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The Deformable Mirror Demonstration Mission (DeMi) is a technology demonstration CubeSat to test a 140 actuator micro-electromechanical system (MEMS) deformable mirror in low-Earth orbit. Such mirrors can provide precise wavefront control with low size, weight, and power per actuator. Hence, they have the potential of improving contrast in coronagraphs on future space telescopes. In the DeMi payload, a Shack Hartmann lenslet array based wavefront sensor monitors the deformable mirror, illuminated by either an internal 636 nm laser diode or external starlight. This work describes the instrument design drivers and CubeSat implementation, and briefly illustrates operation on orbit by comparing ground-based measurements of a displaced actuator to an on-orbit measurement using the internal laser source. The 6U CubeSat was launched on February 25, 2020 and deployed from the International Space Station on July 13, 2020.
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1 INTRODUCTION
This work provides an overview of the design considerations and engineering of the Deformable Mirror Demonstration Mission optical payload. Details of the implementation are provided to establish technology readiness level (TRL) and provide a foundation for understanding future application of active wavefront control on satellites.
Deformable mirrors which actively change shape at sub-wavelength precision have a wide array of applications in space, such as future missions to image Earth-like exoplanets (Levine et al., 2009; Stapelfeldt et al., 2014; Pueyo et al., 2019; Ruane et al., 2019; Gaudi et al., 2020; Kasdin et al., 2020), correction of scattered light imaging of dim debris disks (Chakrabarti et al., 2015; Cook et al., 2015; Sirbu et al., 2015; Douglas et al., 2018; Maier et al., 2020), reconfigurable telescopes (Underwood et al., 2015), and error correction for deployable or inflatable apertures (Dolkens et al., 2019; Lesser et al., 2019). Micro-electromechanical systems (MEMS) Deformable Mirror (DM)s are included in designs for many future exoplanet imaging missions due to relatively high actuator counts which allow correction of high-order spatial errors, and low Size, Weight, and Power (SWaP) (Pueyo et al., 2019). For a detailed review of MEMS operation and testing in space and space-like environments see Morgan et al. (2019).
While much of the interest in DM technology in space has been for large-scale missions with apertures of several meters or larger, there is a large continuum of nanosatellite applications for the technology. These include correcting thermal and deployment errors on future small space telescopes (e.g. Maier et al. (2020)), wavefront control for optical space interferometry, and biological and in-vivo microscopy (Bifano, 2011; Wahl et al., 2015; Marx, 2017) in space. Closely related to the continuous phase-sheet mirrors described here are segmented deformable mirrors, which allow other applications such as image slicing and data transmission (Chan and Ford, 2006).
The DeMi mission goal is to demonstrate MEMS mirror operation in space for an extended period of time. The DeMi payload has evolved over several years in order to improve the design fidelity, redundancy, and versatility of the instrument (Cahoy et al., 2013a; Marinan and Cahoy, 2014; Marinan, 2016; Marinan et al., 2016; Douglas et al., 2017; Allan et al., 2018; Morgan, 2019). The final optical and electronics design was an iterative process which was not complete until final integration and testing. The DeMi payload was assembled for flight in the Summer-Fall of 2019. The final payload design contains a 35-mm primary mirror, an internal calibration laser light source, a 140-actuator Multi MEMS DM from Boston Micromachines Corporation (BMC), a Shack Hartmann wavefront sensor, and an image plane wavefront sensor. The DeMi mission underwent environmental testing in Fall 2019 and was launched in February 15th, 2020. In-space operations began in July of 2020 after deployment from the International Space Station (ISS). Detailed analysis of on-orbit performance and trends are ongoing and will be presented in future work.
This manuscript summarizes the design drivers [Section 2], the engineering constraints [Section 3], the as-flown design [Section 4], the first-light results on-orbit [Section 5], and future directions [Section 6].
2 DESIGN DRIVERS
This section describes the key mission requirements that drove the design of the DeMi payload. As a technology demonstration CubeSat, the DeMi payload’s primary goal is to establish the survivability of MEMS DMs for launch, extended operation in a low-earth orbit (LEO) orbit, particularly the vacuum, thermal, and radiation environment, and to raise the technology readiness level (TRL) of MEMS DM hardware from TRL six to at least seven (Cahoy et al., 2013b; Morgan et al., 2019). To meet this goal, the DeMi payload design was required to precisely monitor the response of the MEMS to the orbital environment, which necessitated the measurement of mirror operation prior to launch and over the approximately year-long mission.
