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A B S T R A C T   

The Next Generation Microshutter Array (NGMSA) is an all-electrostatic actuated, programmable light trans-
mission device used for multi-object spectroscopy. The latest NGMSA is designed to operate by applying a voltage 
difference between the shutter blade electrode and a single back wall electrode. We investigate the effects of 
different wall electrode configurations and present a bi-electrode design that allows reliable shutter actuation at 
a voltage difference of 70V.   

1. Introduction 

A microshutter array (MSA) is a programmable 2D field mask device 
that consists of a two-dimensional array of selectively controllable 
shutters that enables multi-object spectroscopy in the target field of view 
of a telescope. The shutters block out the light of overlapping spectrums 
from multiples sources that would be visible when observed by a tele-
scope with a large field of view. Space-based spectroscopy is time 
consuming and expensive. Multi-object spectroscopy is a game changing 
technology that multiplies the science return for a given telescope 
observation time period. While it is easy to make custom masks for each 
science objective, a remotely reconfigurable mask is necessary in space. 

The first generation MSA design was chosen for the Near Infrared 
Spectrograph (NIRSpec) instrument installed on the James Webb Space 
Telescope (JWST) to simultaneously acquire optical spectrum from 
hundreds of celestial targets [1]. Various microshutter technologies 
have been developed since the 1990′s. Examples include roll-blind type 
shutters [2], comb drive shutters [3], and parallel motion shutters [4,5]. 
Roll-blind type shutters use layers of material with varying thermal 
expansion coefficients. Heating the blinds will cause them to roll up and 
open. Closing is typically done electrostatically. Response time of these 
shutters tends to be slower, and relatively large voltages are required for 
closing. Electrostatically modulated comb drives and parallel motion 

shutters are also shutter designs that have been used in optical imaging 
applications. These devices can achieve high switching speed at lower 
voltages (around 70V) but suffer from low fill factors. In contrast, 
magnetically and electrostatically actuated rotational shutters [6–10], 
including MSAs, are most spatially compact, have the highest fill factor 
out of all microshutter designs, and can be designed to have a short 
response time. 

The first generation MSA installed on NIRSpec utilizes a magnetic 
actuation and electrostatic latching operation scheme [11–13]. The 
bulky magnet assembly adds complexity to the system. The Next Gen-
eration Microshutter Array (NGMSA) is an effort to develop MSAs with 
all-electrostatic operation to remove the magnet mechanisms 
completely. The feasibility of NGMSA has been successfully demon-
strated for space flight on the Far-ultraviolet Off Rowland-Circle for 
Imaging and Spectroscopy (FORTIS) sounding rocket mission in 2019 
[9]. 

The current NGMSA unit shutter design used in the FORTIS mission 
is shown in Fig. 1(b). A rectangular shutter blade is mounted on a silicon 
(Si) frame by the two ends of a torsion bar. One electrode is located on 
top of the shutter blades. A vertical wall electrode is located on the back 
wall of a Si frame, separated by an electrically insulated layer. Devices 
with this design utilized a dynamic actuation scheme. A short, high 
voltage pulse is applied to the shutter electrode to set the blade in 
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motion, rotating it far enough for the back electrode to capture it at a 
lower latching voltage [9]. Shutters with this design cannot be actuated 
in a quasi-static manner (without utilizing momentum), as attractive 
forces of the front wall prevent them from actuating past certain angles. 
[14]. 

In a recent study [15], the electrostatic force acting on the shutter 
blade is analyzed with a newly developed high-fidelity electrostatic 
finite element model. Fig. 1(c) and 1(d) show typical torque and radial 
force response to shutter blade angle position, θ, of the current NGMSA 
design when various blade electrode voltages are applied. There are two 

notable features on the electrostatic response. First, when θ = 15◦ to θ =

25◦ , the torque is greatly reduced due to weak contribution of the 
electrostatic force normal to the shutter blade. Secondly, strong radial 
forces at small angles pull the blade towards the front wall, causing the 
torsion bar to stiffen and making actuation more difficult. The unde-
sirable force will also increase the risk of shutters getting locked to the Si 
frame by asymmetric motion due to small geometry variations in the 
fabrication. To improve the electrostatic response of the legacy JWST 
MSA design, a modified keystone blade geometry with shorter blade 
length in the y-direction was proposed. The increased dynamic clearance 

