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Abstract

:

In recent years, CubeSats have gained popularity as secondary payloads in space missions due to their uniquely small size and minimal weight. This allows for the quick and inexpensive development of high-risk, high-reward investigations. The success of cube-shaped CubeSats has led to the development of a new class of small-scale and low-cost scientific platforms known as CanSats, which maintain a unique cylindrical shape. CanSats offer an even more economical alternative for conducting high-risk investigations, although they are typically constrained by having to operate within Earth’s atmosphere, which contributes to their reduced costs. However, the ability to test and improve space-bound hardware makes the CanSat a potential intermediary technology for continued space exploration. This survey paper seeks to provide a technical definition of CanSats and summarize the current state of the art in CanSat-based research. This paper covers the history of CanSats, their current mainstream applications, and their potential impact on the technology pipeline for space exploration. CanSats have proven to be versatile in various applications, including Earth science, aeronautics, and educational purposes. The lower cost of CanSats provides a wider range of researchers and educational institutions access to near-space science. Therefore, this paper also aims to explore the potential future applications of CanSats, particularly as an intermediary technology for testing and improving space-bound hardware, with potential benefits for future space missions. The findings from this survey could help to guide the further research and development of CanSats, as well as help to shape future space exploration efforts.
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1. Introduction


The exploration of extraplanetary destinations has been greatly advanced through the use of robotic systems. Historically, these devices have been expensive to build and operate, and therefore have been typically sponsored by the military or other governmental institutions. With the recent introduction of low-cost nanosatellites, and especially CubeSats, the accessibility of space-based science has drastically improved. However, for organizations of very limited means and expertise, a CubeSat may still be an infeasible near-term technical goal. Enter the CanSat. As a technological tier below the CubeSat, CanSats are far less onerous to build and fly. CanSats represent terrestrial satellite analogues, which make them inexpensive to construct, they do not need to abide by stringent pre-flight testing, and are therefore hugely useful as educational tools or intermediary scientific platforms. The following review begins with a brief history of the development of CanSats, followed by a review of current CanSat applications and CanSat-related studies. After decomposing the major research areas for CanSats, a working technical definition of these devices is developed in the following section, with some potential future directions for this technology paradigm further explored in the final section of this review.




2. History


The history of CanSats is inexorably entwined with the history of CubeSats. Both have origins in Stanford University, dating back as far as 1995, when the graduate program began working on different formats of small-scale satellites known as microsatellites, or microsats [1]. Modern “medium-sized” satellites typically range in mass from 500 to 1000 kg, while “micro-satellites” typically fall in a range of 10 to 100 kg, and even smaller “nano-satellites” are often classified in a mass range of 1 to 10 kg [2]. As an instructor at Stanford University, Professor Robert Twiggs had been actively engaged in creating the curriculum for the Aeronautics and Astronautics graduate program. This included the establishment of the Space Systems Development Laboratory (SSDL) at Stanford University. As described by Twiggs, the goal of this program was “to take students through the full life cycle of a project”, which included “designing, building, launching and operating microsatellites in space” [3]. However, the origins of the CubeSat actually started with vehicles even smaller than a microsatellite.



DARPA and the Aerospace Corporation partnered with Stanford University in 1998 to develop picosatellites that would be similar in size to a Klondike ice cream sandwich [1]. Picosatellites are much smaller than microsatellites, and are typically classified as satellites with a mass of 0.1 to 1 kg [2]. Importantly, satellites of this size must be launched from a larger vehicle, so the DARPA picosatellites were carried in a larger microsatellite that was developed by students at Stanford. This larger picosatellite carrying microsatellite was named OPAL (Orbiting Picosat Automated Launcher), and is featured in Figure 1 [1]. OPAL was successfully launched, and demonstrated the capability to deploy six picosatellites, but the development of the larger microsatellite took over four years. Furthermore, this long development period did not align with the goals of Stanford’s SSDL program, as the students were not able to experience the entire life cycle of the satellite before graduating. The program had been targeting the full development of the microsatellite to be completed over a period of only a single year, to ensure that students would be able to have hands-on experience in all areas of satellite development and operation. Therefore, following the development of the OPAL microsatellite, the SSDL program decided to change focus to developing smaller picosatellites instead of the larger microsatellites [3].



The size and shape of these picosatellites was largely driven by the solar cells available for the project and the expected power requirements of the system. Initial experimentation found that a 4-inch beanie baby display case was a good size for the solar cells. This cubic shape was eventually refined to a metric standard that consisted of a 10-cm cube with special rails to separate a stack of the CubeSats in the launcher. Since a 10-cm cube holds a liter of water, and a liter of water weights 1 kg, this became the accepted standard for a single unit CubeSat: 10-cm cubed with a maximum mass of 1 kg [1]. Further collaboration between Stanford University and California Polytechnic State University saw the creation of the first P-POD (Poly Picosat Orbiting Deployer), which allowed three CubeSats to be stacked inside a specially reinforced enclosure. As CubeSats were still highly experimental at this time, the container ensured that the CubeSats would not damage the launch vehicle if they experienced mechanical failures during launch. In 2003, the first CubeSats were launched into orbit on a Russian rocket [1,3].



