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ABSTRACT 

Several satellite broadband constellations are being 

developed to provide high-speed internet backhaul from 

space. Some of these constellations are considering the 

use of free-space optical communication (FSOC) for 

their inter-satellite links (ISLs). However, in order to 

make economic sense for constellations, FSOC systems 

need to be developed which can be produced for two to 

three orders of magnitude lower cost, while still 

providing similar performance. This work describes a 

cost- and manufacturability focused development effort, 

including prototype design, build, and test, of a coarse-

pointing mechanism for an optical inter-satellite link 

(OISL) application. First, we describe our overall 

development philosophy and cost reduction approach. 

Next, we provide an overview of the initial prototype 

design, with emphasis on the main cost-saving design 

decisions. Finally, we present various build and test 

results demonstrating the viability of the design 

decisions described above. 

 

INTRODUCTION 

Several LEO broadband constellations are currently in 

development, with the goal of providing high-speed 

internet access from space. Virtually all of these 

systems are planning to use large numbers (i.e., 

hundreds to thousands) of satellites, and some of them 

are considering the use of inter-satellite links (ISLs) 

employing free-space optical communication (FSOC) 

technology. 

 

FSOC systems come with a unique set of technical 

challenges, such as precision pointing & stabilization, 

mounting & alignment of high-quality optics, and 

extreme cleanliness and contamination control. Despite 

these challenges, FSOC systems have been successfully 

deployed in space before [1 – 3]. However, virtually all 

FSOC systems deployed to date have been produced in 

low quantity, at high cost. In order to make economic 

sense for constellations, FSOC systems need to be 

developed which can be produced for two to three 

orders of magnitude lower cost, while still providing 

similar performance. 

 

This paper focuses on the development of on one 

particular element of an OISL system: the coarse-

pointing mechanism (CPM). Coarse-pointing 

mechanisms tend to be among the main complexity- and 

cost-driving elements in an OISL system. Traditional 

space industry practice would employ ultra-conservative 

design approaches to minimize risk with little regard to 

cost. We took a somewhat aggressive / non-traditional 

approach toward developing our CPM design, as was 

necessary to achieve orders of magnitude cost reduction. 

 

The following sections describe our overall philosophy 

and cost reduction approach, the resulting prototype 

design, and various results from risk-reduction build and 

test activities, which demonstrate the viability of this 

design in its intended application. 

 

APPROACH 

Our over-arching objective was cost reduction, and our 

underlying mentality was to move fast. We used the 

following principles to guide our development effort: 

 

1. Understand (and challenge!) the requirements 

2. Simplify the architecture as much as possible 

3. Use commercial components wherever possible 

4. It’s OK to take risks early on, as long as you 

learn fast and iterate 

 

The first two principles (push back on requirements and 

simplify the architecture) align with the general 

guidance of [4], which posits that approximately 60% of 

a total product lifecycle cost is determined by the 

concept architecture alone. Put another way, once the 

requirements and architecture are decided, cost 

reductions to less than 60% of the initial cost are 

virtually impossible via manufacturing process 

improvements alone – a new architecture is all but 

mandatory. This concept is illustrated by Fig. 1. 

 

The next principle (use commercial components 

wherever possible) is also essential, due to the high cost 

and long lead times associated with traditionally “space 
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qualified” components. This principle is perhaps one of 

the defining mantras of the “new space” movement. 

 

 
Figure 1. Costs Committed Versus Costs Incurred 

Throughout the Product Lifecycle [4] 

 

The final principle mentioned above (move fast and take 

risks early) is intended to help bypass the traditional 

“margin on top of margin” mindset associated with 

traditional space projects, and avoid allowing 

uncertainty and subjectivity to drive up cost and 

complexity. Betting on non-space-qualified components 

and non-traditional design concepts can be emotionally 

scary and technically risky, but it is important in order 

to achieve large cost savings. Early testing and frequent 

iteration are the keys to moving forward in spite of these 

risks. 

 

REQUIREMENTS 

As an element of an OISL system, the coarse-pointing 

mechanism is primarily responsible for providing large-

angle beam steering from one satellite to another within 

the constellation. The characteristic performance 

metrics associated with the CPM are the aperture size, 

addressable field of regard, and slew rates. Other 

important considerations include optical wavefront 

error, optical jitter, and various launch and on-orbit 

environmental requirements. For this initial prototype, 

all requirements were considered preliminary and 

flexible, in order to encourage the push-back and cost 

optimization trades mentioned above. In a way, the 

prototype build and test exercise was a challenge to see 

how well we could do from a performance standpoint, 

while still meeting our cost targets. The preliminary 

requirements used to guide this design are summarized 

in Tab. 1. 