Fig. 1. Current NGMSA shutter design and its static electrostatic force profile. (a) Closeup of a fabricated NGMSA containing multiple microshutter units. Inset shows 
the SEM of a single shutter unit viewed from the top and bottom. (b) The schematic of a NGMSA unit shutter design with a back wall electrode. The positive torque 
and radial force direction with respect to the coordinate system are defined as shown. (c) and (d) show the torque profile and radial force of a shutter blade 
respectively under various positive blade electrode biases, Vblade, from 60V to 100V. Here, Vwall = VSi = 0. 

Fig. 2. Electrostatic model of the microshutter. (a) All half-shutter domains, the surrounding airfield domain, and an infinite air domain. (b) Zoomed-in view of the 
half-unit shutter with electrode on the back wall. (c) Zoomed-in view of the half-unit shutter with electrode on the front wall. (d) Zoomed-in view of the half-unit 
shutter with electrode on both the front and the back wall. The shutter blade is modeled as Al electrode at Vblade, the Si frame is grounded (0V), and the front and back 
wall electrodes are modeled as Al at Vwall = − 30V unless otherwise specified in the main text. 
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afforded by the new keystone blade geometry is expected to yield higher 
reliability in operation with a negligible decrease in fill factor. Devices 
utilizing the new findings of this study are currently being processed and 
are expected to be ready for testing in the near future. 

In this paper, we investigate the effects of different wall electrode 
configurations. Electrostatic interaction between the shutter blade and 
the other electrode components are evaluated separately to understand 
their contribution to the actuation torque. The effects of Si frame and 
electrode are isolated to provide detailed understanding of the contri-
bution of electrostatic forces from each shutter component. We find that 
the electrostatic actuation force can be understood in four stages: (1) the 

initial opening stage when θ is around 5◦ , most of the actuation force 
comes from the front wall of the Si frame which is closest to the blade 
edge; (2) the small-angle stage when θ is around 20◦ , the force can be 
modified with the existence of a front wall electrode; the front wall 
electrode provides strong downward electrostatic attraction on the 
shutter blade; (3) the mid-angle stage when θ is around 40◦ , the front 
wall electrode counteracts on the shutter opening, while the back wall 
electrode provides the main source of positive torque; (4) when θ > 60◦ , 
the shutter blade and back wall electrode distance closes and the elec-
trostatic force increases rapidly, the blade quickly approaches the back 

Fig. 3. Electric field surrounding the shutter blade in the yz-plane when the wall electrode is located on the back wall. The blade angle is at (a) 5◦ , (b) 20◦ , and (c) 
60◦ , respectively. The applied voltages are Vblade = 60V, Vwall = − 30V, and VSi = 0. 

Fig. 4. Single wall electrode simulation results. (a) and (b) Electrostatic torque and radial force on the shutter as a function of Vblade and blade angle when the wall 
electrode is located on the back wall. (c) and (d) Electrostatic torque and radial force on the shutter as a function of Vblade and blade angle when the wall electrode is 
located on the front wall. 
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wall, and latching is guaranteed. Note that the torque profile between 0◦

and 60◦ (stages (1) to (3)) is the focus of the design optimization. The 
electrostatic response of the final design is presented in the full range 
(from 0◦ to 85◦ ) at the end of this paper (Fig. 7(c) and 7(d)). 

