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ABSTRACT

The Deformable Mirror Demonstration Mission (DeMi) CubeSat operated from July 2020 to March
2022 and demonstrated the successful operation of a Microelectromechanical Systems (MEMS) Deformable
Mirror (DM) on orbit for the first time. The payload design is an adaptive optics system with a 140-actuator
MEMS DM from the Boston Micromachines Corporation (BMC) and a Shack-Hartmann wavefront sensor
(SHWF'S). DMs can correct wavefront errors from a variety of sources to improve image quality. MEMS DMs
are particularly well suited for space systems because they are compact low power devices and have a high
density of actuators with a large stroke to provide high precision wavefront control. This paper discusses
on-orbit measurements characterizing the MEMS DM through analysis of deflections of individual actuators
on the DM over time as they responded to input voltages up to 150 V, as measured by the on-board SHWFS.
Repeatability is characterized by the differences between on-orbit actuator displacements commanded to the
same voltages, which are shown to have a median of 2-13 nm. On-orbit DM actuation is shown to be similar
to ground testing performance. The DeMi mission results have raised the Technology Readiness Level (TRL)

of MEMS DM technology from a 5 to a 9.

INTRODUCTION

The Deformable Mirror Demonstration Mission
(DeMi) satellite was a 6U CubeSat which success-
fully demonstrated the operation of a Microelec-
tromechanical Systems (MEMS) Deformable Mirror
(DM) on orbit for the first time. It was launched to
the International Space Station (ISS) in February of
2020, was deployed into Low Earth Orbit in July of
2020, and finally deorbited at the end of its natural
lifetime in March of 2022.

DMs function as part of adaptive optics sys-
tems by changing their shape to enhance the qual-
ity of images by correcting for wavefront errors due
to thermal, optical, and mechanical effects. The
applications of DM technology include astronomy,
laser communications, space-situational awareness,
re-configurable optics, and more.!™* One promis-
ing use of DMs and adaptive optics is for direct
imaging of exoplanets, which requires high precision
wavefront control in order to detect and character-
ize potentially habitable worlds in other solar sys-
tems.>”” MEMS DMs are well suited for space ap-
plications because they are compact devices which

consume a small amount of power while having a
high actuator density and large stroke to perform
high precision wave-front control.® *! While MEMS
DMs have been demonstrated on high altitude bal-
loons'? 13 and sounding rockets,'* 1% the DeMi mis-
sion represents the first known successful operation
of a MEMS DM in orbit, demonstrating their ability
to survive rocket launch and operate in the radiation
and thermal environment of space. The results of
this mission have raised the Technology Readiness
Level (TRL) of MEMS DM technology from a 5 to
a 9.16

The DeMi payload design is a miniature space
telescope equipped with adaptive optics technology
including a 140-actuator MEMS DM from Boston
Micromachines Corporation (BMC) and a Shack
Hartmann wavefront sensor (SHWFS). The mission
objectives included on-orbit characterization of the
MEMS DM, on-orbit demonstration of closed-loop
mirror control, and improvement of the point spread
function (PSF) of an astronomical source. Specifi-
cally, the DeMi mission aimed to measure individual
DM actuator wavefront displacement contributions
to 12 nm precision, and to use active wavefront con-
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trol to correct static and dynamic wavefront errors
to less than 100 nm RMS error in space.

Payload Hardware Overview

The DeMi optical payload is shown in Fig. 1, repro-
duced with permission.!” In addition to the MEMS
DM, the payload design contains a 635 nm calibra-
tion laser source for internal observations, an im-
age plane wavefront sensor to measure the system
PSF, and a SHWFS to measure wavefront shape.!'®
Further information on the DeMi mission develop-
ment and payload design can be found in previous
published works.'”2® The experiments discussed in
this paper characterize the DM by illuminating it
with the internal laser and measuring the shape of
the resulting wavefront with the SHWFS as the DM
actuates.
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Figure 1: Diagram of the DeMi optical pay-
load, reproduced with permission'”

MEMS DMs are made out of polysilicon film lay-
ers etched to form actuators which are addressed in-
dividually through wire channels on a ceramic car-
rier.2? To change the shape of the mirror, each ac-
tuator on the DM is sent an individual voltage com-
mand. The DM on board DeMi is a 140-actuator
MEMS DM from BMC, with an actuator pitch of
450 pm and maximum actuator stroke of 5.5 pm.