During this process of developing both micro and pico-sized satellites, Professor Twiggs attended the University Space Systems Symposium (USSS) in November 1998. It was at this conference in Hawaii that Twiggs presented a simple aluminum drinking can to the crowd and declared that a satellite should be able to be created from this common cylindrical object. This was the first time in history that the concept of a “CanSat” had ever been articulated in public. It was further proposed during the symposium that individual universities would create microsatellites that could fit in the 350 mL soda can and launch them into orbit before the conference met again next year. Failure to secure orbital launch opportunities ultimately led to a pivot toward amateur rocket launches that could simulate much of the launch conditions and environment of space using suborbital trajectories [4].



Following USSS 1998, the CanSat concept was quickly oriented toward an educational endeavor that was jointly directed by the United States and Japan. An amateur rocketry organization in the US, known as ARLISS, supplied rockets and expertise to launch the CanSats in suborbital trajectories that would reach a maximum altitude of 12,000 feet (~3.7 km). For the first CanSat event in 1999, only six universities had agreed to take part in the project. The three CanSats developed by the University of Tokyo were heavily focused on flight-proving hardware that was intended to be used on a future orbital mission. Their experimental CanSats included scientific goals for testing technologies such as reaction wheels for attitude control and wireless communication methodologies for telemetry downlink and uplink, in addition to testing onboard cameras and other sensors [5]. Educational institutes from the United States, including Arizona State University and Kennedy Middle School also contributed to the event in 1999 [6].



The following year, 2000, saw an increased interest in the program, with new educational institutes joining the endeavor. Experimental projects generated by the University of Tokyo included a CanSat equipped with a landing system, and a GPS experiment that employed three CanSats that communicated with each other during their descent to the ground [5]. Notably, during these first two years of CanSat experimentation, the focus of the program was on education and hardware testing. However, in 2001 Professor Shinichi Nakasuka from the University of Tokyo suggested a new angle to the CanSat program that would introduce a competitive aspect between the various educational institutions participating. The goal of the competition would be to have the CanSats return to some predetermined landing location that in close proximity to the initial launch site. The first iteration of this competition in 2001 focused on a “fly-back” architecture, where the CanSats would employ controllable parafoils or fixed aerodynamic control surfaces to guide the descent of the vehicle. Terrestrial-based navigational solutions also appeared in these competitions during the following year in 2002. These “run-back” vehicles employed wheeled chassis to propel the CanSat across the ground and back to the landing target [6].



In the years to follow, other CanSat competitions continued to be established across the globe. An annual competition organized by the American Astronautical Society (AAS) was started in this 2004, with college students challenged to complete a variety of different space oriented mission objectives [7]. This competition has continued through 2023 and has become one of the more popular CanSat-related competitions in the US [8]. In 2007, the European Space Agency (ESA) organized the first pilot program for a national CanSat competition. Additional expansions of this program took place in the following years as a means to engage “upper secondary school students” [9]. The ESA CanSat competition continues to be very popular in Europe through 2023 [10]. Although initially intended as educational tools, CanSat competitions and their capacity to flight prove space-bound hardware has demonstrated that these devices have serious scientific merit. The following section explores the modern literature concerning CanSats, to discern the relevant scientific frontiers that are applicable to these devices.




3. CanSats in Application


Just as real satellites can have applications varying from meteorological to military surveillance, the scientific goals that motivate the creation of CanSats vary between many disciplines. The following section can only provide a brief glimpse into some of the fields of application and CanSat-based research endeavors. However, these examples of CanSat-based research aim to elucidate the purpose of modern scientific CanSats and to discern the technical confines of these devices.



3.1. Education


The educational significance of CanSats has already been described in part, as their original inception came from the vision of Professor Twiggs and others to provide real-world and hands-on experience for students in engineering programs. Over two decades later, education is still at the core of many CanSat-related endeavors. This is particularly apparent in the sheer quantity of the analyzed CanSat literature that was directly related to some form of CanSat competition. Descriptions concerning the first CanSat competition in Thailand [11], a CanSat design event in Bangladesh [12], and an educational engineering project from Cairo University in Egypt [13], show how students and educators across the world are leveraging this technology. José Contente and Cecília Galvão performed an in-depth analysis [14] of the educational benefit of participating in a CanSat competition for high-school students. Their conclusions suggest that problem-solving and multi-lateral thinking are encouraged by the project and can act to “reduce the barrier between school and real-life” [14]. Students building CanSats for academic competitions can also find relevant research novelty during this process.



Although most CanSat competitions focus on educational value, and not on research novelty, the nature of problem solving in the face of diverse engineering challenges can yield serendipitous results. To provide a few examples, researchers at the University of Nuevo León participated in a CanSat Leader Training Program (CLTP), held at the University of Hokkaido-Japan. Following the success of their CanSat in the training program, the researchers identified a potentially novel application of their device for localized weather monitoring, to help determine an optimal location for constructing an astronomical observatory [4]. Students from Telkom University in Bandung, Indonesia described their mechanical structure and technical design for an Auto-Gyro CanSat [15], while researchers at the National Technological University of South Lima in El Salvador, Peru tested the use of CanSats as low-cost environmental monitoring devices, to improve access to air quality data [16].



