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Abstract

The Simplified Gravitational Reference Sensor (S-GRS) is an ultra-precise inertial sensor for future Earth
geodesy missions. These sensors are used to measure or compensate for all non-gravitational
accelerations of the host spacecraft so that they can be removed in the data analysis to recover spacecraft
motion due to Earth’s gravity field, which is the main science observable. In the on-orbit operational state,
the GRS functions by sensing the state of a precision cubic Test Mass (TM) with respect to the surrounding
Electrode Housing (EH) via non-contacting electrostatic distance sensing and actuation electrodes. The S-
GRS Instrument approach consists to two opposing Caging Mechanism (CM) assemblies that constrain the
TM for launch and release into pure freefall on-orbit such that the residual velocity is within the non-contact
actuation system control authority. This paper focuses on the novel mechanism design and initial functional
testing of the S-GRS CM.

Introduction

The gravity recovery missions, GRACE [1] and GRACE Follow-On [2], have provided a more than 20-year
climate data record of the Earth system mass changes. These missions use interferometers to measure
the separation of two satellites orbiting the Earth. GRACE uses a microwave interferometer, while GRACE
FO adds a laser interferometer, improving the potential measurement sensitivity by three orders of
magnitude. The current data products are limited in their quality by temporal aliasing errors. Improved
mission parameters for the upcoming GRACE-C mission and its ESA partner mission, Next-Generation
Gravity Mission (NGGM), may improve the aliasing problem. The main error source will then be imperfect
corrections of non-inertial forces on the spacecraft measured with on-board accelerometers. To realize the
precision allowed by the laser interferometer, an improved accelerometer is needed.

Figure 1 shows the total error and various contributions for the GRACE-FO mission, along with the predicted
error contribution of the S-GRS [3].

The S-GRS sensor design follows that of the flight-proven LISA Pathfinder (LPF) Gravitational Reference
Sensor (GRS) that represents the state-of-the-art in precision inertial sensors [4,5]. The S-GRS instrument
(Figure 2) presented in this paper is essentially a scaled-down version of the LPF GRS fundamental
architecture, where opposing linearly actuated grabbing fingers (GF) constraining the TM within the
Electrode Housing cavity are simultaneously retracted, releasing the TM to a non-contact freefall state
(Figure 3). The S-GRS Caging Mechanism mechanical design deviates from that of LPF in two primary
different manners: 1) S-GRS eliminates the secondary TM launch restraint mechanism, utilizing the GF
interface in a dual role of constraining the TM during launch as well as releasing the TM into the freefall
state, and 2) S-GRS replaces the piezo stack actuator that controls the Release Tip (RT) internal to the GF
with a passive spring. The residual translational and rotational velocities of the TM imparted by the release
process need to be sufficiently low, on the order of <4.5 um/s and <300 urad/s respectively, for the non-
contact electrostatic actuators to stabilize the TM. Details of the S-GRS EH design, TM sizing, and retraction
release dynamic analysis utilized to support the passive spring approach were previously presented in Ref.

[3].
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Figure 1. Various noise sources in the GRACE-FO mission. The x axis is error contribution, while the y
axis is an esoteric unit: degree of the spherical harmonic of the gravity solution. This translates roughly to
spatial resolution = 20,000 km/degree. Thus, 2°= 10,000 km, and 60° = 333 km. The overall uncertainty of

the gravity measurement is shown in green and the driving error from the current accelerometers is
shown in dashed blue. The S-GRS would reduce the accelerometer uncertainty to that shown in solid
blue, bringing the mission closer to realizing the full capability of the LRI, shown in red.

Figure 2. S-GRS Instrument primary subsystems includes Electrode Housing assembly and the opposing
Caging Mechanisms.

The decision to utilize the GF for both the launch constraint and subsequent release operations was
primarily motivated by the desire to minimize overall sensor volume and mass to be compatible with future
geodesy missions implementing small satellite platforms. Integration of S-GRS into the space vehicle
cannot deviate substantially from current solutions [6] to be prohibitive despite its superior noise
performance potential. Preliminary structural analyses of the instrument with the 54-gram, 30-mm cubic TM
supports using the GF for the launch restraint is feasible. Analytically predicting this adhesion force is
expected to be highly uncertain due to the material and geometric nonlinearities that are estimated to have
significant contributions. It is the plan of this effort to characterize the forces required to separate the GF
from the TM by test.

