between Mars and Earth, coupled with the absence of GPS navigation, there exists an urgent imperative to address the technological challenges associated with the control of rotary-wing Mars UAVs and their compatibility with the Martian flight environment [96,97]. Furthermore, due to the spatial constraints of rotary-wing Mars UAVs, it is often necessary to employ control strategies specifically tailored to coaxial rotary-wing Mars UAVs. This presents distinctions from conventional quadcopter control methods [98,99]. This is essential to ensure the successful execution of UAV exploration missions on Mars. In the flight control of a rotary-wing Mars UAV, the thin Martian atmosphere results in a significantly smaller amplitude of lift variation with rotor speed compared to the variation in Earth’s environment. Consequently, the process of adjusting the flight attitude of a Mars UAV is slow [100]. Furthermore, phenomena such as Martian winds and dust storms severely impact the stability of Mars UAV flight, necessitating rapid adjustments to the changing environment to ensure flight safety [101,102]. In addition, Mars UAVs lack GPS navigation during flight and require autonomous navigation based on Mars rovers or Mars satellites serving as base stations [103]. Therefore, the control methods for Mars UAVs should consider the low-atmospheric-pressure aerodynamic characteristics and environmental disturbance resistance of the UAVs, building upon the control methods for Earth UAVs [104,105].



Currently, controlling rotary-wing Mars UAVs mainly involves adjusting the relative position of the tip path plane (TPP) and the UAV’s center of mass to achieve steering control and attitude adjustment [106]. Schafroth et al. [107] compared various steering control schemes for UAVs and validated the feasibility of a nonlinear control method based on model predictive control (MPC) [108] for adjusting the flight height and attitude of the UAV, leading to the development of the muFly UAV. To optimize the power system and steering system of the first-generation muFly UAV, the second-generation muFly employed   H ∞   control [109] and a covariance matrix adaptation–evolution strategy (CMA-ES) [110] to facilitate information interaction among the UAV’s components, and utilized an integration approach for mass optimization of the UAV’s functional modules. Furthermore, methods such as multi-objective task optimization and knowledge transfer [111,112] can enhance the autonomy and adaptability of rotary-wing Mars UAVs, thereby contributing to improved performance of UAVs in Mars exploration missions. In 2007, the University of Surrey proposed a control scheme for Mars spacecraft based on classical root trajectory analysis, frequency domain analysis, time domain analysis, and additional iterative experiments for the design of the attitude controller [96,113]. Although the University of Surrey linearized the nonlinear models and met the precision requirements for controller design, the controller failed to operate stably when integrating two separately designed controllers into a single system due to the lack of consideration of coupling effects. In 2018, Håvard and his team from the JPL presented an alternative control scheme for Mars spacecraft [114,115]. This scheme primarily considers two factors: (i) the ability of the spacecraft to maintain sufficient stability throughout the flight envelope, and (ii) the horizontal offset caused by gust disturbances within a certain range. To ensure adequate controllability under Martian conditions, Håvard and his team conducted extensive modeling and analysis of the dynamics of Mars spacecraft [116]. The control scheme developed by the Jet Propulsion Laboratory consists of four modules: the mode controller, navigation module, guidance module, and controller module. Due to the high level of uncertainty in modeling spacecraft dynamics under Martian-like conditions, relying solely on theoretical modeling is insufficient for reliable flight control design [117]. Therefore, the NASA JPL specifically conducted a “system identification” project to identify the actual dynamic characteristics of the developed prototype. In summary, significant progress has been made in the flight control of Mars UAVs, but issues such as slow response in attitude transformation, lack of GPS autonomous navigation, and rapid response to changing flow fields have yet to be effectively resolved. The investigation into control strategies for rotary-wing Mars UAVs is depicted in Figure 6. And the control methods for rotary-wing Mars UAVs are shown in Table 6.




6. Experiments on Hover Performance in Rotary-Wing Mars UAVs


The hover experiment involves placing a rotary-wing Mars UAV in a specific simulated environment and maintaining it in a hover flight state. This is to test the aerodynamic characteristics of the UAV’s rotor system and directly measure various aerodynamic parameters of the Martian UAV in a low-pressure experimental environment. This approach aims to assess the UAV’s hovering performance, thereby evaluating the feasibility of UAV flight in the Martian environment. This experimental method effectively provides accurate and reasonable boundary conditions for the numerical simulation of UAV fluid dynamics models and allows for a direct evaluation of UAV aerodynamic characteristics.