The educational benefits of CanSats are also not limited to students. The CanSat Leaders Training Program (CLTP) is an annual event which engages university instructors. The goal of this program is to educate the educators on how to start CanSat programs in their countries or universities. CLTP is organized by UNISEC, a Japanese organization which supports CanSat research and development. Collectively, CLTP and UNISEC have been a significant driving force behind the increased interest and advancement of CanSat programs across the globe [6].



CanSats also represent an important technological gateway for organizations and countries generally seeking to engage in near-space or space-bound technologies. In particular, academic programs that compete in CanSat competition or build CanSats for scientific studies typically do so as a means to train students and educators on how to operate systems that behave like real satellites [2]. This educational pipeline is viewed as a crucial mechanism for preparing a workforce of capable technicians and engineers with “hands-on experience” [9]. In some countries, this educational process begins as early as secondary school, which emphasizes the importance of CanSats as an educational aids [17]. However, CanSats also exist beyond the classroom. The next section focuses on Earth studies and the atmosphere to outline more of the ways CanSats are used.




3.2. Earth and Atmospheric Studies


The investigative goals of both competition and scientific CanSats commonly include atmospheric or environmental data collection. Many of these CanSats designed for Earth Studies also utilize balloons to lift them to a desired altitude, before descending back to the surface of Earth with the assistance of a parachute [18,19]. In this way, some CanSats closely resemble commercial meteorological instrumentation known as radiosondes, such as the CanSat featured in Figure 2 from [20]. A more in-depth analysis of similarities and differences between CanSats and radiosondes has been compiled in the Definition section of this paper. Relevant here are key sensory choices that appear in many CanSat systems and their application for studying phenomenon above Earth and within its atmosphere.



Measurements from temperature and pressure sensors can be useful for extrapolating altitude, in particular, Commercial off-the-Shelf (COTS) components, such as the BMP-180 or BMP-280, provide an altitude estimation, in addition to atmospheric temperature and pressure. Therefore, these devices are a common sensor choice for CanSats [19,21]. Temperature and pressure provide general indicators of atmospheric conditions, but CanSats designed for environmental monitoring also utilize more advanced Air Quality Sensors, such as the MQ-135 [22], or other gas sensors, such as the MQ-9 [23]. The use of low-cost GPS modules in CanSats is also a widely accepted practice. Logging or transmitting GPS coordinates assists with recovering CanSats, and for devices with meteorological goals, helps to correlate sensor readings with geographic locations [16,24]. Some additional examples of Scientific CanSats that leverage these COTS sensors and that have been specially designed for Earth science investigations include a CanSat for measuring UV radiation proposed by Bhad et al. [25], a lightweight CanSat for atmospheric measurements [18], and an environmental monitoring network of multiple CanSats [26]. These devices are particularly relevant for demonstrating the unique capacity of CanSats to be leveraged in meteorological and atmospheric studies. Since CanSats must interact with Earth’s atmosphere to perform atmospheric measurements, it may logically follow that CanSats can also be used for aeronautic investigations. The next section highlights the relevant CanSat literature related to this field.




3.3. Aeronautic


Many CanSat studies related to aeronautics have their origins in various CanSat competitions. Beginning with the 2019 competition, organizers challenged student teams to design an “Auto-Gyro Probe”, which could be released from the CanSats after deployment from a rocket [27]. A similar challenge followed in 2021 with the “Autorotating Science Payload Relay”, which called for entries that took inspiration from the aerodynamics of a maple seed [28]. These design competitions resulted in a selection of scholarly works which investigated the general design and integration of the auto-gyro recovery system [15], the use of Computational Fluid Dynamics (CFD) simulations for validating the CanSat design [29], and the biomimicry of maple seeds for creating a unique recovery vehicle [30]. Other competitions have focused on the creation of secondary glider vehicles that could be deployed from the primary CanSat to collect sensor readings in a circular glide path, with these competitions taking place most recently in 2017 [31] and 2020 [32], respectively. Relevant research outcomes related to these competitions include compact and collapsible glider wings [33], a “novel descent control system” [34], and the use of 3D-printed techniques for creating unique and flexible designs for the glider [35]. Beyond simply measuring data or flying through the atmosphere, CanSats must also be able to collect scientific data and send that information back to scientists on the ground. The next section explores the state of the art in CanSat data transmission and handling.