2.1 Measuring Actuator Response
In order to characterize the behavior of the DM prior to and in flight, the payload was required to be capable of measuring the response of actuators at or below the level of typical MEMS DM manufacturing error, 10–20 nm root mean squared (RMS) (Evans et al., 2006; Morzinski et al., 2012). This requirement tests absolute actuation in open-loop operation.
2.2 Measure and Correct Wavefront Phase Aberrations in Space
The DeMi optical payload is designed to demonstrate closed-loop wavefront control in space, correcting thermally driven aberrations (e.g. focus and astigmatism), as well as spacecraft pointing errors. The DeMi payload is designed to correct both static and dynamic wavefront errors to less than 100 nm RMS. Closed-loop, in-space wavefront control with a MEMS DM is currently at a TRL of 5–6 (Cahoy et al., 2013a; Sirbu et al., 2015; Morgan et al., 2019; Prada et al., 2019), and DeMi is designed to raise this TRL using on-orbit performance data. This requirement tests closed-loop Adaptive Optics (AO) operation.
3 ENGINEERING CONSTRAINTS
In addition to the classic CubeSat constraints on SWaP (Heidt et al., 2000), implementing an adaptive optics system on a CubeSat introduces several additional constraints that define the DeMi payload design. The DeMi adaptive optics layout was informed by many ground-based instruments, particularly those built around similar 12 × 12 DMs and lenslet-based wavefront sensors such as the Lick Observatory Villages (Morzinski et al., 2012) and the Robo-AO instruments (Baranec et al., 2012, 2013). A 6U CubeSat with 4U available for the payload was found to be the minimum size that could accommodate the factors described below.
3.1 Actuator Stroke
While many high-contrast mission designs include a Fast Steering Mirror (FSM) upstream of the DM to provide precision pointing correction (e.g. Roberts et al. (2013); Chakrabarti et al. (2015); Demers et al. (2015)), the volume requirements of a CubeSat platform suggest an all-in-one design where the DM provides both pointing and high-order correction. Continuous phase-sheet MEMS DM stroke depends on the displacement of adjacent actuators (Bifano et al., 1997); thus, a conservative margin was applied to determine the stroke required to correct for misalignments as well as spacecraft pointing errors using a Blue Canyon XACT attitude determination and control system (ADCS) which were assumed to be ≲ 10″ RMS (Mason et al., 2016).
3.2 Pupil Size
In order to illuminate the deformable mirror and place it in a conjugate plane to the input pupil, an image of the input optical pupil must be formed on the DM. The size of this pupil in the system sets the magnification of the astronomical telescope. MEMS DM actuators are ∼300–500 microns across and the actuator stroke depends on the size of the actuators (smaller actuators having shorter stroke due to the increased actuation force required). Smaller actuators sizes also require a higher telescope magnification, increasing optomechanical alignment sensitivity. The telescope entrance aperture size and magnification was set to underfill the mirror by 10% to allow for payload shifts. The magnification and entrance aperture diameter were also constrained by alignment tolerances, limited by the ability of commercially available M2.5 x 0.20 adjustment screws to set the system to within <λ/4 wavefront error (as determined by Zemax ray-tracing), and ensure the stroke was not limited by edge actuators.
3.3 Pixel Size
The pixel size of the cameras determined the accuracy of centroiding for the Shack-Hartmann Wavefront Sensor (SHWFS) (for basics of operation, see Tyson and Frazier (2004)) and the sensitivity of the image plane wavefront sensor. The DeMi concept of operations does not include on-orbit flat fielding, and radiation is expected to change the pixel responsivity; thus, photo response non-uniformity (PRNU) sets a lower limit on the noiseless SHWFS accuracy. To verify that the SHWFS system met wavefront sensitivity requirements, PRNU variation up to and exceeding the 5 kRad doses tested by Becker et al. (2008) were simulated with the realistic lenslet point spread functions (PSFs) (Generated in POPPY Perrin et al. (2016); Morgan (2020).). The center of mass of these PSFs were calculated as a function of increasing PRNU to show <0.1 pixel centroiding would be achieved even after irradiation and without flat-fielding (Douglas et al., 2017).