6.1. Mars Atmospheric Environment Simulation Setups


The aerodynamic characteristics of early Mars UAVs were primarily investigated through wind tunnel experiments [118]. Wind tunnel experiments enable the rapid acquisition of lift and drag coefficients for various two-dimensional wing profiles, aiding in the selection of wing geometries suitable for the Martian atmospheric environment [119]. However, wind tunnel experiments can only reflect the aerodynamic characteristics of individual cross-sections of the Mars UAV rotor blades. This limitation arises because the flow velocity along the rotor span direction of the Mars UAV exhibits a gradient, whereas in wind tunnel experiments, the flow velocity at each cross-section of the rotor system’s span direction remains the same [120]. Furthermore, in low-Reynolds-number environments, the drag coefficient of the wing profile is relatively small. Still, the wall effect significantly increases the drag coefficient of the wing profile in wind tunnel experiments. However, wind tunnel experiments can effectively replicate the influence of external environmental flow fields on the flight process of rotary-wing Mars UAVs, which is crucial for the assessment of the flight stability of rotary-wing Mars UAVs [118]. In the later stages, the Martian atmospheric simulation environment for Mars UAVs was primarily conducted through ground simulation using vacuum chambers or vacuum tanks. This involved the construction of a hover test platform inside a vacuum chamber to directly measure the rotor’s hover thrust and power consumption [121]. Since in the low-pressure environment of Mars, the lift generated by the rotor is much smaller than in Earth’s environment, the hover test apparatus used for Mars UAVs should possess higher measurement precision and resolution. Currently, Mars UAV hover test setups mainly comprise rotor lift test apparatus, drag test apparatus, torque test apparatus, and power test apparatus. The configurations of Mars atmospheric environment simulation setups used by different institutions are illustrated in Figure 7.




6.2. Experimental Setup for Hover Test of Rotary-Wing Mars UAVs


Due to the high-speed rotation of the rotor system of a rotary-wing Mars UAV in the Martian atmospheric environment, thrust is generated to balance its own weight [122]. However, the rate of change in parameters such as thrust, torque, and power associated with the aerodynamic characteristics of the rotor system is very low with respect to the rotor system’s rotational speed [96]. This necessitates that the hover test setup for the rotor system can directly measure thrust and power loss or indirectly measure thrust and power loss by measuring parameters such as rotational speed and displacement, while compensating for the interference of the measurement system’s weight on the results using counterweights and other methods, in order to enhance the accuracy and precision of the measurement equipment [123]. Therefore, the hover test setup needs to have a wide range of rotor speed adjustment capabilities, the ability to directly measure the aerodynamic parameters of the rotor system, and high measurement accuracy.



In order to evaluate the hovering performance of the Mars UAV rotor system, Kunz from Stanford University [124] designed a measurement apparatus for the lift and drag characteristics of the rotor system based on the principle of leverage. One end of the measurement apparatus is connected to the rotor system, while the other end is connected to a counterweight block and strain gauges. The measurement apparatus utilizes the counterweight method to directly measure the thrust of the rotor through strain gauges, and by horizontally mounting the rotor, it transforms the torque generated by the rotor into the corresponding stress on the strain gauges for measurement. However, the measurement apparatus is limited by the measurement accuracy of the strain gauges and the maximum size of the lever, and the friction of the bearings and the dynamic performance of the mechanical sensors will affect the accuracy of the measurement results. The use of a balance shaft instead of a lever can effectively improve the measurement accuracy, but it also increases the complexity of the measurement apparatus.