3.4. Data Handling and Wireless Transmision


Just as with orbital satellites, CanSats must be able to internally store and route data from sensors, while also managing a means for wirelessly communicating this data to some form of ground station. Typically, data transmission begins after a CanSat has started its descent back to the surface of the Earth and may, therefore, only last for a few minutes. Starting in 1999 with the ARLISS events, and continuing with many current CanSat competitions, the launch altitudes of the devices are calibrated with the purpose of providing flight times that would be similar to a horizon-to-horizon pass of a satellite in Low Earth Orbit (LEO). These flight times can vary from as little as 5 min to as long as 20 min, depending on the ascent vehicle and launch conditions [5,9]. During this short transmission window, CanSats can employ a wide variety of wireless communication techniques. Many CanSat competitions suggest or require the use of Zigbee communication standards and often the use of Xbee radios that operate on frequencies of 2.4 GHz or 900 MHz [8]. It is therefore common to find CanSats that utilize these radios and standards [6,15,36]. However, CubeSats typically employ longer range Ultra High Frequency (UHF) or Very High Frequency (VHF) communication standards [1,37,38,39], which are further utilized by various scientific CanSats, including the stratospheric CanSat featured in Figure 3 [19,40].



Thus, some CanSat-based research efforts focus on the development of effective and user-friendly ground stations [41], while other investigations holistically develop both the ground station receiver and the CanSat transmitter architectures simultaneously [18,42]. CanSats that further feature multiple independent scientific devices can also demonstrate multi-channel communication experiments. A competition CanSat developed by Songül et al. provides a convenient point of reference as their CanSat featured a secondary descent vehicle that would be released from the main CanSat during the competition. Both the main CanSat “container” and the dropped “payload” were equipped with Xbee radios and configured to communicate in a “star topology” with the main coordinating radio residing at the ground station [36]. This communication architecture demonstrates a small-scale application of an Internet Of Things (IOT) network, which has been further investigated by other CanSat-related studies [4,20]. This use case for CanSats also elucidates a general theme for CanSat-related investigations, namely that CanSats are effective tools for testing new hardware or software solutions. The final application section investigates other relevant circumstances where CanSats were leveraged as testing platforms for new technologies.




3.5. General Hardware and Software Testing


The flexible design characteristics of CanSats make them excellent testbeds for a variety of scientific and student learning applications. In particular, “flyback” or “comeback competitions” provide a unique opportunity for student led research teams to design both aerodynamic and ground-based navigational strategies for guiding CanSat-based payloads to arrive at a predetermined terrestrial target [6,43]. These competitions are of particular interest, as unconventional hardware and software solutions are often employed to gain an edge on competitors. Some examples of scholarly work focus heavily on analyzing the hardware, such as the research of Nuñez-Quispe concerning lightweight non-pneumatic wheels equipped to a comeback CanSat [44]. Other works focus primarily on the software side of the CanSat device, such as a report from Akiyama et al., which describes the use of an object identification algorithm to aid in the guidance of a CanSat comeback rover [45]. However, a competition-worthy CanSat must necessarily find a way to harmoniously integrate both hardware and software elements together into a single device. Examples of such work include systems that attempt to use both parachute canopies in conjunction with motor driven propellers [46], CanSats that consist of self-navigating ground-based wheeled rovers [47], devices that employ controllable parafoils [6], or systems which deploy fixed wings with control surfaces [48]. These efforts offer a glimpse into the diverse ecosystem of hardware and autonomous software control mechanisms being tested in conjunction with CanSat competitions.



Comeback competitions do not represent the sole vector for scholarly work in CanSat system testing. Investigations that utilize CanSats as a scientific platform for general engineering methodologies demonstrate the potential utility of these devices [49]. CanSats are explored as a general scientific tool in a study by Abo-Arais et al., where the potential development of a small-scale satellite was first investigated through the creation of a CanSat [50]. Other works show how a CanSat can provide a convenient opportunity for conducting an electrical power analysis study [51], or for generally integrating complex electromechanical systems into a single operational device [49,52].



The research of Rodríguez et al. [40] offers a particularly compelling argument that CanSat architectures can be validated using CubeSat aerospace standards for successful stratospheric scientific campaigns. The rigorous statistical testing and application of a Design of Experiment (DoE) strategy, in addition to laboratory and field testing, provides a clear mechanism for validating a CanSat design. The use of Commercial off-the-Shelf (COTS) components and an overall modular CanSat design, which would further improve accessibility to this technology, was also significant in this work [40]. Another important advantage of CanSat-based experimental studies is the flexibility of the CanSat architecture. Utilizing the same general system design as [40], Botero et al. were able to create a novel high-altitude pollution sensor network. While many of the same components and systems configurations were maintained between the two projects, drastically different scientific outcomes could be achieved, and new hardware solutions could be rapidly tested [20].





4. Definition


Before articulating an in-depth definition of what constitutes a CanSat, it is important to establish what a CanSat is not. In particular, two well-defined technological frontiers, namely radiosondes and CubeSats, share significant operational parameters with CanSats, and must therefore be separated to form a technical definition.