4 PAYLOAD IMPLEMENTATION
This section describes the implementation of the DeMi payload, highlighting the additional drivers that influenced design decisions. A diagram of the DeMi payload and mission architecture is shown in Figure 1. Light enters through the primary aperture for external observations or through an single mode optical fiber, injected at the field mirror for internal calibration measurements. Light from either source reflects off of the MEMS DM and is then split between the image plane wavefront sensor, which records PSFs, and the Shack Hartmann wavefront sensor, which measures centroid displacements that can be reconstructed to provide a map of wavefront error. Table 1 summarizes the system optical prescription and related components, details of which are below and Table 2 summarizes key instrument parameters.
[image: Figure 1]FIGURE 1 | DeMi mission level block diagram. The optical path (Figure 2) is shown as thick blue arrows, all other paths are communications or power). Multiple electrical pathways, sensors, and payload computers to control the DM were implemented to maximize redundancy and improve the likelihood of mission success.
TABLE 1 | Table of Optical Components. D is the clear aperture of each optic and fl is the effective focal length. RMSE errors are specified in surface units. DM and Field mirror surface errors are measured, others are manufacturer spec at λ = 633 nm. NA specs are is not applicable to the part.
[image: Table 1]TABLE 2 | DeMi payload parameters.
[image: Table 2]4.1 Redundancy
In-order to ensure mission success, emphasis was placed on redundancy at every level of the payload design, from optical paths to electronic subsystems: DeMi has two radio transmitters, two computers, two cameras, and two light sources (stars and an internal laser). The system was also required to allow reprogramming of the payload software while on orbit to test new control algorithms and fix any bugs that were not discovered on the ground.
4.2 Deformable Mirror
In selecting a DM for the DeMi mission, a desire to maximize the number of actuators and improve the statistical power of the experiment was balanced against limitations in pupil size and controller electronics SWaP. A Boston Micromachines Multi-DM with 140 actuators and rated actuator stroke of 5.5 μm was selected for the mission. Actuator stroke is rated for 255 V and for four actuators together in piston. The mirror stroke, S was selected to provide sufficient tip-tilt wavefront control to correct for spacecraft pointing errors of <10″ after derating the stroke by the 40 degree-from-normal angle of incidence on the DM and the controller maximum voltage of 150 V (Morgan, 2019). Thus, the maximum tilt correction was calculated as (2[image: image]40 deg[image: image], where the factor of two is included because stroke is surface motion, not wavefront tilt. This predicted correction up to 11″, which provided little margin on 10″ pointing error. Thus, to further mitigate spacecraft pointing errors, offloading of pointing errors at 1 Hz or greater to the XACT was a requirement levied on the spacecraft by the payload (Figure 1). This is consistent with the slow, thermally driven behavior of large pointing excursions which as been observed on the XACT (Pong, 2018; Knapp et al., 2020).
4.3 Optical Train
The optical path is shown in Figure 2. A largely aluminum optical train was designed in order to minimize chromatic aberrations and coefficient of thermal expansion (CTE) mismatches. Reflective optics were all polished aluminum with SiO2 protective coatings, and directly bolted to the 7075-alloy aluminum structure. Custom diamond turned off-axis parabola (OAP) mirrors, with focal lengths and bolt patterns matching commercial off-the-shelf (COTS) parts, allowed for flexibility and the rapid construction of a fully functional optical test bed and optically functional 3D printed models as described in Gubner (2018). As an approximation for launch loads, the optical train was designed to survive 100 g static loading. The optomechanical and thermal design of the payload are detailed in Allan et al. (2018); do Vale Pereira, (2020). Figure 4 shows the engineering model, which was built to flight-specifications including surface finishes and optical components, and was fully integrated with a functional deformable mirror and other sensors. The engineering model was used for mechanical and fit-testing, software development, and as a source of flight-spare components. The flight unit, Figure 4, was slightly refined to raise the first structural mode, as detailed in do Vale Pereira, (2020).