The SHWEFS is made up of an array of lenslets
which focus incident collimated light into an array
of spots on a CMOS detector in order to give infor-
mation about the shape of the incident wavefront.
When an actuator on the DM is deflected, the wave-
front incident on the SHWF'S will be distorted, caus-
ing the locations of the spots on the detector to be
shifted. Through zonal reconstruction, the centroid
displacements of the spots are used to reconstruct
the wavefront shape, as discussed in subsection “Ac-
tuator Poke Test Overview.”

During ground testing, both an interferometer
and the SHWFS were used to measure the deflection
of individual actuators on the DM. It was shown that

the SHEWS is capable of measuring actuator deflec-
tion to within 10 nm of the interferometric measure-
ments. 17 30:31

Operations and Payload Data

The DeMi payload was designed, constructed, and
tested at the Massachusetts Institute of Technology
(MIT) and then integrated into a 6U spacecraft bus
built by Blue Canyon Technologies (BCT). DeMi op-
erated in space from July 2020 when it was deployed
from the ISS until it deorbited in March 2022. Early
operations consisted largely of establishing commu-
nications with two ground stations, confirming all
parts of the spacecraft survived launch intact, and
debugging operational procedures.'® 17

There were two types of payload experiments
conducted onboard the DeMi satellite. The first
were actuator poke tests, which are the focus of this
paper, and the second were wavefront control exper-
iments, which use the DM to correct misalignments
in the optical payload from thermal and mechanical
effects in space. Successful wavefront control exper-
iments are discussed in previous works'® and addi-
tional results will be reported in future publications.

Actuator Poke Test Overview

Actuator poke tests performed throughout the DeMi
mission enabled characterization of the performance
of the MEMS DM in space. In an actuator poke test,
the internal laser illuminates the DM and reflects
the light to the SHWFS. Each actuator is deflected
(or “poked”) one-by-one with a command at a cer-
tain voltage. For each individually poked actuator,
the resulting centroid displacements of the SHWF'S
spot field are measured and saved to be downlinked
where they are used to calculate the deflection of
the actuator. Zonal reconstruction is used to cal-
culate the wavefront shape from the centroid dis-
placements with the Southwell geometry using the
Moore-Penrose pseudoinverse approach.??:33 To do
this, the wavefront vector is solved for in the follow-
ing equation:

As = Dw (1)

Here, the A matrix represents the averaging of
the slope measurements sampled by the SHWFS,; s is
a vector of the centroid displacement measurements,
and D is a matrix which represents the derivative
of w, the wavefront vector. The pseudoinverse of
D (represented as D7) is calculated to solve for the
wavefront vector, w:

w = DT AsT (2)
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The deflection height of the actuator is equal
to half the amplitude of the wavefront reconstruc-
tion due to the reflection of the wavefront off of the
DM. To measure the actuator deflection height, a
2D Gaussian is fit to the wavefront reconstruction
and the amplitude of this Gaussian is divided by
two. The uncertainty associated with this deflection
measurement is given by the standard deviation of
the residual of the Gaussian fit (wavefront recon-
struction minus Gaussian function), divided by two
in order to be in units of DM surface shape.

These poke test measurements provide informa-
tion on how each actuator responded to voltage com-
mands throughout the mission as the satellite expe-
rienced the space environment. Preliminary on-orbit
actuator poke test data has been reported in previ-
ous publications. %17

This paper provides an in-depth analysis of the
complete set of DeMi actuator poke test data data
from on-orbit operations, including discussion of
actuator measurement repeatability, comparison to
ground testing data, and the impact of the on-orbit
thermal environment on DM performance.

ON-ORBIT ACTUATION POKE RESULTS

During on-orbit actuator poke tests, each actua-
tor was deflected one-by-one to a specified voltage,
and SHWEFS spot field centroid displacements were
recorded. While there are 140 actuators on the DM,
only some of them were fully illuminated by the in-
ternal laser and could be included in analysis. The
laser is dimmer towards the edges of its beam pat-
tern so deflection data from actuators near the edge
had higher measurement uncertainty. Some data
points were not included in analysis if not enough
of the deflected area on the DM during an actuator
poke was illuminated by the laser to obtain a reliable
Gaussian fit.