2. Method 

A finite element model is used to simulate shutter devices with 
geometric designs of NGMSAs currently undergoing fabrication. As 
shown in Fig. 1(a), a single NGMSA shutter unit is a part of an array with 

100μm × 200μm pitch. The unit shutter consists of an 84μm × 188μm 
shutter blade connected to a 2μm × 192μm torsion bar, a blade electrode 
covering the shutter blade surface, a Si frame support, and a back wall 
electrode, as shown in Fig. 1(b). The back wall electrode is 70 μm high, 
as shown in Fig. 2(b). The torsion bar acts as rotational hinge for the 
shutter blade, from 0◦ (fully closed) to 90◦ (fully opened). As shown in 
Fig. 2(a), the modeled shutter unit is assumed to be situated in an 
infinite array of shutters by applying period condition to the modeled 
half-shutter along the y-direction. Neighboring shutters in the ±x-di-
rections are assumed inactive (closed), while shutters in the 

Fig. 5. Comparison of the isolated contributions from the electrode, front Si frame, and back Si frame of shutter systems. (a) Isolated regions for analysis with the 
wall electrode located on the back wall and (b) the resulting torque contribution from each region. (c) Isolated regions for analysis with the wall electrode located on 
the front wall and (d) the resulting torque contribution from each region. Region 1 (yellow) highlights blade angles when most of the electrostatic torque came from 
the front Si frame. Region 2 and 3 (blue) highlights blade angles when the electrode provides most torque. The red region highlights the counter torque caused by the 
front wall electrode at large angles that is not present with the back wall electrode design. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Fig. 6. Effect of electrode length on the bi-electrode design. (a) Torque on the blade as a function of Vblade and blade angle when the front and back electrodes are 
both 70μm long. (b) Torque on the blade as a function of Vblade and blade angle when the front and back electrodes are reduced to 60μm. 
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±y-directions are actuated along with the unit shutter. Taking advan-
tage of symmetry to simplify computation, only a half-unit shutter is 
modeled, and mirrored condition is applied to the yz-plane at x = 0. The 
shutter domain is surrounded by an air domain with the outer rim 
assumed to be infinitely far away and unaffected by the shutter electric 
field. Electrostatic effects on the thin torsion bar are assumed negligible 
and omitted from this model. Note that only pure rotation of the blade is 
considered in the model. As the deformation caused by the radial force is 
neglected, the resulting electrostatic torque and radial force are slightly 
underestimated especially at small angles. Details of the model have 
been described previously [15]. 

The electrode domain is either situated on the back wall (Fig. 2(b)), 
where it is placed in all implementations of our microshutters, the front 
wall (Fig. 2(c)), or both front and back walls (Fig. 2(d)). Triangular 
metal domains on the side walls are modelled to account for the sput-
tered metal during the angle deposition process used to fabricate the 
back wall electrode in all our microshutters. During simulation, a posi-
tive potential, Vblade, is assigned to the top surface of the blade. A 
negative potential, Vwall, is assigned to the wall electrode domain. The Si 
frame remains grounded at VSi = 0. The effect of the electric field is 
statically calculated based on the rotational angle of the blade from 0◦ to 
60◦ . Because of the large displacement and complexity of the electric 
field between non-parallel plates (Fig. 3), integration of the electrostatic 
forces along the field lines cannot be computed by analytical methods. 
Instead, finite element analysis is necessary to determine the non-linear 
electric field in the system. 

The finite element simulation is conducted using the AC/DC module 
provided by COMSOL Multiphysics. Given the applied potential the 
electrostatic bundle solves the Gauss’s law, 

∇⋅D = ρv, (1)  

where D is the electric displacement and ρv is the charge density; and the 

Faraday Law, 

E = − ∇V, (2)  

where E is the electric field and V is the applied potential. The force 
acting on the blade, F, is calculated by Maxwell’s stress tensor. Elec-
trostatic forces acting on the surface of the blade domain are integrated, 

F =

∫

∂Ω
nTdS, (3)  

where n is the outward normal vector from the surface and T is the stress 
tensor. Radial force on the blade is defined as the parallel component of 
F to the blade surface pulling the blade in the y-direction. With the 
torsion bar acting as a hinge and rotation axis, we define the actuation 
torque, τactation, as the resultant torque from the total perpendicular force 
acting on the shutter blade: 

τactuation =

∫

∂Ω
(r − ro) × (nT)dS, (4) 

where r is the distance to the rotation axis. 
The rotational stiffness, K, of the torsion bar was previously calcu-

lated by mechanical simulation based on measured silicon nitride 
properties [15]. In a torsion bar stiffness study that accounts for the 
plasticity of the aluminum conducting layer on top of the silicon nitride 
torsion bar, we find the difference in rotational stiffness with and 
without the additional aluminum layer is small. Therefore, the 
aluminum effect is omitted in this study. Then the restoration torque, τ1, 
with respect to blade angle, θ, is approximated by the linear model, 