4.1. CanSats Are Not Radiosondes


CanSats configured for atmospheric or meteorological investigations often share significant operational characteristics with another common weather monitoring instrument known as a radiosonde [21]. Commercial devices, such as Vaisala’s RS41-SG radiosonde, provide a means for private or government collectives to conduct high-altitude atmospheric soundings. This instrument wirelessly transmits temperature, humidity, altitude, and air pressure, along with wind direction and speed, as it ascends through the atmosphere with the help of a helium filled balloon [53]. Like CanSats, radiosondes can carry a variety of sensors. Lower cost radiosonde models, such as the RS41-D, are equipped with only temperature-, humidity-, and pressure-sensing capabilities [54], while higher end systems, such as the RS41-SGP, can be connected with ozone sensors or other devices that are configured to interface with a standard data communication protocol [55]. Importantly, radiosondes are equipped with highly accurate sensors which are calibrated to global standards, which is why these devices are accepted broadly as the main technology for high-altitude meteorological surveys. Figure 4 depicts both a commercial radiosonde and a scientific CanSat as a point of visual reference.



In addition to containing similar sensor suites, radiosondes and CanSats also share similar flight experiences and characteristics. During a typical CanSat flight, the device experiences three major operational phases. The first phase is the ascent, where the vehicle is subjected to an acceleration which moves it to a higher altitude. The second phase is the separation or deployment, in which the CanSat is mechanically decoupled from the device lifting it to the higher altitude. The final flight phase of the CanSat is the descent. During this phase, the vehicle travels back toward the Earth under the influence of gravitational acceleration. Many CanSats follow flight characteristics similar to radiosondes, particularly during the descent flight phase, when parachutes are often deployed to arrest landing velocities.



By way of comparison, most radiosondes are tethered to weather balloons, which consist of flexible envelopes filled with a gas lighter than air to provide buoyancy. A weather balloon, or other High-Altitude Balloon (HAB), filled with helium can carry a radiosonde to an altitude ranging from 25 to 30 km, before the balloon bursts or is purposely deflated [56]. Following the destruction of the weather balloon, a parachute canopy connected to the radiosonde’s tether typically inflates to slow the device for a softer terrestrial landing. Other less common flight mechanics for radiosondes include variants such as the “RocketSonde” [57], which simply replaces the slow balloon assisted altitude climb with a more rapid rocket assisted ascent, or the “GliderSonde” [58,59], which replaces the parachute assisted descent with a controlled gliding recovery through the application of aerodynamic control surfaces or wings.



CanSats associated with most global competitions follow significantly lower altitude flights than the typical radiosonde, with the US competition targeting altitudes of 670 to 725 m [8], and the European competition describing a maximum drop altitude of 1 km [10]. However, scientific CanSats can exceed the guidelines created for student competitions with flights on weather balloons or rockets that reach the stratosphere much like radiosondes [40]. Regardless of the flight altitude, the recovery techniques employed by these devices represent an important point of commonality. The vast majority of radiosondes employ passive parachute canopies to slow their descent from high altitudes, which is mirrored by the vast majority of both student and scientific CanSats, which also favor the deployment of parachutes for recovery [16,19,23,24].



However, some important distinctions between these two scientific vehicles need to be made. First, CanSats appear to offer greater flexibility in their launch mechanics. While radiosondes are typically either intended for balloon launches or designed for rocket-based deployments, a singular CanSat device can be deployed from a rocket, a balloon, a drone, or by other means [6,10]. Radiosondes are also typically self-contained devices that do not mechanically actuate or deploy secondary sensory devices, which are functionalities that CanSats regularly demonstrate [8,33]. Finally, while commercial radiosondes nearly universally utilize parachutes for recovery, CanSats offer the flexibility to test novel and unconventional recovery techniques, such as auto-gyros [15], deployable wings [48], powered propellers [60], and many others [5,6].



It should be noted that CanSats designed for studying natural phenomena on Earth often exceed the typical capabilities of commercially available radiosondes. While many atmospheric monitoring CanSats utilize simple pressure and temperature sensors, much like radiosondes, the addition of novel instrumentation, such as cameras [19], magnetometers, accelerometers [18], gyroscopes, or luminosity sensors [24], give these devices far more sensory opportunities than a commercial radiosonde. Although CanSat-based measurements may not adhere to global calibration standards, a major benefit to CanSats are their flexible architectures and the ability to utilize Commercial-off-the-Shelf (COTS) hardware for rapid prototyping. This flexibility of design makes CanSats a potentially lower-cost option for localized data collection campaigns [22]. While a radiosonde could be launched to determine local weather conditions, a CanSat might be a significantly cheaper option that includes the added capability of more customizable sensory abilities for the desired scientific study. Having discussed the difference between CanSats and radiosondes, the next section investigates CubeSats in comparison with CanSats.




4.2. CanSats Are Not CubeSats


CanSats and their orbital brethren, the CubeSat, have a close history that has been described at length in a previous section of this review. With this shared history, there also is some overlap that can occur between these two technical frontiers. In particular, there are significant examples of CubeSat technologies being tested through stratospheric launches of High-Altitude Balloons (HABs) and suborbital sounding rockets. These tests are typically targeted at confirming the “technology readiness” of the system by simulating conditions that are similar to space in Earth’s upper atmosphere [61]. CubeSat testing programs organized by the European Space Agency (ESA) that are specifically intended for college students include BEXUS (Balloon EXperiments for University Students) [62] and REXUS (Rocket Experiments for University Students) [63] A comprehensive analysis of terrestrial testing of CubeSat systems is beyond the scope of this review, but a few examples include testing a Software-Defined Radio (SDR) communication architecture [64], the measurement of magnetic field disturbances [65], or the creation of a heat transfer experiment [66].