Due to the imperfect nature of space communica-
tions, not every payload experiment data file reached
the ground fully intact. Many files were missing
chunks, so a combination of an automated pipeline
and visual assessment was used to identify when
data was too incomplete to be reconstructed. For ev-
ery on-orbit poke test, only measurements from ac-
tuators fully illuminated by the laser and with intact
spot field centroid displacement measurements are
included in analysis. Some files were more complete
than others, resulting in an average of 16 actuator
deflection measurements per poke test which could
be analyzed. The number of actuators analyzed per
experiment does not reflect on the quality of actu-
ator performance; Actuator measurements were not

excluded from analysis due to performance, only due
to incomplete data transmission or poor laser illumi-
nation.

Actuator poke tests were conducted for a range
of input voltages up to 150 V. Table 1 below sum-
marizes all 16 poke tests downlinked over the course
of the DeMi mission. Listed for each experiment
are the input voltages, experiment dates, median
actuator deflection height, the standard deviation
of deflections (to describe the spread of deflection
amounts across different actuators), and the number
of actuator measurements which could be included
in analysis.

The on-orbit actuator deflection measurements
are in strong agreement with the data provided by
the DM manufacturer, as shown in Fig. 2. In this
figure, each point represents the median measured
deflection for a poke test from Table 1, error bars
for each test represent the standard deviation of ac-
tuator measurements, and the solid line shows a
quadratic fit to the measurement data. The data
from the DM manufacturer was collected using a
DM driver which was too large for a 6U CubeSat,
so a miniature version was developed and used for
DeMi operations, and it was shown to have a similar
performance.!7>34

In order to compare deflection data from the DM
manufacturer to data collected during DeMi testing
and space operations, an optical diffraction model
was used to predict a measurement calibration fac-
tor of 0.9 which accounts for the angle of the DM in
the payload design.!”3° The results in Fig. 2 also
confirm that the new DeMi driver design performs
similarly to the BMC driver, and that it continued
to perform well in the space environment.

On-orbit data also agrees well with expectations
from ground testing which is discussed in section
“Comparison to Ground Testing” and is illustrated
in Fig. 5. The results in Fig. 2 and Table 1 also show
strong precision across multiple trials for each poke
test voltage — even for trials separated by several
months of satellite operations. The DM was able
to perform consistently and accurately throughout
its lifetime with no evidence of measured actuators
becoming stuck or unresponsive.

Individual Actuator Performance

Figure 2 and Table 1 show that the median deflec-
tion for actuators during poke tests are similar across
trials of the same voltage. To further investigate
the performance of individual actuators and quantify
measurement repeatability, Fig. 3 shows the mea-
sured deflection for individual actuators across mul-
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Table 1:

Summary of on-orbit actuator deflection poke tests

Median Measured

Deflection Standard

Number of Actuators

Input Voltage [V]  Test Date Deflection [nm] Deviation [nm] Included in Analysis
30 6/10/2021 32 3 10
40 8/10/2021 54 5 17
6/2/2021 113 14 6
60 6/3/2021 117 7 22
6/5/2021 114 10 26
2/9/2022 119 8 17
%0 8/9/2021 224 10 7
8/16/2021 218 10 20
100 8/1/2021 352 22 16
10/5/2021 359 24 21
120 7/30/2021 537 27 11
140 7/27/2021 770 48 12
10/3/2021 768 25 16
6/24/2021 917 36 12
150 6/24/2021 914 39 21
6/28/2021 925 34 20
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Figure 2: This figure depicts the measured actuator deflection on-orbit across a range of input
voltages. Here, each point represents an on-board experiment described by a row in Table 1.
This data shows good agreement between on-orbit actuator deflection measurements and data
provided from BMC (the DM manufacturer). The manufacturer data plotted is multiplied by
a calibration factor determined through optical modeling to account for the angle of the DM
in the DeMi optical payload.'?>3°
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tiple trials. Included in each of these plots are de-
flection values for any individual actuator pokes that
were included in the analysis of more than one trial
with the same voltage. The measurement uncertain-
ties shown by the error bars in Fig. 3 are determined
by the standard deviation of the residuals of the 2D
Gaussian fits used to obtain the amplitude of the
deflection from the wavefront reconstructions. The
horizontal lines plotted show the median deflection
for all actuators in a given trial (even those actuators
which did not have repeated measurement).