To improve the measurement accuracy of the thrust of the rotor system, Noriaki and colleagues from the University of Tokyo [125] designed a pendulum-style test apparatus for measuring the thrust of the UAV rotor. This apparatus indirectly measures the magnitude of rotor thrust by converting it into the swing angle of a pendulum and calculates the torque indirectly through motor power consumption. The angle accuracy of the pendulum is 0.01° (equivalent to a lift of 0.25 N). Noriaki and colleagues analyzed the influence of rotor structure on lift coefficient and torque coefficient, conducted feasibility studies on the composition and mass allocation of UAV systems and components, and validated the design scheme of a Mars UAV with a total mass of 100 g. The experimental configuration for conducting hover tests on rotary-wing Mars UAVs designed for Mars exploration is depicted in Figure 8.




6.3. Experiments on Hover Test of Rotary-Wing Mars UAVs


A study conducted by Young et al. [54] at NASA investigated the low-pressure hovering performance of a conceptual baseline rotor. It was found that with an installation angle of 15° and a rotational speed of 1200 r/min, a single rotor could lift a 10 kg object in a Mars-like atmospheric environment. Subsequently, the measured results of rotor lift coefficient and zero-lift angle of attack were compared with the theoretical calculations of the rotor. It was observed that there was good agreement between the two in the case of small angles of attack, while significant discrepancies were observed at large angles of attack. The limitations of this experiment include (1) the gas used for testing was air, whereas the primary component of the Martian atmosphere is CO   2  ; (2) it was challenging to simulate the environmental temperature of Mars in the vacuum chamber, resulting in the rotor’s Mach number being lower than it would be in a Martian environment; and (3) the vacuum chamber used for the experiment was occupied by other equipment, which caused interference with the airflow around the rotor.



John B. Brandt et al. from the University of Illinois at Urbana-Champaign designed a T-shaped test rig suitable for wind tunnel experiments [126]. The lift generated by the rotor is transmitted to the load sensor through the T-shaped lever. The required torque to overcome the rotor is directly measured by the torque sensor located behind the motor mount [127]. Noriaki et al. from the University of Tokyo designed a pendulum-type rotor lift testing apparatus, where the lift magnitude of the rotor is transformed into the swing angle of the pendulum for indirect measurement of lift. The sensitivity of the apparatus for lift measurement is 0.025 g [128].



In order to design a small rotary-wing Mars UAV for the “Mars 2020 Rover Mission”, the University of Maryland developed a testbed for evaluating the hovering characteristics of a rotary-wing Mars UAV [129]. Felipe et al. [130] initially arranged the UAV rotor characteristic measurement device inside a low-pressure tank for conducting hovering experiments and completed the design of a proof-of-concept prototype for a small Mars UAV. Subsequently, in collaboration with the NASA JPL, Robin et al. [39] accomplished the overall structural design of the rotary-wing Mars UAV. The proof-of-concept prototype underwent hover testing inside a vacuum chamber with a diameter and height of 0.91 m. The measured performance indicators such as low-pressure lift, power loss, and mechanical efficiency all met the design requirements, confirming the feasibility of the 1 kg Mars UAV design. Table 7 presents the relevant parameters of Mars UAV testbeds developed by different research institutions.





7. Conclusions and Future Perspectives


Rotary-wing Mars UAV technology is a critical area that demands immediate attention to expedite deep space exploration missions. Gaining a comprehensive understanding and proficient command of foreign advancements in Mars exploration technologies holds substantial significance for China’s forthcoming Mars exploration endeavors. This paper provides a comprehensive overview of the accomplishments achieved by various foreign research institutions in the realm of rotary-wing Mars UAV technology. Emphasis is placed on analyzing aerodynamic characteristics under conditions of low Reynolds numbers, UAV flight control and navigation, methods of system integration, and the current state of hover experiment research. The key technologies of the Mars rotary-wing UAVs discussed in this work are summarized as shown in Table 8.