The adhesion forces from the combined launch preload and inertial forces are anticipated to be excessive
where it is not conducive to releasing the TM within the residual velocity requirements. There is also the
potential for the TM to remain affixed to one of the GF after separation of the opposing since the force from
the internal RT is also not anticipated to overcome the adhesion force. To eliminate these potentially high
post-launch adhesion forces, the instrument will initially go through a series of maneuvers utilizing the EH



frame as a reaction structure to individually separate the respective GF from the TM, and then re-engage
with a desired low-level constraining force. After both sides complete this process, the TM is centered within
the EH volume and the release procedure is initiated. This process is illustrated in Figure 4.

Figure 3. Opposing caging mechanisms retract 4 mm to release the TM into freefall within the EH (not
shown for clarity).

Figure 4. Baseline plan utilizes the EH interior wall as reaction structure to overcome suspected elevated
adhesion forces due to launch constrain preload forces.

The identified key driving mechanism-level requirements are listed in Table 1. Top sensor-level
performance requirements, such as TM linear and angular release velocities, are not included here since
verification is not part of the scope for the mechanism development effort. The scope of this funded effort
is to develop the design to Technology Readiness Level (TRL) 6, System/subsystem model or prototype
demonstration in a relevant environment (ground or space) [7]. The full sensor shown in Figure 2 was
designed and fabricated to be a flight-like prototype unit, including an electrically functional EH, with several
known detailed design exceptions that are not anticipated to affect assessing the architecture design. It is
planned to subject the prototype sensor to random vibration and thermal vacuum testing. TM dynamic
release characterization testing with the actuator assembly components will supplement the sensor-level
testing to support TRL 6 status. This paper focuses on the caging mechanism assembly mechanical design
and functional testing.



Table 1. The S-GRS design meets the key driving requirements for the caging mechanism.

Requirement Value Compliant
Test Mass Enclosure Access hole in electrode housing diameter shallbe <7 | Yes, single 7-mm access hole
Access mm per GF.
Materials Shall not use ferromagnetic materials, lubricants Yes, prototype uses CRES
fasteners.
Launch TM preload 820N+ 80N Yes, per analysis. Test
pending.
GF Retraction Stroke = 4mm Yes.
Pre-release TM preload | 1-5N Yes.
Pre-release TM preload | £0.2 N Yes.
accuracy
Release Tip Stroke 2 0.05 mm Yes, 1 mm.
GF Path Accuracy < 1400 mrad [0.08 deg], tip stays within 0.01 mm of | Yes, per analysis. Test
primary actuation axis pending.
Exported Shock < 200g SRS Expect to comply.
Capture CM shall be able to capture TM in any location and | Yes, per analysis.
orientation within the volume
Sensor Mass <10 kg [Goal] 8.5 kg
Sensor Volume <150 mm x 150 mm x 205 mm [Goal] 130 mm x 155 mm x 236 mm

Detailed Mechanical Design Description

Linear Actuation Stage

A PiezoMotor LEGS® [8] actuator was selected for its precise open-loop maotion, large stroke, non-magnetic
material construction, and unpowered holding force capability. The actuator features a rectangular ceramic
drive rod that is articulated via synchronized control of piezo elements (or legs) on opposing sides of the
drive rod. Friction between the legs and drive rod enables the actuator to operate without backlash or
mechanical play. This friction and the construction of the actuator are not sufficient to constrain the TM in
a vibrating launch environment if directly coupled, even if the unpowered holding force capability exceeds
the launch loads. There is also potential for the drive rod to exhibit excessive transverse motions that may
re-contact the TM when retracting [5,9]. A flexure stage was designed to have relatively high stiffness in 5
degrees of freedom (DOF) to achieve the linear path accuracy requirement and compliant in the axial
translation such that the piezo actuator can articulate greater than 4 mm with sufficient motorization force,
currently calculated margin of 180%. The piezo actuator is coupled to the path flexure via a coupling flexure,
such that transverse loads and moments are minimized. These drive components are shown in Figure 5
and Figure 6. The sectioned view of Figure 5 also shows the in-line force sensor used as the primary
feedback mechanism to apply the desired low-level preload to the TM prior to the on-orbit release
operations. It can also be utilized to infer gross actuator position with calibration to the flexure reaction force
versus displacement relationship. The planned concept of operations currently does not rely on precise
(sub-micron) absolute position knowledge. If it is found that the positional hysteresis and drift inherent to
piezo-based actuators poses operational issues with the achievable resolution and accuracy of the load
cell, then an additional displacement sensor such as a linear encoder can be added.