 

 

 

In the context of our initial design concept, we 

identified pointing accuracy, optical jitter, operational 

lifetime, and surviving random vibration as the most 

significant technical challenges (other than cost), so we 

decided to prioritize our prototype design and test 

efforts around reducing these particular risks. Other 

relevant topics such as thermal performance, optical 

performance (wavefront error and reflectivity), and 

precision contamination control, were considered where 

practical, but were reasoned to pose less of an 

“existential” threat to our low-cost design architecture, 

so these topics have largely been deferred to be  

addressed in the next design iteration. (Recall the 

philosophy described above: it’s OK to take risks, as 

long as you test early and iterate.) 

 

Table 1. Preliminary Requirements 
Requirement Value 

Mechanism 

Configuration 

Two-axis gimbaled steering 

mirror (“heliostat”) 

Optical Aperture 80 mm 

Field of Regard 
Azimuth: +/- 170° 

Elevation: 0° to +30° 

Optical Jitter 

(residual “closed-loop”) 
< 1.0 urad RMS 

Open-Loop Pointing 

Accuracy 

< 5.0 mrad (first link) 

< 1.0 mrad (typical) 

Slew Rate Up to 2°/sec (both axes) 

Operational Lifetime 
> 10 years on orbit 

(~50,000 motion cycles) 

Random Vibration 
22 Grms in Z (out-of-plane) 

17 Grms in X & Y 

Thermal Environment  

(at mounting interface) 

Ops: +10° to +50°C 

Non-Ops: -40 to +50°C 

Mass < 2.5 kg 

Envelope 200 mm (diam.) x 240 mm (ht.) 

Bill of Materials Cost < 5% of heritage design 

 

DESIGN 

A photograph of the prototype coarse-pointing 

mechanism is provided in Fig. 2. Some of the notable 

features of this design are described in the sections 

below. 

 

 
Figure 2. Prototype Coarse-Pointing Mechanism 
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Architecture 

In general, this CPM design consists of a single 

elliptical mirror suspended on a two-axis gimbal 

mechanism (sometimes referred to as a “heliostat” 

configuration [5]). The mirror rotates about the 

Elevation (EL) axis with respect to the yoke structure, 

and the entire yoke structure rotates about the Azimuth 

(AZ) axis with respect to the fixed mounting base. A 

hollow AZ drive assembly permits the communication 

beam to propagate up into the assembly from below, so 

it can be steered by the CPM mirror toward the partner 

satellite. 

 

Drive Train 

Both AZ and EL drive axes are actuated by commercial 

off-the-shelf, two-phase stepper motors, each with an 

integral multi-stage planetary gearhead, as well as an 

additional final gear reduction from the gearmotor 

pinion to the output “bull” gear. Both AZ and EL 

gearmotors “ride” on the moving AZ stage, so whereas 

the EL gearmotor body is fixed with respect to the 

moving EL bull gear, the AZ gearmotor actually moves 

with respect to the static AZ bull gear. The selected 

COTS gearmotors are mass produced at low cost. They 

can be ordered with vacuum-compatible lubricants, but 

in general are not explicitly designed for space 

applications. 

 

The bull gears for both AZ and EL are made from 

aluminium with a PTFE-impregnated hard-anodize 

coating. The pinion gears on the output of each 

gearmotor are made from 420 stainless steel, hardened 

to a 540 HV0.5. 

 

Motion control is achieved by driving the motors in 

open-loop, and “step counting” with respect to a hall-

effect-based home sensor. The full step size of each 

motor is 15° at the motor shaft, which produces a 

corresponding output-stage rotation of approximately 20 

urad in Azimuth, and 40 urad in Elevation. The AZ and 

EL gearmotors are shown in Fig. 3. 