[image: Figure 2]FIGURE 2 | Top and side ray traces of the DeMi optical layout. EA (entrance aperture) is defined at the baffle output. OAPs M1 and M2 relay an image of that pupil to the surface of the Multi DM, the output collimated beam from which is split by a beamsplitter (BS) between an imaging lens (IL) and second pair of OAPs which relay an image of the DM surface to the lenset array which acts as a SHWFS. See Table 1 for component level specs and Table 2 for system parameters.
[image: Figure 3]FIGURE 3 | Top left: reconstructed SHWFS measurement of single actuator poke on the ground prior to launch. Top right: reconstruction of the same actuator poked in space. Both tests were recorded using all flight hardware and the internal laser diode source. See Morgan et al. (2021) for details of the instrument calibration on the ground and in orbit. Bottom: the residual difference in reconstructed wavefront between the space and ground measurements.
[image: Figure 4]FIGURE 4 | Two fully function payload units were constructed to enable an iterative engineering approach. Top: A payload engineering model was built to flight specifications to demonstrate optical performance, test wavefront sensing and control software, and to provide spare parts for flight. Bottom: assembled flight model. (The yellow Hytrel fiber jacket protected the test fiber and was not flown).
4.3.1 Baffle
In order to maximize stray-light rejection in the available volume, a simple baffle (Arnoux, 1996) was designed with a 25° exclusion angle and a second vane added to provide a 45° secondary exclusion of bright off-axis sources.
4.3.2 Field Mirror
The field mirror is a critical piece of the DeMi optical design that allows for testing of DM operations on both stars and the internal laser diode without moving parts or complex dichroic beam paths. This design provides redundancy since laser failure does not prevent stellar observations, and failure of spacecraft ADCS does not prevent laser operation and mirror metrology. The field mirror is composed of two pieces of super-polished aluminum with an embedded single-mode optical fiber. Field mirror surface errors manifest as beamwalk on the DM and vignetting. The DeMi payload requires that no more than a 5% shift of the beam relative to the DM active area, or no more than one approximately half an actuator of beamwalk, should occur. This set a mirror surface finish requirement of ∼6 nm RMS on λ/D spatial scales (∼2 μm) at the field mirror. The delivered mirror’s overall surface is 10 nm root mean squared error (RMSE), which is dominated by infrequent aluminum grains which produce ∼200 nm peaks and pits. The field mirror was designed to place the fiber tip 0.2° from the optimal ray path through the payload, placing it within the field of view of the telescope, inside the diffraction limited field of view (which was required to be 0.2 deg half-width) and the dynamic range of the SHWFS calculated from the lenslet focal length and aperture (see Chanan (2000); Tyson and Frazier (2004)).
4.3.3 Imaging Lens
The only refractive free-space optical components are the lenslet array and the imaging lens (IL). A COTS achromatic lens was chosen to provide a wide field of view (∼1 deg) to better accommodate changes in co-alignment between the spacecraft ADCS and the payload. The imaging path provides redundant wavefront sensing and control, as the DeMi design includes both a Shack Hartmann wavefront sensor that records centroid measurements in a pupil plane and an image plane wavefront sensor that records PSFs (Allan, 2018).
4.4 Sensors and Readout Electronics
Pixel size was a key design driver to enable precision wavefront sensing in the CubeSat volume. A PixeLink CMOS PL-D775MU-BL MONO 1/2.5 in, with a monochromatic ON Semiconductor MT9P031 CMOS sensor, was selected for both the Shack Hartmann wavefront sensor and the image plane wavefront sensor. The MT9P031 has been radiation tested (Becker et al., 2008) and has extensive flight heritage as part of the Sinclair Interplanetary Star Tracker (Enright et al., 2011; Sinclair et al., 2015).
The MT9P031 has 2.2 micron pixels and this pixel size set the imaging lens (IL) focal length, since two pixels per λ/D resolution spot were desired to allow coarse image plane wavefront sensing (Codona, 2013; Allan, 2018). Each sensor is read out by a separate camera board connected to each of the two cross-strapped Raspberry Pi 3 modules that serve as payload computers. Each Raspberry Pi 3 contains two identical SD cards that can be used interchangeably in the event of radiation damage impacting memory or flight software.