The repeatability of deflection measurements for
individual actuators is quantified in Table 2, which
lists the median and maximum difference between
measurements of the same actuators for each volt-
age. This table can only include voltage trials for
which at least two experiments were conducted. The
column “Median Deflection for Each Experiment”
shows the median deflection across all actuators for
each experiment at that voltage. It is important to
note that due to incomplete data downlinks, the set
of actuators analyzed is not the same across exper-
iments, so the spread of these values is caused both
by variance across actuators as well as the repeata-
bility for individual actuators over time. The col-
umn “Median Difference in Deflection for Repeated
Actuators” describes the median of the difference
(maximum - minimum) in deflection for individual
actuators which were included in the analysis of at
least two of the experiments for a specified voltage.
Since this value only compares deflection measure-
ments of the repeated actuators, this column in Ta-
ble 2 describes the repeatability of individual actu-
ator performance.

As shown in Table 2, measurements of individ-
ual actuator deflections had a median difference of
between 2-13 nm across different trials with the
same voltage commands, demonstrating consistent
repeatability over time. The standard deviation of
deflection measurements across different actuators in
a given poke test was between 3-48 nm (as seen in
Table 1). The variation among measurements of the
same actuators is smaller than the variation among
the deflection of different actuators responding to
the identical voltage commands across periods of
time ranging from less than one day to nearly a year
in space. This is illustrated in Fig. 3 by how data
points for each actuator closely overlap even though
there is variation in deflection across different actu-
ators. This highlights the importance of calibrating
the voltage response of each actuator individually,
which will yield a greater precision than using an
average response of all actuators.

COMPARISON TO GROUND TESTING

On the ground, actuator poke tests were conducted
throughout the testing of the DeMi spacecraft. Mea-
surements were taken in a thermal vacuum chamber
at a temperature of approximately 6°C, and during
several more tests between 24-29°C. Ground test-
ing is discussed at length in previous work.!”24 26,27
While the temperatures of the spacecraft payload
were not recorded during on-orbit experiments, all
experiments in space were completed during periods
where the DeMi spacecraft was in eclipse. A his-
togram of recorded temperatures of the payload op-
tics bench during eclipse periods is shown in Fig. 4.
These eclipse temperatures have a mean value of
18°C and a standard deviation of 3°C.
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Figure 4: Measurements of on-board payload
temperature from the DeMi satellite was in
eclipse. The mean temperature from eclipse
data is 18°C with a standard deviation of 3°C,
which is used to estimate the temperature of
on-board experiments.

The measured deflection with respect to input
voltage for ground tests, manufacturer data, and
space operations is plotted in Fig. 5. In this fig-
ure, error bars represent the the standard deviation
of individual actuator deflection measurements and
the trend lines display quadratic fits to the measure-
ment data.

The deflection data for ground, space, and manu-
facturer tests all follow similar quadratic curves over
the voltages tested. However, the deflection amount
appears to vary across tests conducted at differ-
ent temperatures, with smaller deflection amounts
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Figure 3: These plots illustrate the repeatability of on-orbit actuator deflection by comparing
the measured deflection of individual actuators across experiments with the same input volt-
age. These measurements had a median difference of 2-13 nm, as described in Table 2. Note
that the y-axis scales vary between these plots.
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Table 2: Repeatability of on-orbit measurements of individual actuator deflection

. . Median Difference in ~ Maximum Difference in  Number of
In%ut ENumber of Median Deﬁectwns for Deflection for Repeated  Deflection for Repeated Actuators
Voltage [V] xperiments  Each Experiment [nm] Actuators [nm] Actuators [um]  Compared
60 4 [113, 117, 114, 119] 5 21 26
80 2 [224, 218] 2 7 7
100 2 [352, 359] 6 22 14
140 2 [770, 768] 13 28 8
150 3 (917, 914, 925] 10 100 20
Actuator Deflection Data
12 ¢  Post thermal [29C]
Lk Post vibe [28C]
1.0 Pre thermal [28C]
Y Pre TVAC [24C]
t  Space data [15-21C]
= 0.8 TVAC [6C]
5 |-
806
131
o
%
Q04
0.2
0.0