Radial Clamp Assemblies

As mentioned above, the primary linear guide flexure was designed to yield stable and precise linear motion
of the GF body over the full 4-mm retraction stroke. For the GF/flexure body to function as the launch
restraint mechanism, it needs to capable of reacting the loads in all 6-DOF. Ideally only the compliant axial
translation DOF would need to be constrained, relying on the relatively high stiffness of the remaining 5-
DOF to yield acceptable system-level structural performance. This was not achievable with the selected




flexure architecture subject to the stroke and force margin requirements. A radial arrangement of three
clamping subassemblies (Figure 5) were integrated to constrain the GF body, providing the primary load
path from the GF interface with the TM through the primary instrument structure.

Figure 5. Caging Mechanism assembly component identifications.

The function of the radial clamp assembly is illustrated in the sequence shown in Figure 6. Each clamp
assembly consists of an independent bracket with a pivoting arm passively driven to the open/released
state by an internal compression spring. The pivot arm has a machined cylindrical feature that interfaces
with a grooved feature machined into the central GF body. The pivot arms are preloaded against the GF
body using a tensioned Vectran™[10] braid routed circumferentially. Post launch, the Radial Clamp
Release Mechanism, shown in Figure 5 and described further below, releases the tension in a slow and
controlled fashion with sufficient stroke to allow the radial clamp pivot arms to fully articulate away from the
GF body. In this state, the piezo actuator now has position control authority of the GF body.

The machined groove feature on the GF body varies from one CM assembly to the opposing. On one side
of the mechanism, the launch lock arms engage v-grooves on the GF body. When the locks are engaged,
that GF body is fully fixed in all 6-DOF. On the opposing side, the arms engage with one-sided ramps such
that they try to force the GF body to translate towards the test mass. A comprehensive assembly and
preload application plan has been developed, only briefly summarized here. The CM with the v-groove
features and radial clamps engaged (designated CM1) is mounted within the instrument structure. The TM
is held in nominal contact on the GF tip of CM1. CM2, with the one-sided ramp features, is then carefully
positioned to nominally engage the opposing side of the TM. The preload cable of CM2 is tensioned to the
pre-determined level, where the load path translates to the desired preload on the TM.



Figure 6. Partial sectional view of caging mechanism subassembly tensions a circumferential cable to
constrain the GF body for launch. The cable tension is released with sufficient stroke for radial clamps to
open, allowing the piezo actuator to articulate the GF body.

Radial Clamp Release Mechanism

The axial preload between the GF and TM must be controlled to a stable constant value. To achieve this,
the launch lock cable tension is maintained by a compression spring. The relatively low stiffness of the
spring compared to the rest of the mechanism components results in a cable tension that is insensitive to
thermal deformations and cable creep effects. The release mechanism subassembly in the
tensioned/stowed state and actuated/released state is shown in Figure 7.

Figure 7. Radial Clamp Release Mechanism in the stowed and actuated/released states.

The magnetic cleanliness requirement precluded the use of electromagnetic actuators such as motors to
control the release of the launch lock cable. The need for a “shock-free” release and the desire to avoid a
loose cable after release precluded the use of a cable cutter actuator or similar device that would
instantaneously eliminate cable tension. It was desired to slowly remove cable tension in a controlled
manner, and further articulate creating sufficient slack to allow the radial clamp arms clear the GF body.
High Output Paraffin (HOP) actuators were an attractive solution for this mechanism; however, a survey of
available HOP actuators concluded that a HOP actuator with the necessary work output would be too large
to fit in the S-GRS envelope. Therefore, another solution had to be developed. It was found that the most
“work-dense” actuators readily available that met the magnetism goals were EBAD TiNi Frangibolt actuators