Notably, some of these devices clearly take the form and architecture of a CubeSat [67], but other HAB-based studies generate devices that might be interpreted as being more similar to CanSats [68]. Furthermore, the use of sounding rockets to test CubeSat architectures is not altogether dissimilar from the use of lower altitude rockets for CanSat competitions. There are also significant examples of simulated satellite devices being tested with HABs without any immediate motivation to integrate tested systems into orbital vehicles. Pawar et al. coin a new term for such devices, calling them “Lower Atmosphere Research Satellites” (LARS) [69]. Functionally, there are very few differences between so called LARS and the developing definition of CanSats. In terms of form, CanSats are generally cylindrical, while the LARS described by Pawar et al. took a more rectangular form that harkened to the standards of a CubeSat. However, from a purely technical perspective, many of these high-altitude studies could be packaged into a cylindrical chassis as easily as a rectangular one, further blurring the line between CanSats and CubeSats.



This overlap also goes the other way. Recent developments have been made on a new standard of orbital picosatellite called the “TubeSat”. Unlike like CubeSats, TubeSats follow a new dimensional standard that calls for a cylindrical chassis design instead of the cubic one utilized by CubeSats. These devices closely resemble stratospheric CanSats, and may therefore represent the logical progression of such devices [70]. Perhaps a CanSat that passes rigorous terrestrial testing could be launched into space and therefore graduate to the status of TubeSat, but additional development will be required to fully articulate any distinction between this new TubeSat standard and the existing standards of CubeSats and CanSats. Figure 5 provides a quick overview of the major differences noted between these devices.



There are also additional picosatellite designs that are much smaller than even a single unit CubeSat. Devices such as PocketQubes follow a 5-cm cube standard, at a maximum mass of 250 g. Being a quarter the size of a typical CubeSat, these devices are also potentially very similar to the smaller CanSat formats, especially Professor Twigg’s original vision of the soda-can-sized satellite. Variations on the PocketQube also include so called “ThinSats”, which are typically picosatellites consisting of a single circuit board. ThinSats are similar in mass to PocketQubes, but are flat like a slice of bread, instead of cube shaped. Importantly, low-cost picosatellites like PocketQubes and ThinSats are primarily intended for academic and educational purposes, much like CanSats [1].



However, it should be abundantly clear from the shape alone that CanSats and CubeSats are separate technological entities. Having been developed at similar times, with similar names, and similar scientific goals, care should be taken to define both devices separately to avoid confusion. Therefore, to make the distinction clear, this review defines a CubeSat as an “artificial satellite or space fairing robotic device that takes the form of a rectangular prism with a standardized shape and dimension”. This definition was developed from the standards and conventions described in [1]. Key to this definition is that, while both CanSats and CubeSats have an abbreviation for “satellite” in their name, only CubeSats constitute true “artificial satellites”, while CanSats represent only “simulated satellites” [22]. This definition aligns well with the historic application of CanSats described previously, as well as modern use cases for CubeSats [1]. Furthermore, with this major difference between CubeSats and CanSats identified, a more formal technical definition can be articulated.




4.3. Developing a Technical Definition


The core technical definition for what constitutes a CanSat must start with the vision and intents at its creation, namely, when Professor Twiggs declared that a micro-scale satellite could be constructed from a soda can. Following the 1998 USSS conference, students at the University of Tokyo continued to build and fly CanSats, under the direction of Professor Shinici Nakasuka [1]. This process of designing a complex system composed of microcontrollers, sensors, batteries, communication systems, and more provided valuable hands-on experience for the students. Indeed, the Space Systems Development Laboratory at Stanford University, of which Professor Twiggs was a member, maintained a key goal of involving students in the process of creating small-scale satellites. Therefore, Twigg’s vision, and much of the historic application of CanSats, can be described succinctly as “educational satellite analogues”.



The educational relevance of CanSats represents the first key pillar of any definition, especially as the use of CanSats as instructional tools continues to be leveraged by institutions across the globe. Competitions based on the CanSat architecture have been held in Europe [10,14], Japan [4], and the United States [1], to name a few. These events continue to challenge students through Science, Technology, Engineering, and Math (STEM) oriented curriculum, while also encouraging students to engage problem-solving skills and to demonstrate technical know-how. The CanSat as an educational tool and vector for student learning must then be a part of its definition.



Another element of the technical definition should reside in the flight characteristics of CanSats. Some accounts suggest that Twiggs fully intended to have these soda can satellites launched into orbit [6], while others indicate the payloads were always bound for suborbital applications [1]. However, the reality was that the CanSats developed following the 1998 USSS conference were never sent into orbit [6]. Modern student competitions and the ultimate outcome of that 1998 USSS Conference pivoted toward suborbital launches to make the competitions affordable and accessible to student organizations. The first launches of these devices obtained altitudes of 3.6 km, thanks to high-powered amateur rocket [6]; however, many modern competitions maintain less lofty goals with launches aimed at closer to 700 m [8]. However, while CanSat competitions typically limit launch apogees to the troposphere, scientific studies have demonstrated the ability to launch CanSats to as high as the stratosphere using High-Altitude Balloons [26]. In all cases, both competition and general scientific CanSats maintain suborbital trajectory. Therefore, the non-orbital nature of a CanSat must be another pillar of the forthcoming technical definition.