 

 
Figure 3. Miniature Gearmotors (shown with custom 

pinions and mounting flanges) 

Backlash Mitigation 

The inherent backlash in the geartrain would have 

exceeded our entire pointing budget, so it had to be 

mitigated. Therefore, anti-backlash springs were 

implemented in both axes to apply a preload torque to 

the output stage, holding the bull gear teeth constantly 

against the motor pinion. In AZ, the anti-backlash 

spring consists of a spiral-wrapped multi-turn power 

spring, capable of up to 30 turns of deflection (of which 

only six were used in operation). This AZ anti-backlash 

spring applies its preload torque to the AZ rotor via an 

“idler” gear, which interfaces with the same bull gear as 

the AZ gearmotor. In EL, the anti-backlash spring 

consists of a music-wire torsion spring, capable of more 

than 90 degrees of travel. Both springs were designed to 

provide a preload torque at minimum windup which was 

greater than the expected resistance torque (e.g., due to 

bearing friction) plus margin. The AZ and EL anti-

backlash springs are shown in Fig. 4. 

 

 
Figure 4. AZ (left) and EL (right) Anti-Backlash Springs 

 

Mirror 

The mirror itself is made from an aluminium substrate, 

with its front face optically figured by diamond turning. 

The mirror is mounted from only on one side, in order 

to minimize the potential for surface deformation due to 

misalignment between bearings on opposite sides of the 

mirror. The back of the mirror is pocketed for mass 

reduction. 

 

Bearings 

Both AZ and EL bearing assemblies employ a soft-

preloaded pair of angular contact bearings, in the back-

to-back configuration. In the interest of not waiting on 

long-lead procurements, bearings were selected based 

on what was either already on-hand, or what could be 

obtained in a short amount of time. In an attempt to 

avoid tightly toleranced bearing seats and manage the 

CTE mismatch between steel bearing races vs. 

aluminium shaft and housing parts, both inner and outer 

races of each bearing were preloaded by formed-wire 

wave springs. The spring stiffnesses and installed 

deflections were selected to provide greater preload 

force than the maximum analytically predicted axial 

load, in order to prevent gapping between the bearing 

races and housing seats. This mount was somewhat 
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unconventional and risky, but was pursued with the 

hope that it would turn out to be a simple workaround 

for the issues mentioned above. 

 

Structure 

Aside from the bearings, gearmotors, springs, and 

fasteners, nearly the entire CPM is made of aluminium – 

even the parts which interfaced directly to the bearings. 

This was decided primarily in the interest of mass 

savings compared to steel or titanium, and cost savings 

compared to other alternative materials such as 

AlBeMet or other metal matrix composites. To some 

extent, steel and titanium were also avoided in the 

interest of “design for demise” (orbital debris 

mitigation).  

 

Launch Restraints (Detents) 

Rather than employ an active launch lock mechanism, 

we decided to implement a completely passive launch 

restraint instead. These restraints essentially consist of a 

“detent” feature, employing a commercially available 

ball-end spring plunger integrated into the yoke 

structure, and a corresponding “v-groove” feature on the 

other side of the corresponding rotary interface. Prior to 

launch, the stepper motors would be used to drive the 

mechanism into the detent position for each axis. 

During launch, the spring plungers would be preloaded 

to push against the corresponding v-groove, which in 

turn would provide a centering torque and prevent free 

rotations due to launch loads. Once on orbit, the stepper 

motor would be used to drive the mechanism out of the 

detent positions, after which point the detents would 

never be used again. The as-built AZ and EL detent 

features are shown in Fig. 5. 

 

 
Figure 5. AZ & EL Launch Restraints (a.k.a. “detents”) 

  

Flex Wrap 

A flexible printed circuit (FPC) carries the electrical 

signals for the two motors across the AZ rotation stage. 

The FPC is arranged in a spiral clockspring 

configuration to provide the largest possible bend 

radius, which was intended to minimize the risk of 

fatigue failure, while also minimizing the amount of 

resistance torque that the gearmotor and anti-backlash 

spring would have to overcome (Fig. 6).  

 

 
Figure 6. Rotary Flex Wrap 

 

RISKS 

The number one risk going into this effort was not 

whether a mechanism could be designed to meet our 

tight performance and harsh environment requirements. 

Indeed, numerous gimbal mechanisms have been 

developed to similar specifications in the past (e.g., [6 – 

8]). The real risk going into this effort was whether it 

was possible to design a coarse-pointing mechanism 

that could meet our performance and environment 

requirements while also meeting our cost targets. Once 

we established a design baseline that appeared to meet 

these cost targets, the major risks became once again 

technical. 