[11]. These high-force output actuators are typically used to break metallic fastener coupling the deploying
structure to the static via tensile elongation. The high force is achieved through expansion of the internal
shape memory alloy material going through phase transformation when power is applied, which occurs
over timeframe on the order of 30-60 seconds. The actuator expansion (stroke) is orders of magnitude less
than what is required to release the radial clamps. After some design iteration, the selected configuration
consisted of two Frangibolt FC3 actuators in series. This provided approximately 1.8 mm [.072 in] total
linear travel (0.9 mm [.036 in] from each actuator) and approximately 1260 N [5600 Ibf] of force output. A
lever arm with a 5.7:1 ratio is utilized to amplify the actuator stroke to achieve the needed articulation. A
pulley arrangement yields an additional 2:1 mechanical advantage resulting in total cable travel of 21 mm
[0.82 in].

Mechanism Functional Testing

Path Flexure and Grabbing Finger Release Tip Characterization

The following section shows the methods and results of the characterization of the guide flexure spring
force over the travel extent of the actuator, and the release tip spring force relative to the displacement of
the release tip. The details of the force curve resulting from the mating of the grabbing finger into the test
mass detents during recapture operations will be explored in future testing campaign at a forthcoming phase
of the program.

The guide flexure characterization testing was performed at the subassembly level, with the actuator, guide
flexure, load cell, integrated into mechanism frame. The guide flexure characterization data is of interest as
a calibration table to convert load cell data to position of the actuator, so actuator position knowledge can
be found without the use of a position encoder. The mechanism inline load cell was monitored, and actuator
displacement was observed using a dial indicator. The test configuration is shown in Figure 8. The actuator
travel zero location was defined as where the load cell value was zero when the mechanism was in the
horizontal, or gravity offload, orientation. The mechanism was returned to the vertical orientation, and the
actuator was moved over the extent of 1-mm [0.04-in] inboard, and 4-mm [0.16-in] outboard.

Figure 8. Guide flexure characterization test configuration.



Figure 9. Guide flexure force vs displacement characterization results.

Test results from the guild flexure characterization, shown in Figure 9, show a linear spring rate over the
travel distance of interest with a calculated spring rate of 3.52 N/mm [20.1 Ibf/in] from linear regression. An
offset at the zero location is due to gravity loading of the suspended mass of the guide flexure and grabbing
finger. The guide flexure characterization test data was repeatable to within the accuracy of the manual dial
indicator. Future characterization of the GF tip path profile to assess compliance with the path accuracy
requirement will implement a displacement transducer with suitable accuracy, such as a laser displacement
sensor.

The release tip flexure characterization testing was performed at the subassembly level with the same
mechanism components used in the guide flexure testing. The release tip characterization test was set up
to use the load cell and the guide flexure calibration table to calculate the displacement of the actuator. The
release tip was compressed by pressing the grabbing finger and release tip assembly into a hard stop while
recording the mechanism inline load cell value. The test configuration is shown in Figure 10. Engagement
of the release tip onto the hard stop was clearly observable by a change in the slope of the displacement
vs load curve. Spring force of the release tip was calculated from the difference in force between the
extrapolated force curve due to the guild flexure, and the observed force curve of the release tip plus guile
flexure.



Figure 10. Release tip characterization test setup.

The RT stiffness characterization test was performed five times. A representative plot of the load versus
calculated actuator travel is shown in Figure 11. Testing results show the release tip flexure spring rate
ranged from 1.38 N/mm to 1.69 N/mm. Taking the minimum observed stiffness value translates to an
available force of 0.32 N from the release tip at a compression of 0.23 mm [0.009 in]. The release tip spring
force is designed to overcome the adhesion force between the test mass and the grabbing finger mating
surfaces. If future adhesion testing between the grabbing finger and the test mass show adhesion levels
are greater than the available 0.32 N generated by the release tip, the release tip can be redesigned with
additional flexures placed in parallel to the original two as a way to increase force margins.

Figure 11. Test data from release tip characterization run. The bottom plots show measured test data,
and extrapolated force data without the release tip engaged. The top plot shows the calculated release tip
spring force data.