For CanSats to distinguish themselves as unique mechatronic devices, they must be separated clearly from other existing systems with similar operational parameters. As discussed at the start of this section, there are two devices in particular that present the greatest areas for comparison, namely CubeSats and radiosondes. The distinction between CanSats and CubeSats is most clearly described as a function of altitude and trajectory. CubeSats are launched into space [65] and act as artificial satellites of the Earth or other celestial bodies [1], while CanSats are most often launched to altitudes below 4 km with no intent for the vehicle to reach space or maintain an orbit [9]. Furthermore, even the highest launching CanSats, which can reach the stratosphere, still never reach space or maintain an orbit [40]. This fact must therefore distinguish CubeSats from modern CanSats: they stay within Earth’s atmosphere and do not reach orbit.



Another distinct difference between CanSats and CubeSats is their shape. CubeSats maintain a very strict dimensional standard to ensure compatibility with launchers [3]. Hence the names; CubeSats are cubes, while CanSats generally are cylinders. The size and shape of CanSats is also not as standardized as CubeSats. The original 350 milliliter aluminum soda can is a common size standard employed by some researchers [6]; however, other competitions have created new standards that are much larger than this original specification [8]. In most cases, the cylindrical shape is maintained to ensure compatibility with a variety of launching vehicles; however, this shape is often a maximum size envelope, not a required dimensional characteristic. Since the size and shape of CanSats appears to be very flexible, this flexibility must be important to a final technical definition.



Next, to distinguish CanSats from radiosondes and other meteorological sounding instruments, the comparisons made in the previous section will be referred to further. Foremost, CanSats are distinct from radiosondes by their flexible scientific goals. Radiosondes are solely intended for meteorological and atmospheric surveys [55], while CanSats can engage Earth studies, but can also be developed for subjects as varied as aeronautics to student education. As a hallmark of this varied scientific capability, CanSats also demonstrate significantly different flight characteristics than atmospheric sounding systems. Most radiosondes are carried to the stratosphere below an inflatable balloon before deploying a parachute for an unguided descent to the ground. While this framework is not dissimilar from some CanSat flights, the flexible shape and size of CanSat payloads make them equally capable of being launched from balloons, rockets, aircraft, and many other mechanisms.



Compiling all these characteristics together, the final technical definition follows: a CanSat is both an educational and scientific tool that is used terrestrially to learn about and test hardware for space-bound systems; where flexible launch characteristics, size, shape, and sensory abilities allow CanSats to be leveraged for low-cost studies in a variety of scientific fields and disciplines.





5. Future Directions


Having established common use cases for CanSats in the Application section of this paper, and having established a technical definition for what constitutes a CanSat in the previous section, some considerations for the future of this technological frontier will be articulated in this section. As a starting point, traditional CubeSat architectures have been explored briefly as a point of comparison for CanSats. However, it is significant to note that satellites in general can have a plethora of operational parameters and mission profiles. This further complicates distinguishing between CanSats as satellite simulation tools and experimental satellites that operate outside of traditional parameters. One such example of a highly experimental satellite classification that further blurs the line between CanSat and a satellite would be the orbital vehicles operating in exceptionally low orbits.



There is no clear delineation between Earth’s atmosphere and space. However space is often said to begin at 100 km above sea level [67]. Many low-cost satellites, such as CubeSats, are placed in Low Earth Orbits (LEO), which are generally defined as orbital altitudes varying from 200 to 2000 km. Importantly, vehicles in LEO still interact with Earth’s atmosphere, especially at altitudes below 500 km, where air resistance begins to become a significant factor in determining orbital duration. This lower orbital altitude, where atmospheric drag is prevalent, is called Very Low Earth Orbit (VLEO), and is typically defined as orbital altitudes below 450 km. Due to the effects of air resistance, satellites in VLEO may deorbit in less than 5 years, depending on their area and mass [71]. While this short orbital lifespan and the lower cost of launching vehicles to VLEO makes it a great altitude for experimental satellites such as CubeSats, serious interest in making this space more economically viable for other forms of commercial satellites is also under consideration.