The imaging system needed for PSF measurement provides a model of a typical in-space instrument whose operation would benefit from AO technology. Closed-loop wavefront control on a broadband stellar source fully demonstrates the feasibility of AO with MEMS DMs in space. The requirement also highlights potential usefulness of actively corrected telescopes like DeMi as tools for science, as accurate pointing correction on nanosatellites enables photometric observation of transiting exoplanets, as in (Knapp et al., 2020).
5 MISSION STATUS
5.1 Integration and Test
The optical system was aligned end-to-end using a Zygo Verifire interferometer. The optical payload was aligned in segments, and end-to-end system tests with the calibration laser inserted in the field mirror were conducted periodically throughout alignment to ensure the optical fiber laser signal was kept inside the imager FOV and within the SHWFS capture range. The end-to-end system was aligned to <0.25λ wavefront error with the DM in the unpowered position (all actuators commanded to 0 V). As described in do Vale Pereira, (2020), an engineering model of the payload was vibration tested. As seen in Figure 4, the aluminum optics were wrapped in polyimide tape to increase emissivity and thermal gap filler was added to minimize temperature gradients across the payload. he M1 mirror diameter reduced and the flight structure was also modified to increase stiffness, as described in do Vale Pereira, (2020). The aligned flight model of the payload was integrated into the spacecraft bus and was subjected to standard CubeSat thermal and mechanical cycling (described in do Vale Pereira, (2020)) prior to delivery to the launch services provider in December 2019.
5.2 Launch and Deployment
DeMi was launched to the ISS on February 15, 2020 aboard the Cygnus NG-13 flight of Northrop Grumman from NASA’s Wallops Flight Facility. DeMi was deployed on July 13, 2020 as shown in Figure 5. The overall flow of signals through DeMi is shown in Figure 1. The upper right box is the payload subsystem described here, which passes data to and receives data from the spacecraft bus (lower left), which provides communication to ground segment at MIT and NASA Wallops. Initial checkout data from August 4, 2020 shows the DM illuminated by the internal laser diode and measured with the Shack Hartmann wavefront sensor. A reconstruction of this wavefront measurement compared to similar data from ground testing is shown in Figure 3. From October 8, 2020 UHF ground station mechanical issues at NASA Wallops Flight Facility prevented science data downlinks; however, a low-data-rate ground station located at the MIT campus was been used to monitor spacecraft health and downlink a small set of payload data. Following to Wallops return to service on March 22, 2021, DeMi commissioning has resumed and will be the subject of future publications.
[image: Figure 5]FIGURE 5 | DeMi CubeSat being deployed from the International Space Station. Image “iss063e044976” from the ISS Cupola, courtesy NASA.
Planned deformable mirror commisioning tests include: application and testing of pre-recorded Zernikes, image-plane wavefront sensing, and repeating the actuator poke test illustrated in Figure 3 for all actuators to monitor stability and function over time. Figure 3 shows a single actuator set to 60 V referenced to flat map. 60 V approximately corresponds to one wave of wavefront error at the test laser wavelength. The left panel shows a ground measurement and the right panel shows the flight measurement. The difference between the space and ground measurements of the same actuator is shown in the center bottom panel and has an RMS of 21 nm. This reported error includes all lenslets across the SHWFS, some of which are poorly illuminated, and contribute to excess error. For details on the accuracy and precision with which all actuators are calibrated and measured see Morgan et al. (2021).
6 DISCUSSION
Since DeMi was designed there has been significant progress in MEMS-based wavefront control, which bodes well for future missions with higher actuator counts. Prada et al. (2019) demonstrated stable 5e-9 contrast in vacuum with a 32 × 32 MEMS mirror combined with a Vector Vortex Coronagraph (VVC) (Mawet et al., 2010). Bendek et al. (2020) has developed and tested a CubeSat-scale MEMS deformable mirror controller that controls 32 × 32 actuators and survived flight on the PICTURE-C ballon.
The DeMi mission is currently demonstrating a MEMS DM in space and assessing its response to the orbital environment. It will also demonstrate closed-loop wavefront control on a CubeSat. The results from this mission will be useful for future spacecraft designers working on a range of applications. Particularly, DeMi is designed to retire several risks in space high-contrast imaging, raising the TRL of MEMS deformable mirrors. The DeMi mission is also demonstrating a COTS-based DM controller architecture that is scalable to future applications requiring higher actuator count MEMS DMs (Haughwout, 2018).
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