0 20 40 60 80 100 120 140 160
Input Voltage [V]

Figure 5: This figure shows the measured actuator deflection for ground tests, BMC manu-
facturer data (with a calibration factor), and on-orbit experiments. Solid lines are quadratic
fits to data, and the temperature is listed in the legend for each set of trials. On-orbit data

agrees well with ground testing and manufacturer data, with colder trials having slightly less
deflection than warmer trials.
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measured in colder temperatures. Through thermal
modeling, the DeMi team has shown that thermal
expansion and contraction in the SHWFS are insuf-
ficient to explain this trend, and testing from the
manufacturer shows that the DM driver electronics
should not have a strong thermal dependence. On
average, actuators deflected 22% less at 6°C than
at 28-29°C in the warmest trials. This difference in
deflection reached 225 nm for inputs of 150 V.

The variation in deflection across different tem-
peratures is further illustrated in Fig. 6, where actu-
ator deflection amounts during poke tests are plot-
ted against temperature for two example voltages:
30 V and 120 V. In this figure, the warmer ground
experiments (24-29°C) are shown to have a higher
median actuator deflection than the space data
(18°C), which has a higher deflection than the cold-
est ground experiment (6°C). Within the warmest
ground experiments between 24-29°C, the trend with
temperature is not as clear, with the deflection de-
creasing a small amount for the very warmest 29°C
experiment. Due to uncertainty in payload temper-
ature recordings during these ground tests, it is un-
clear whether this decrease is a physical effect or
due to temperature measurement error. Future ex-
periments conducted at more temperatures and with
greater precision in temperature measurement would
help to quantify the relationship between tempera-
ture and actuator deflection amount.
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Figure 6: For ground and on-orbit experi-
ments at 30 and 120 V, median deflection is
shown to increase with temperature.

Previous cryogenic experiments in the literature
using MEMS DMs from BMC have also documented
decreases in actuator deflection at lower tempera-
tures, likely due to thermal properties of the DM
surface materials.?®> These cryogenic experiments
also demonstrated that this temperature effect is
more pronounced for higher spatial frequencies on
the DM?® — similar to the single actuator deflections
in the DeMi actuator poke tests which are of high
spatial frequency. The results of these cryogenic ex-
periments align qualitatively with the temperature
trend in actuator deflections present in Fig. 5. Fu-
ture thermal modeling and experiments with BMC
MEMS DM would further improve our quantitative
understanding of the thermal effects these DMs ex-
perience in on-orbit thermal environments.

CONCLUSION

From July 2020 to March 2022, the DeMi CubeSat
demonstrated the successful operation of a MEMS
DM in space, raising the TRL of MEMS DMs to a
9.16 Through experiments measuring the deflection
of individual actuators on the DM using a SHWEF'S,
the DM has demonstrated similar performance in
space as on the ground. The optical payload sur-
vived launch intact and there was no evidence of
actuators becoming stuck, unresponsive, or erratic
during space operations. The repeatability in mea-
sured deflection for individual actuators on-orbit was
shown to be 2-13 nm.

The DM deflected less at lower temperatures
when evaluating tests conducted both in space and
on the ground. The actuators deflected 22% less at
6°C in thermal vacuum chamber testing than in the
warmest ground tests at 28-29°C. The on-orbit pay-
load experiments are estimated to have been mostly
between 15°and 21°C (as seen in Fig. 4), and the
measured deflections in space are in between those
of the colder and warmer ground trials, as shown in
Fig 5. This dependence on temperature is likely due
to thermal properties of the DM materials, and fu-
ture modeling and testing may help to further char-
acterize this relationship.

The success of the DeMi mission is a promising
step towards the use of more DMs and adaptive op-
tics systems in space for astronomy and other ap-
plications.'® The use of DMs in space-based tele-
scopes would help to correct wavefront error due to
thermal and mechanical effects in space, and enable
high precision wavefront control for high contrast
imaging applications such as exoplanet direct imag-
ing with coronagraphs to search for potentially hab-
itable worlds around nearby stars.® 7
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