Release Cable Development and Lessons Learned

The Vectran cable used in the mechanism as part of the cable clamp assembly required development of a
cable stop technology. The low resistance of cutting of the fiber cable material proved that an original
knotted cable end was insufficient to carry the working load required and the cable failed at the base of the




knot in testing. Three different copper cable stops were designed and evaluated to replace the knot. The
three copper cable stop designs were built and evaluated for strength are: a partially crimped thick wall stop
with epoxy bonding, a fully crimped thick wall stop with epoxy bonding, and a thin-walled stop with epoxy
bonding and integrated mounting surface. The copper cable stop hardware is shown in Figure 12.

Figure 12. Copper cable stops evaluated for the CRM cable assembly. The thick, lightly crimped and
bonding cable stop shown to the left, the thick fully crimped and bonded cable stop shown in the center,
and the thin-walled stop with epoxy bonding and integrated mounting surface shown to the right.

The three cable stop designs were integrated into a cable assembly, installed into a tension testing station
that represents the EDU cable mounting and tensioning device, then pulled to failure. Results from the
testing are shown in Table 2.

Table 2. Ultimate strength and failure mode of the three different cable assembly designs.
Minimum Cable Breaking

Strength (N) Failure mode

Cable stop configuration

Thick walled, crimped and epoxy 151 Cable pull through, adhesion failure
bonded of epoxy to copper stop

Thick walled, crimped to flat, and 222 Cable cut at end of fitting

epoxy bonded

Thin wall with receded mounting 386 Cable break on tension side near
head, epoxy bonded epoxy joint.

The thick and lightly crimped stop vailed via an adhesion failure between the epoxy, and the copper stop,
resulting in the epoxy being pulled out of the stop in full as a cylinder, indicating the ID of the copper stop
was not deformed during the crimping process.

The second copper stop design used the thick-wall stop with an epoxy bonded joint, but increased clamping
force on the crip to pull the ID of the stop against the cable. Testing of this crimping approach showed that
the end of the stop creates a significant stress concentration of the cable where it enters the stop, likely due
to the sharp edge of the stop. This design is highly process dependent as the crimping effort and
significantly impacts the stress concentrating at the end of the stop depending on the axial position of the
crimp.

The third stop design, the thin-walled third design with the mounting surface and epoxy bond, was designed
to eliminate the incomplete crimp of the first stop design, and the stress concentration that occurs at the
end of the second stop design. The new stop design has a reduced OD in the crimp section that can
accommodate two crimps with a small uncrimped section in between to key lock in the epoxy joint, and a
full diameter mounting flange with an epoxy filed counter bore to eliminate contact of the cable to the edge
of the stop at the mounting surface. The updated cable stop geometry proved to be the strongest design
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with the most repeatable assembly process, providing a minimum of 53% of the filament ultimate strength.
Design details are showing in Figure 13.

Figure 13. Cable stop design details. Cable stop mounting surface shown to the left with counterbore to
prevent contact with the cable; crimping area shown to the right. Assembly has the cable passing through
the stop, epoxy filling the free space and the counter bore, and two crimps placed into the thin section
with a small gap between the crimp location to provide a keyway fit of the epoxy inside the stop.

Release Cable Material Creep Mitigation

The Vectran cable material is subject to elongation of up to 2% at the max working load. The mechanism
architecture can overcome settling of the cable system due to the spring in the design, maintaining cable
tension if slight lengthening of the cable occurs over time. To minimize risk of the cable stretch inducing
large enough stretch that the spring tension plunger can exceed the travel allocated for creep, set at
0.33 mm [0.013 in], the cable was pre-stretched to cause the cable to reach the full stretched length before
installation into the mechanism.