τ1(θ) = Kθ. (5) 

For given Vblade, Vwall, and VSi, the actuation torque, τ2, must over-
come the τ1, that is, 

τ2 (θ) − Kθ > 0, (6) 

Fig. 7. Analysis of finding the optimal front wall electrode length while the back wall electrode is maintained at 70 μm. (a) Torque on the shutter blade with respect 
to front wall electrode length and blade angle when Vblade = 30V. (b) Torque on the shutter blade with respect to front wall electrode length and blade angle when 
Vblade = 40V. (c) Torque on the blade as a function of Vblade and blade angle and (d) radial force when the bi-electrode is designed optimally, with a 50μm front wall 
electrode and a 70μm back wall electrode. 
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for the blade to open completely. 
In the first part of the study, the effect of moving the location of the 

70μm electrode from the current design on the back wall to the front wall 
is examined. Next, the Si frame and electrode parts of the shutter are 
considered separately in the simulation to determine the contribution 
each region has on the shutter blade. Finally, the optimal height of the 
electrode is determined for a bi-electrode design. In all cases, the Si 
frame is grounded at 0V, the wall electrode is held at − 30V, and the 
voltage of the blade electrode is varied from 30V to 100V unless 
otherwise specified. 

3. Results 

3.1. Single wall electrode 

The electrostatic response of the system is examined when the 
electrode is located either on the back wall or the front wall. Fig. 4(a) 
and 4(b) shows that, although higher voltages increase the overall tor-
que exerted on the blade, the torque rapidly drops near 20◦ and con-
fines blade movement below this angle if the vertical electrode is located 
on the back wall. With every 10V increase, the maximum radial force 
also increases by about 30%. 

Moving the electrode to the front wall effectively shields the Si frame 
from acting on the electrode. Maximum radial force decreases by 60% 
just from relocation of the electrode, as shown in Fig. 4(d). The increased 
potential difference coming from the front wall allows the shutter to 
overcome the restoration torque beyond 25◦ , creating a bump in the 
torque profile in Fig. 4(c). However, electrostatic torque will drop below 
the restoration torque line beyond 30◦ and the shutter is once again 
confined. 

To further understand how the electrode affects the radial force and 
electrostatic torque change throughout the actuation process, we isolate 
and analyze separate contributions from different electrode locations: 
the front Si frame, and the back Si frame, as shown in Fig. 5(a) and 5(c). 
Isolation is achieved by setting the region of interest to the voltage as in 
the full simulation while all other regions are set to floating electric 
conditions. A comparison of the results when Vblade = 60V for back 
wall electrode and front wall electrode designs are shown in Fig. 5(b) 
and 5(d). When actuation is initiated (blue region), the front Si frame 
contributes mostly to the actuation torque regardless of whether the 
electrode is located on the front or back wall. Around 10◦ to 20◦ (mid- 
range), contribution from the back wall components (either electrode or 
Si frame) is very small. The front Si frame generates torque counter to 
the opening direction, and the existence of a front wall electrode pro-
vides extra torque to compensate this effect. The back wall electrode 
only has a significant effect on the blade at large angles (greater than 
30◦ ). At this point, the blade has completely moved past the front wall. 
Electrostatic force from the front wall electrode becomes additional 
counter-torque on the blade. The most effective region for each elec-
trode is highlighted yellow in Fig. 5(b) and 5(d). 

Note that, since the goal is to understand the effect of the individual 
regions, contributions shown here are analyzed without accounting for 
the cross-interaction between the regions. In addition, contributions by 
the neighboring shutters and side wall regions are comparatively small, 
and no additional step was taken to decouple these regions for analysis. 
Therefore, the separate contributions (red, blue, and green lines) do not 
add up exactly to the total torque (black line). 