 

Of the various technical risks we identified, two stood 

out as the most significant. These were 

1. the use of commercial gearmotors, especially 

their questionable ability to meet our smoothness, 

accuracy, environment, and lifetime 

requirements; and 

2. the use of passive launch restraints, and their 

ability to prevent the system from being damaged 

by launch vibration. 

 

The rationale behind these design decisions is explained 

below. 

 

Commercial Gearmotors 

It would have been much less risky to use a space-

qualified sinusoidally commutated brushless DC torque 

motor, due to its inherent advantage in providing 

smooth actuation torque. However, the decision to use 

commercial stepper motors was made for two main 

reasons. 

 

1. Cost: Based on past project experience, a single 

space-qualified brushless DC torque motor would 

have exceeded our entire system cost by a factor 

of three. Meanwhile, the commercial stepper 

motors we identified could provide more torque 

in a significantly smaller package, for around two 

percent of the cost of space-rated BLDC 

alternatives. (The space-rated BLDC motors 
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would probably end up costing less at higher 

volumes, but it is very unlikely they would be 

able to approach a similar cost as the mass-

produced commercial gearmotors we selected.) 

2. Required Sense Electronics: Brushless DC 

motors would have required absolute position 

feedback, both for commutation (assuming a 

sinusoidal commutation scheme) as well as 

position control. Based on past experience, there 

are not many good options when it comes to 

high-accuracy, radiation-tolerant, low-cost, 

absolute angle sensing devices – plus any of them 

would have also incurred additional interface 

complexity in the required read electronics, not to 

mention additional size, weight, and power. 

 

The decision to use these gearmotors did not come 

without a price. The following risks were identified with 

this design decision. 

 

1. Motion control smoothness: These motors are 

designed to impart motion in discrete steps. Will 

this prevent them from being able to meet our 

required optical jitter requirements? 

2. Motion control repeatability: These motors 

have some inherent amount of backlash, and we 

are controlling them in open loop. Will the 

associated repeatability be good enough to meet 

our overall pointing accuracy requirements? 

3. Lifetime: These motors are not guaranteed to 

meet any particular operational lifetime 

requirement, let alone in a representative space 

environment. Would they be able to continue 

meeting their performance requirements after the 

required number of life cycles? 

 

Passive Launch Restraints 

For the launch restraints, a more conventional design 

might have used a space-qualified Frangibolt or pin 

puller. However, the cost of these devices, even in large 

quantities, would have been incompatible with our 

overall cost budget. Aside from the cost of the device 

itself, there is additional complexity during integration 

and test, since both of these devices are only single-time 

use before they have to be removed and reset. 

Furthermore, by definition, an active device would 

require additional control electronics, power 

consumption, harnessing, etc. The passive design we 

ended up with avoided all of these issues, and the 

constituent components we used were orders of 

magnitude cheaper than what an active mechanism 

would have cost. 

 

The main risk with this approach was the general 

uncertainty in whether this detent feature would 

function as expected, and how much rotation the CPM 

would experience during random vibration. Several 

features were difficult to accurately represent with 

linear structural models (especially ball/groove contact 

dynamics, and free play within the spring plunger). 

Even a nonlinear model would only be so much better, 

given uncertainties in things like friction behavior 

between the ball and groove, or the effect of friction 

torque in the bearings. The best way to understand how 

the system would actually behave was to perform a real-

life vibration test, which is what we did. 

 

RISK-REDUCTION TESTING 

Gearmotor Characterization 

Early on we focused on trying to understand as much as 

possible about the internal components and construction 

within the gearmotor. The motor supplier was very 

responsive in answering various questions for us 

regarding the basic anatomy, material usage, and 

standard production processes. As it turns out, the 

materials used are generally compatible with typical 

space environment and mission assurance requirements 

(outgassing, temperature limits, etc.). The production 

processes are heavily automated and controlled by 

fixturing, which should – at least to some extent – help 

address concerns regarding quality / consistency / build 

variation. 

 

To complement the information provided by the 

gearmotor supplier, we also performed both non-

destructive (3D CT scan) and destructive (full 

disassembly) inspections. These two activities were 

very helpful, and complementary to each other in the 

type of imagery and level of detail they produced. Fig. 7 

shows an example of CT scan imagery that we 

collected. We also measured internal thermal resistance 

in vacuum (following the general approach described in 

[9]), as well as back-drive torque to failure. 