A small testing campaign was executed to identify the correct cable tension and duration to apply to the
cables to pre-stretch the cable. A test fixture comprising of a short, 20-cm (8-inch) cable assembly with two
cable stops, a load cell, and a cable tension screw was assembled in line. Testing showed that pre-
stretching the cable with a tension of 177.9 N [40 Ibf] for 15 minutes resulted in negligible additional creep
when subsequently tensioned to the nominal design load of 142 N [32 Ibf] over a 24-hour observation
period. The test was repeated at 266.9 N [60 Ibf] of tension for 15 minutes, also showing zero measurable
deflection of the tension spring when the tension was dropped to the 142 N [32 Ibf] operating cable tension
for the mechanism and allowed to dwell for 24 hours. Qualitatively, the cable was observed to become
slightly stiffer after the pre-stretching operation. From the test results, a pre-stretch tension of 200 N [45 Ibf]
for a duration of 30 minutes was selected to be applied to the EDU cable assemblies to reduce risk of the
Cable Release Mechanism exceeding the 0.33-mm (0.013") allowable travel spring plunger travel allocated
for settling of the cable and mechanism; test results suggest that zero settling should occur due to cable
creep.

Future Planned Testing

At the time of writing this paper, two additional testing efforts are planned to characterize the operation of
the mechanism. A launch preload characterization effort that confirms the calculated axial force generated
to the grabbing finger from the cable release assembly, and a cable release functional test that verifies full
release of the grabbing finger assembly from the launch lock device.

Launch Preload Characterization Testing

The launch preload characterization testing effort will evaluate the effectiveness and stability of the cable
release mechanism to convert string tension into axial force at the grabbing finger, identify the creep in the
mechanism over time, and to observe the mechanism response axial loads equal to those expected from
the test mass under future vibration testing. The test will be conducted using an Instron tensile and
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compression testing machine which provides calibrated axial compression load and precision displacement
knowledge.

The fully assembled mechanism will be prepared for testing by ensuring the cable tension device, used to
tighten the clamping bars against the ramps in the guide flexure, is at the full relaxed position. The
mechanism will be installed into the test fixture, shown in Figure 14, and installed into the Instron machine.

Cable release mechanism string tension will be calibrated to axial force first by bringing the Instron load cell
into contact with the grabbing finger and secured in place. The cable tension mechanism will be tightened
to exert force on the Intron load cell. Cable tension and the resultant applied load will be increased until
applied load reaches 898.5 N [202 Ibf] as measured by Instron machine. The UUT will then be evaluated
for creep of the applied load by dwelling for 24 hours and recording the final applied load values.

The displacement response of the mechanism to predicted inertial load generated by the test mass on the
grabbing finger during vibration loading will occur after creep testing is complete. The 822-N [185-Ibf]
predicted initial load will be applied to the UUT by the Instron machine and the displacement of the load
cell, and resulting mechanism, will be recorded. Near zero deflection is expected to be observed in
response to the application of the predicted internal load.

Figure 14. Launch preload characterization testing fixture with mechanism installed.

Cable Release Functional Test

The cable release testing is designed to verify the launch restraint system can be released while under
operational loads. The test will consist of installing the mechanism into a test fixture with the cable tension
device in the relaxed position, tightening the cable to the operational cable tension, then exercising the
Frangibolt actuators to release the restraint mechanism. This setup is shown in Figure 15. The load cell
internal to the mechanism will be observed for force response before, during, and after exercising the
restraint release operation; the actuator will then be retracted to ensure unrestrained travel of the grabbing
finger over the operational range.
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Figure 15. Fully assembled CM during integration of radial clamp tensioned cable.
Conclusions

The current S-GRS development effort designed and fabricated a novel flight-like mechanism prototype to
support achieving a Technology Readiness Level of 6 for the full sensor system shown in Figure 2. This is
expected to be achieved through future planned testing and analysis upon completion of the functional
testing described in this paper. Key aspects that remain to be verified include the utilization of the GF body
as the primary launch load restraint and the passive spring release tip. Previous extensive experience of
precision mechanism design, coupled with the preliminary structural analyses performed during the
mechanism conceptual design trade and architecture selection, support the mechanism will achieve the
primary objectives. It was concluded from a technical and schedule risk assessment that fundamental
architecture could not be confidentially verified through focused component-level testing, rather should be
conducted with the major subassemblies and integrated system. In the event testing shows the test mass
cannot be adequately restrained by the opposing grabbing fingers, it is envisioned that the guide flexure
driven by the piezo actuator would remain relatively unchanged, and the cable release mechanism could
be adapted to control the release of spatially separate constraints on the test mass.
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