The Super Low Altitude Test Satellite (SLATS), developed by the Japan Aerospace Exploration Agency (JAXA) is targeting operations in “Super Low Altitudes” between 200 and 300 km. Extended presence in altitudes this low can only be accomplished by significant changes in the design of the satellite. Foremost, the satellite was designed to be more aerodynamic in shape, having a smaller cross-sectional area in the forward direction. Additionally, the SALTS was equipped with an ion engine to provide propulsive thrust for maintaining its low orbit and countering aerodynamic drag [72]. The United Kingdom branch of Thales Alenia Space, an aerospace company, has proposed pushing satellites even lower to altitudes of 160 km with their new “SkimSat” [73]. Unlike traditional satellites, the SkimSat concept employs an aerodynamic body with a “novel air-breathing propulsion system”. The design goals of SkimSat were also influenced by a desire to combine the best characteristics of both orbital Earth Observation (EO) and Unmanned Aerial Vehicles (UAVs) [74]. This combination of technologies designed to operate within Earth’s atmosphere, namely UAVs, with systems traditionally operating above Earth’s atmosphere, namely orbital satellites, has generated a proposed architecture that resembles a satellite with wings. Figure 6 compares the altitude of traditional satellites and SkimSats to weather balloons and CanSats.



As the technical definition developed during this review clearly defines CanSats as devices operating within Earth’s atmosphere, this definition could conceivably encompass recently developing VLEO satellite architectures, if atmospheric density is considered instead of international convention. SkimSats might indeed be determined to be a subsect of CanSats; however, this new field of atmosphere skimming satellites requires additional time to mature before such categorizations can be made. With SkimSats investigating a scientific area that combines both orbital and atmospheric technology spaces, CanSat architectures could surely offer a low-cost architecture for testing future SkimSat systems. CanSats equipped with prototype, optical sensors, advanced aerodynamic material coatings, or even prototype air-breathing engines, could be very useful in SkimSat-related studies. Just as CanSats were a critical technological precursor for orbital CubeSats, CanSats may also be an important prerequisite experimental platform for developing SkimSats.



On the other end of the continuum might be satellite-like systems that operate in the stratosphere with High-Altitude Balloons (HABs). The use of HAB-based testing for both CubeSat and CanSat architecture has been previously described in other sections of this review. However, the deployment of dedicated satellite-like devices in the stratosphere could see potential advances garnered from CanSat architectures. A well-known case study of such devices might be the so called “Loon Balloons” developed by Google. These High-Altitude Balloons were intended to provide low-cost cellular connectivity to areas that did not have dedicated terrestrial cell towers [75]. While this project has since been abandoned by Google, future systems employing similar architectures could also utilize CanSats as part of their research pipeline. At the start of such a research pipeline, the CanSat architecture could be a valuable tool for varied duration testing of new technology or systems integration. CanSats launched into the stratosphere on sounding rockets could perform low-cost and short duration tests, while CanSats attached to HABs could conduct long-duration validation of future flight systems.



Another intriguing area for development in the CanSat paradigm is that of active aerodynamic guidance and control. Most HAB-based experiments are completely uncontrolled during the entire mission duration, leaving the payload’s position at the whims of atmospheric air currents [56]. Google’s Loon architecture attempted to offer some controllability to their HAB payloads by changing their altitude to correspond with desirable wind currents, but analysis of this strategy suggest only coverage gains of less than 10% when compared to purely random deployment of their balloons [75]. Perhaps CanSats equipped with large aerodynamic surfaces could offer additionally rudimentary control at high altitudes, or certainly active aerodynamic guidance during the descent stage of the mission. As part of the greater research pipeline, the ability for a scientific payload to fly itself back to some desired landing site could significantly reduce turnaround time, and all but eliminate the need to perform time-consuming recovery efforts for the payload.




6. Conclusions


As one of the final unexplored frontiers, space remains an important area for continued scientific advancement. The advent of low-cost picosatellites and, in particular, CubeSats, has significantly reduced barriers for private and academic organizations to access space technologies. However, a holistic technology pipeline for future extraplanetary robotic exploration may begin with devices that are even easier to design and deploy than CubeSats. As educational satellite analogues, the CanSat provides a means for students, educators, and industry to test both their comprehension of space-bound technology, and also to trial advanced new technologies that have yet to be proven in orbit. Although CanSats do not leave Earth’s atmosphere or achieve orbit, they can still be used to simulate many of the characteristics and circumstances of an orbital picosatellite. Moreover, their sub-orbital flight characteristics makes this technology frontier far more accessible and flexible to operate than orbital CubeSats. While some CanSats may share scientific goals with meteorological radiosondes, CanSats can also branch into disciplines beyond Earth sciences, such as aeronautics, wireless communication, and education, to name just a few. In the future, CanSats may also become more relevant as organizations develop fledgling aerospace programs, or as additional interest develops for low orbiting satellites. However, the educational opportunities for CanSats will likely be their most lingering contribution to the exploration of space, as many former and future students who look to stars may do so, in part, thanks to CanSats.
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Figure 1. OPAL microsatellite [3], reproduced with permission from ASEE (2002). 
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Figure 2. Rendering of Low-cost Air Quality Monitoring CanSat as seen from two angles, licensed under Creative Commons by [20]. 
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Figure 3. Stratosphere CanSat being tested near space, licensed under Creative Commons by [40]. 
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Figure 4. Vaisala RS92-DL radiosonde (Left) compared to a meteorological CanSat (Right). 
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Figure 5. A broad comparison of CubeSat, CanSat, and TubeSat; images accessed on 17 May 2023. 
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Figure 6. Visual altitude comparison of CanSats and satellites. 
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