3.2. Bi-electrode design 

From the separate analysis, it is clear that there are advantages of 
having an electrode on the front wall as it eliminates the torque dip near 
θ = 20◦ even when Vblade is as small as 30V. However, the merits for 
increased torque for smaller angles is diminished due to the increased 
counter-torque at large angles. Instead of removing the back wall elec-

trode, using electrodes on both walls can overcome the shortcomings of 
either single electrode designs. With 70 μm electrodes on both walls, 
the back wall electrode will provide enough torque when the front wall 
electrode starts to counteract shutter rotation even when operated at 
Vblade = 50V (Fig. 6(a)). When Vblade = 40V, there is sufficient torque at 
small angles, but torque drops below restoration torque at mid-angles. 
To increase torque at this range, we may either decrease the front wall 
electrode length to reduce counter-torque, and/or increase back wall 
electrode length to increase forward torque. Fig. 6(b) shows that by 
decreasing electrode length on both walls to 60 μm, torque at mid 
angles increases marginally, although still insufficient for the shutters to 
operate at wall voltages lower than 50V. 

A better configuration is to maintain the back wall electrode length 
as much as the fabrication method allows to maximize its torque 
contribution. From the isolated analysis discussed in the previous sec-
tion, there is an optimal front wall electrode length such that counter- 
torque is minimized while still providing enough torque near 20◦ to 
overcome restoration torque. A length variation was done for the front 
wall electrode, with the back wall electrode maintained at 70μm. 

First, the voltage is set to Vblade = 30V. As shown in Fig. 7(a), when 
the shutter is operated at Vblade = 30V, fine-tuning electrode length 
alone is not sufficient to obtain a torque profile that can overcome the 
restoration torque. Torque contributions from front wall electrodes that 
are shorter than 50μm are insufficient near 20◦ . Electrodes longer than 
50μm generate too much counter-torque at large angles. Further 
reduction to actuation voltage will have to rely on design changes to 
other parts of the shutter. Instead, we fall back to modelling the shutter 
with Vblade = 40V. In this case, the shutter can be opened when the front 
wall electrode is between 40 μm to 60 μm long, as shown in Fig. 7(b). 
Taking the medium of the allowable length, the optimal bi-electrode 
design consists of a 50μm front wall electrode and a 70μm back wall 
electrode. Fig. 7(c) and 7(d) shows the electrostatic torque and radial 
force generated by this design under varying Vblade. The minimum Vblade 

that allows sufficient torque for actuation for this design is 40 V, 
bringing the totally voltage difference between the shutter blade and 
wall electrode (Vwall = − 30V) to 70 V. Note that by lowering Vblade , the 
radial force can be significantly reduced, thus reducing the necessary 
clearance to avoid blade locking on the front wall. 

4. Discussion 

The bi-electrode design generates a strong downward electric field at 
the front edge of the blade when it is around the 15–20◦ angular range in 
which a torque dip is present when only the back wall electrode is used. 
Removing the torque dip makes it possible to actuate the shutters at 
lower blade-to-wall electrode voltage differences (around 70V) 
compared to shutter systems with only back wall electrodes (100V). 
Therefore, the requirements for the insulating layer between the elec-
trode and frame can be lowered. This may simplify the fabrication 
processes in the future. 

The counter torque of the front electrode at larger angles compen-
sates some of the back wall torque increase after the blade overcomes 
the dip. This allows the electrostatic torque and restoration torque to be 
similar in magnitude when the blade is at angles less than 65◦ . A reduced 
Vblade requirement leads to significant reduction in blade acceleration. 
Although an acceleration of the shutter blade near 90◦ is inevitable, 
introducing a front wall electrode greatly reduces the blade-to-wall 
impact at latching and subsequently reduce the stress on shutter 
blade, torsion bar, and wall electrode metal and insulation. The shutter 
will open with a steadier velocity and shutter actuation will be more 
reliable and controllable. 

The new configuration also lowers the radial force on the blade, 
which means the clearance gap between the shutter blade and Si frame 
can be reduced. This can be advantageous should a larger fill factor is 
required by a future mission. 
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Below we discuss the performance of the new design under the 
practical case when alignment variations are present. We also look at the 
effects of several possible enhancement schemes on improving the 
shutter’s electrical response. 