The development of rotary-wing Mars UAVs differs significantly from their terrestrial counterparts in terms of both operational environment and flight conditions. Among the challenges encountered, the following bottleneck issues require immediate resolution: low-Reynolds-number aerodynamic shape design technology, control technology in low-vacuum microgravity environments, energy and power system design technology, and autonomous flight capabilities without reliance on GPS. Addressing these challenges forms the essential groundwork for harnessing rotary-wing UAVs to aid Mars rover exploration. In conclusion, the following recommendations are put forth:



(1) Selection of rotary-wing Mars UAVs and exploration methods based on mission characteristics. Due to the limitations of deep space probe carrying capacity, the development of low-altitude micro-sized rotary-wing Mars UAVs carried and released by Mars rovers has higher practical value for assisting Mars rover exploration and sampling. Referring to the relevant parameters of foreign rotary-wing Mars UAVs and China’s “Yutu” lunar rover, the structural dimensions of rotary-wing Mars UAVs should not exceed 200 × 200 × 200 mm   3  , and the total mass of the UAV should not exceed 1 kg. For Mars rover’s close-range exploration tasks (less than 5 m), the rotary-wing UAV can adopt multiple position hover exploration and perform targeted landing and sampling analysis in valuable areas. For Mars rover’s long-distance exploration tasks (greater than 5 m), the rotary-wing UAV can adopt low-speed autonomous circumnavigation exploration. If the exploration area is determined to have further value, it can guide the Mars rover to approach and complete close-range exploration and sampling.



(2) Study of structural design for rotary-wing UAVs in the Martian environment. Low-altitude flight of rotary-wing Mars UAVs is characterized by a special low-Reynolds-number and high-Mach-number environment different from atmospheric flight on Earth. Regarding the design of the UAV’s airfoil, special attention should be given to unconventional curved airfoil profiles with extremely thin thickness and large airfoil curvature (e.g., E387 airfoil), and the special airfoil structures that can weaken the formation of laminar bubbles on the airfoil’s trailing surface in low-Reynolds-number flow fields. Regarding the design of the UAV’s rotor, emphasis should be placed on rotors with a large chord length and wingspan (e.g., Ingenuity UAV rotor). Based on many hover performance experimental results, the aerodynamic behavior of the rotary-wing UAV rotor system under different dynamic parameters such as angle of attack and rotor speed should be observed. To adapt to the narrow cargo space of Mars rovers, inflatable deployable wings, tail wings, and other structures can be used for the rotary-wing UAV’s external structure.



(3) System integration based on MEMS technology. Highly integrated rotary-wing Mars UAVs play a crucial role in enhancing the payload capacity and flight endurance of UAVs. Considering the limited payload capacity of Mars rovers, the scale of auxiliary UAV systems for Mars rovers should not be excessive. Microelectromechanical systems (MEMS) technology, designed for lightweight and small-scale Earth UAVs, can significantly reduce the mass of rotary-wing Mars UAVs. Currently, foreign scholars have adopted methods of integrating and assembling electronic components with the airframe structure, greatly reducing the mass of rotary-wing Mars UAVs. While this approach significantly reduces the mass of the UAV’s structural components, it may weaken the stiffness and reliability of the rotary-wing Mars UAV’s structure. To achieve both high integration and structural reliability, integrating the electronic components of the rotary-wing Mars UAV with a structurally stable airframe (e.g., a spherical UAV) represents a feasible unconventional structural approach for rotary-wing Mars UAVs.



(4) Development of autonomous UAV control methods. In Mars exploration missions, the adoption of autonomous feedback control methods with a certain level of autonomy will greatly enhance the UAV’s adaptability to the uncertain flight environment on Mars. Currently, foreign researchers primarily employ nonlinear control methods (e.g.,   H ∞   control methods) for autonomous navigation and flight of rotary-wing Mars UAVs, but these methods are still in the testing phase and are not suitable for the high reliability requirements of deep space exploration. Additionally, rotary-wing Mars UAVs cannot rely on GPS navigation and positioning, and traditional positioning devices such as magnetometers struggle to operate in Mars’s weak magnetic field environment. Utilizing the Mars rover as a base station for wireless positioning of rotary-wing Mars UAVs or using lightweight cable connections for communication, or relying on “inertial navigation sensors + external sensor” combinations, can serve as suitable options for rotary-wing Mars UAV positioning in Mars’s unique conditions.
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Figure 1. Classification and characteristics of Mars UAVs. 
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Figure 2. The atmospheric model utilized in the successful Mars missions. 
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Figure 3. Rotary-wing Mars UAV prototype compilation. 
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Figure 4. The aerodynamic characteristics of rotary-wing Mars UAVs. 
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Figure 5. The boundary layer separation phenomenon of rotary-wing Mars UAVs. 
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Figure 6. The control methods of rotary-wing Mars UAVs. 
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Figure 7. Mars atmospheric environment simulation setups. 
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Figure 8. The experimental setups for hover tests of rotary-wing Mars UAVs. 
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Table 1. Comparison of flight environments between Mars and Earth.
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	Environmental Parameter
	Mars
	Earth
	Proportion