 

 
Figure 7. Gearmotor CT Scan vs. Visible Exterior 
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Protodrive Testing 

Beyond the detailed construction and characteristics of 

the gearmotors on their own, the next step was to 

characterize the performance of a full drive train, 

including gearmotor, pinion & bull gears, output 

bearing, and anti-backlash spring. For this, we built up a 

single-axis rotation stage, which we called the 

Protodrive rig (Fig. 8). In addition to the components 

mentioned above, which were all representative of the 

associated components in the full CPM design, the 

Protodrive rig also included high-accuracy absolute 

optical encoders (sampled at 1,000 Hz), so that we 

could measure the actual motion of the output stage, 

compared to the intended motion commanded via open-

loop step counting. Four Protodrives were built, two for 

vacuum lifetime testing, and two for both performance 

testing as well as control electronics development at 

ambient. 

 

 
Figure 8. Single-Axis Protodrive Rig  

 

We used a commercial stepper motor controller to 

command several different motion profiles, designed to 

evaluate smoothness, accuracy, and repeatability. For 

smoothness, we commanded constant-velocity moves at 

different speeds and microstep densities. We measured 

the actual rotation of the output stage via the optical 

encoders and subtracted the best-fit line to produce a 

“smoothness error” signal, which we looked at both in 

time-domain and frequency domain. Since the overall 

OISL system will eventually have a fast steering mirror 

(FSM) for high-bandwidth disturbance rejection, we 

filtered the smoothness error signal by a representative 

FSM disturbance sensitivity transfer function. The 

resulting signal is representative of the residual “closed-

loop” line-of-sight jitter in the actual system. 

 

When we looked at the resulting jitter PSDs, we were 

not surprised to see “spikes” at certain relevant 

frequencies, such as multiples of the step rate. However, 

we were somewhat surprised to see that the overall 

RMS smoothness error was actually not dominated by 

these spikes at all, but rather it was mostly made up of 

broad-frequency disturbances in the low 100’s of Hz 

range (Fig 9). 

 

 
Figure 9. “Open-Loop” vs. “Closed-Loop” Jitter 

 

Looking at closed-loop jitter across different motor 

speeds, we saw a clear trend of higher jitter at higher 

speeds. Thankfully, most of this mechanism’s life is 

spent moving at very low speeds (< 0.3 deg/sec), where 

the jitter was the lowest. We were also somewhat 

surprised to observe that increasing the microstep 

density (number of microsteps per full step) did not 

have an obvious effect on reducing the jitter; the RMS 

jitter we measured moving at 16 microsteps per full step 

was practically equivalent to what we measured moving 

at 256 microsteps per full step. Fig. 10 illustrates some 

of these results. 

 

 
Figure 10. Protodrive Jitter versus Speed for various 

Microstep Densities 
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To evaluate accuracy and repeatability, we compared 

the commanded step count against the measured 

encoder position. The error signature we observed 

consisted primarily of sinusoidal terms at spatial 

frequencies of 1 cycle per revolution (bull gear & 

bearing runout), 13 cycles per revolution (13:1 gear 

ratio between bull gear and pinion gear), and 130 cycles 

per revolution (130 teeth on the bull gear). This 

signature was very repeatable from run to run, even 

after “years” of simulated lifetime testing, which 

suggests that a one-time calibration curve could be 

applied to achieve single-axis positioning accuracy 

better than 100 urad. Fig. 11 shows an example position 

error “signature” curve, along with a residual error after 

subtracting a calibration map consisting of a single 

13/rev. Even better results could be achieved by 

applying higher-order calibration, e.g., via a look-up 

table. 

 

 
Figure 11. Protodrive Position Error Signature 

 

As a way to address the gearmotor lifetime risk, we 

integrated two of our Protodrive assemblies into a 

vacuum chamber and commanded them to continuously 

move back and forth at a given speed. This speed (2 

deg/sec) was carefully chosen to accelerate life cycle 

accumulation as much as possible, while still moving 

slow enough that all of the bearings in the system 

(including those internal to the gearmotor) would 

remain well inside boundary lubrication regime. Twice 

a day, the motors would perform a characterization 

routine, including smoothness and repeatability profiles, 

to evaluate changes in performance over time – the rest 

of the time the motors were performing the lifetime 

accumulation profile. 