4.1. Effect of alignment variation 

Due to the challenges of front-to-back alignment in the fabrication 
processes, alignment variations exist between the shutter blade and Si 
frame and are specified for the process. The shutter must maintain good 

Fig. 8. Tolerance to alignment shift of shutters with bi-electrode design. (a) Torque on the blade as a function of Vblade and blade angle and (b) radial force of the 
optimized bi-electrode shutter system when the shutter and Si frame is subjected to a negative 1μm alignment shift as defined in the inset. 

Fig. 9. Three possible enhancement schemes for the bi-electrode design. (a) shortening the blade by 2μm. (b) Adding an additional electrical control on the light 
shield above the blade. (c) Electrically separate front wall and back wall electrodes for additional voltage control. 

Fig. 10. Possible additional control of shutter response. (a) and (b) Torque and radial force response of a bi-electrode shutter system using a 2μm shorter shutter 
blade. (c) and (d) Torque and radial force response of a bi-electrode shutter system with an additional electrode located on top of the light shield. (e) and (f) Torque 
and radial force response of a shutter system with separately controllable front wall and back wall row electrode, front wall set to Vblade. 
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performance under these conditions. Our previous study showed that, 
while a positive y-direction shift improves shutter response, a negative 
1μm y-direction shift between the shutter blade and Si frame (defined in 
the inset of Fig. 8(b)) will cause significant torque decrease and an in-
crease in radial force in the current NGMSA design [15]. Here, we 
examine the effect of the same negative 1 μm shift on the optimized 
bi-electrode design. The results are shown in Fig. 8. Consistent with 
previous findings, there is a decrease in electrostatic torque at small 
angles. However, unlike the response of a back wall electrode only 
design, torque from the new design is still sufficient to overcome 
restoration torque with only slight increase in Vblade. Radial force in-
crease in this case is also less than for the back wall electrode only 
design. 

4.2. Additional design enhancement 

As we have seen, by using the optimized bi-electrode design the 
necessary actuation voltage is significantly lowered. From Fig. 7(a), we 
notice that a shutter system with Vblade = 30V can almost generate suf-
ficient torque to overcome the restoration torque. By making additional 
modifications to the design, and even changes to the operation schemes, 
shutter performance can be further enhanced. Here we discuss three 
possible enhancement schemes shown in Fig. 9: (1) shortening the 
shutter blade, (2) adding additional electrical control to the light shields, 
and (3) electrically separate front wall and back wall electrodes. 

Blade shortening has already been explored in the previous paper 
[15]. A 2μm shorter blade reduces the voltage necessary for actuation 
from 100V to 90V and the chance of blade-to-frame locking at the cost of 
a slight reduction to the active area. Here, we apply the same 2 μm 
blade shortening to the bi-electrode design for analysis. Fig. 10(a) and 
10(b) shows only a slight improvement on electrostatic torque to the 
bi-wall system with a 2μm shorter blade, and the radial force is signifi-
cantly reduced. 

Next, an additional electrode is added on the top surface of the light 
shield and the bias of this electrode is set to be equal to Vblade. As shown 
in Fig. 10(c) and 10(d), no significant improvement to actuation torque 
is observed. However, the additional electrode can shield the blade from 
pull-in by the Si frame, thus radial force is effectively reduced. In 
addition to the slight improvement, an electrode situated above the 
shutter blade can be used to ensure proper closure for inactive shutters 
with properly applied bias. 

Finally, Fig. 10(e) and 10(f) shows an example of the response of the 
bi-electrode system with separately controlled electrodes. Here, the 
front wall electrode is maintained at Vblade to shield the blade from 
front wall effects while the back wall electrode pulls the shutter in at −
30V. The optimal operating bias of such a design can be determined. 

5. Conclusion 

We have investigated the voltage-torque relations of microshutter 
blades of different designs. It is found that a bi-electrode design with 
properly selected height can allow reliable shutter actuation at a voltage 
difference of 70V (Vblade = 40V and Vwall = − 30V). This is significantly 
lower than necessary to actuate shutters in the current configuration, 
thus providing the challenge to our processing team to implement such a 
layout in a viable production process. 
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