	Gravitational acceleration (m/s   2  )
	3.72
	9.78
	0.38



	Average surface air pressure (Pa) (m/s   2  )
	640
	101,300
	0.0075



	Surface atmospheric density (kg/m   3  )
	0.0167
	1.22
	0.014



	Average surface temperature (K)
	210
	288
	0.73



	Specific gas constant (J/g·K)
	0.189
	0.287
	0.67



	Sound velocity (m/s)
	227
	320
	0.72



	Dynamic viscosity (kg/m·s)
	1.289 × 10    − 5   
	1.789 × 10    − 5   
	0.72



	Atmospheric composition
	95% CO   2  , 2.7% N   2  , 1.6% Ar, 0.03% H   2  O
	78% N   2  , 21% O   2  , 1% Ar
	–










 





Table 2. Atmospheric models that have been employed in successful Mars missions.
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	Detector Name
	Atmospheric Model





	The Pirate Ship
	Model for atmospheric density distribution at low altitudes (150 km)



	Pathfinder
	Mars-GRAM 3.0 and Mars-GRAM 3.33



	Scott and Amundsen
	Mars-GRAM 3.7



	Opportunity
	Mars-GRAM



	Courage
	Mars-GRAM



	Phoenix
	MRAMS and Mars-GRAM



	Curiosity
	MRAMS and MMM5










 





Table 3. Mars UAV proposal and parameters.
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	UAV Name
	Institution
	Wingspan
	Total Mass
	Propulsion System
	Power Source
	Endurance
	Year





	MICOR
	Maryland
	15.24 cm
	103 g
	Battery driven
	LiMnO   2   cells
	5 min
	2001



	MARV
	Maryland
	4.266 m
	50 kg
	BLDC motor
	PEM fuel cells
	39 min
	2003



	Mesicopter 1
	Stanford
	–
	3 g
	–
	–
	–
	2000



	Mesicopter 2
	Stanford
	–
	15 g
	–
	–
	–
	2000



	Eye-On
	Surrey
	1.4 m
	15 kg
	Twin rotor
	LiPo cells
	38 min
	2012



	Y4TR
	Surrey
	1.0 m
	25 kg
	–
	–
	60 min
	2016



	muFly 1
	ETH Zurich
	15.0 cm
	95.84 g
	BLDC motors
	LiPo cells
	–
	2010



	muFly 2
	ETH Zurich
	15.0 cm
	80.31 g
	BLDC motors
	LiPo cells
	–
	2011



	Spherical UAV
	ETH Zurich
	22.6 cm
	0.59 kg
	Contra-rotating motor
	1300 mAh cell
	–
	2016



	TAMS 1
	ARC
	0.982 m
	3.5 kg
	–
	–
	6 min
	2002



	TAMS 2
	ARC
	1.250 m
	4.6 kg
	–
	–
	6 min
	2002



	Ingenuity
	JPL
	1.2 m
	1.8 kg
	BLDC motor
	Li-Ion cells
	2 min
	2021










 





Table 4. The aerodynamic characteristics of rotor systems for rotary-wing Mars UAVs.
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	Institution
	Dimensionality
	Blade Diameter
	Aerodynamic Parameters
	Year





	Imperial College London
	2D (triangular airfoils)
	–
	   0.9 ≤  C l  ≤ 1.7   
	2023