 

The motors performed nominally for around 35,000 

cycles, until one of them started showing signs of 

slipping within the gearhead. We reviewed the encoder 

data to look for signs of lost steps or synchronization 

loss, but the motion looked very smooth, just at a 

slightly slower than commanded speed. When we 

plotted the speed from the encoder data, we saw a clear 

difference between the pre-lifetime and post-lifetime 

plots. After examining the overall Protodrive assembly 

and finding no visible explanations, we decided to 

perform a disassembly inspection of one of the 

gearmotors. In the process of disassembling the 

gearmotor, we determined that the glue joint between 

the motor shaft and the first-stage sun gear was flawed 

and was intermittently slipping. Upon consultation with 

the gearmotor supplier, the root cause was determined 

to most likely be an issue in bond preparation, which 

can be easily solved in the future with a minor process 

modification. 

 

In the end, our hurried and imperfect life test mitigated 

our COTS gearmotor risks of smoothness and 

repeatability, and greatly reduced our life risk by 

identifying a critical flaw which can be 

straightforwardly fixed in the future. The performance 

data showed no issues other than gear slippage, and 

showed excellent repeatability in its motion signature 

versus life. Examination of the internal condition after 

35,000 cycles showed minimal wear. 

 

Gimbal-level Prototype Testing 

We built a total of four functional gimbals, plus an early 

3d-printed mockup. The early mockup, which was built 

in parallel with waiting on machined part fabrication, 

was very helpful for refining our assembly procedures 

and designing assembly fixtures. The first real gimbal 

was allocated toward further assembly process 

refinement and test planning. The third unit was fully 

characterized in terms of pointing accuracy (using a 

custom-built two-axis “counter-gimbal” rig), motion 

smoothness, and random vibration survival. A fourth 

unit is held in reserve, with future shock testing as an 

option. 

 

Random Vibration Testing 

To address the risk associated with the passive launch 

detents, and also to build confidence in the overall 

structural design, the assembled coarse-pointing 

mechanism was subjected to random vibration testing. 

The unit under test was instrumented with 12 

accelerometers, for a total of 35 channels of sensing. A 

high-speed camera was also used to observe rotations in 

the vicinity of the two launch restraint (detent) features. 

After the test, the high-speed video was processed using 

a pixel cluster tracking algorithm to construct 

quantitative measurements of actual angular deflection 

vs. time. Fig. 12 shows the CPM as mounted for Z-axis 

excitation. 

 

The overall RMS acceleration at full level was 17.6 G in 

X and Y directions, and 22.2 G in Z. Accelerometer 

data generally revealed lower-than expected primary 

modal frequencies, and higher than expected damping, 
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compared to the pre-test FEM predictions. These 

discrepancies were later attributed to a discrepancy in 

how the soft-preloaded bearing mounts were modeled, 

as confirmed by post-test model correlation. Comparing 

before- versus after-test frequency responses did reveal 

some frequency shifts, which was also attributed to 

settling in the soft-preloaded bearing mounts. 

 

Despite the discrepancies mentioned above, post-vibe 

inspection and functional testing revealed no signs of 

damage, and the unit performed nominally before and 

after vibe. Processed high-speed video results turned out 

to be very helpful in quantifying the deflections 

experienced in the vicinity of the detents, which was 

generally within our allowable limits. In the end, the 

results of this vibration test supported the viability of 

this passive detent approach, which was the main 

objective of this test. 

 

 
Figure 12. Prototype CPM Random Vibration Testing 

 

CONCLUSION 

In summary, a coarse-pointing mechanism was designed 

around low-cost components, including commercial 

gearmotors and passive launch restraints. Risk-reduction 

testing was performed on both a single-axis Protodrive 

assembly as well as the full two-axis mechanism. This 

risk-reduction testing included smoothness, accuracy, 

and repeatability testing of a representative drive train, 

as well as random vibration testing up to 22 Grms at full 

level.  

 

We learned that COTS gearmotors (with the right 

customizations) seem to be able to meet our needs in 

terms of smoothness, repeatability, and lifetime 

requirements. We also demonstrated the viability of 

using passive detent features for launch restraints, 

avoiding the cost and complexity of going with a 

traditional active device. We did learn that we needed to 

change the bearing mount design, as the soft-preloaded 

approach used in this prototype resulted in more settling 

in random vibe than we would have liked, and the 

installation process was also not as easy as we were 

hoping. 

 

In general, the results of this testing are encouraging, 

and support the viability of the general design approach 

toward meeting our cost, performance, and environment 

requirements. 
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