	JAXA
	2D (NACA4402)
	–
	   1 ≤  C l  /   C d  ≤ 65   
	2006



	Maryland
	3D
	0.4674 m
	   0.02  ≤   C T  / σ  ≤  0.18   
	2021



	UAH
	3D (rectangular wing shape)
	0.48 m
	   0.75 ≤  C l  ≤ 0.9   
	2021



	CETC
	3D (NACA0012)
	2.286 m
	  0.002 ≤  C T  ≤ 0.014  ,   − 2.0 ≤  C P  ≤ 1.2  
	2022



	BIT
	3D (clf5605)
	1.21m
	   0.02 ≤  C T  ≤ 0.12   
	2023



	HIT
	2D & 3D (NACA airfoils)
	0.90 m
	  4 ≤  C l  /   C d  ≤ 11  ,   1.9 ≤  C  l   1.5   /   C d  ≤ 9.3  
	2023










 





Table 5. The rotor surface boundary layer separation for rotary-wing Mars UAVs.
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	Institution
	Airfoil
	Reynolds Number
	Separation Edge
	Year





	Queen Mary College
	–
	–
	Leading
	1969



	Penn State University
	Eppler 387
	100,000
	leading & trailing
	1996



	University of California
	Eppler 387, APEX airfoils
	100,000–200,000
	Leading
	1997



	University of Colorado
	Eppler 387
	Eppler 387
	Leading
	2008



	JAXA
	Ishii airfoils, NACA0002, NACA0012
	24,000
	Leading and trailing
	2014



	Seoul National University
	Eppler 387
	100,000
	Leading and trailing
	2015



	IIT Kanpur
	Eppler 61
	100–87,000
	Leading and trailing
	2019










 





Table 6. The control methods for rotary-wing Mars UAVs.
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	Institution
	Control Method
	Year





	ETH Zurich
	Attitude and altitude control
	2008



	University of Patras
	Predictive attitude–altitude control
	2008



	University of Calgary
	Direct approximate-adaptive control
	2011



	China Jiliang University
	Robust terminal sliding mode control
	2014



	ITMO University
	Passification based simple adaptive
	2016



	California Institute of Technology
	Collective and cyclic control
	2018



	European Space Agency
	Trajectory control
	2020



	Space Science Institute
	Telemetry and navigation camera images to control
	2022



	Johns Hopkins Applied Physics Laboratory
	Collective and cyclic control
	2023



	Harbin Institute of Technology
	Group injection control
	2023



	Tsinghua University
	Global prescribed performance control
	2023



	Tsinghua University
	Neural network control
	2023










 





Table 7. Experimental setups for Mars UAVs.
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	Institution
	Vacuum Device
	Rotor Structure
	Blade Number
	Reynolds Number
	Mach Number
	Year





	Tokyo
	Large vacuum vessel
	Single rotor
	2
	2000–8000
	<0.13
	2004



	Stanford
	–
	Single rotor
	4
	1000–10,000
	<0.30
	2003



	Illinois
	–
	Single rotor
	2
	–
	0.13–0.26
	2011



	Maryland
	Large vacuum vessel
	Single rotor
	2
	15,000–30,000
	0.10–0.60
	2007



	Maryland
	Large vacuum vessel
	Coaxial rotor
	3
	<5000
	0.30–0.42
	2016



	ARC
	NASA vacuum chamber
	Single rotor
	3, 4
	37,000–54,000
	0.50–0.65
	2002



	JPL
	NASA vacuum chamber
	Coaxial rotor
	2
	<10,000
	<0.60
	2018










 





Table 8. The key technologies for rotary-wing Mars UAVs.
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	Key Technology
	Technical Challenges





	Mars near-surface atmospheric environment
	✓ Complex Martian atmospheric conditions

✓ Lack of genuine Martian atmospheric data

✓ Accurate atmospheric models

✓ International collaboration



	Proof-of-concept prototype
	✓ Feasibility validation

✓ Maximum flight thrust

✓ Flight range

✓ Endurance



	Aerodynamic characteristics of rotor system
	✓ Airfoil lift–drag characteristics analysis

✓ Rotor system thrust and power

✓ Rotor system structure

✓ Boundary layer separation phenomenon



	Flight control method
	✓ Uncertainty in atmospheric conditions

✓ Communication latency

✓ Autonomy and intelligent control

✓ Navigation and obstacle avoidance



	Ground simulation experiment
	✓ Mars atmospheric environment simulation

✓ Rotor system testing setup

✓ Experimental plan

✓ Feasibility analysis
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