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Abstract

This paper summarizes the design and development of
a miniature Force Actuator (Figure 1), used in
spacecraft optical instruments, notably the James Webb
Space Telescope (JWST). The design challenge was to
develop a lightweight, compact, high bandwidth, low
power, thermally stable force actuator capable of
controlling force with a resolution of better than
0.000225 N (5x10-5 lbf).

This paper outlines the design, development and testing
of the force actuator assembly, with particular
emphasis placed on the cryogenic aspects of the design,
and the load cell and capacitive sensor development
and testing. The paper outlines the following four
novel points of the design:

1- Development of a linear actuator capable of a
resolution better than 0.64 microns (25 micro-
inches)

2- Challenges to meet performance requirements for
temperatures of 30K to 350K

3- Load cell development with linearity better than
0.000225 N

4- Development of a capacitive displacement sensor
capable of resolving a stroke of 2.6 millimeters
with an accuracy of 1.3 micron

Introduction

The cryogenic force actuator presented in this paper is
comprised of a high reliability space-rated stepper
motor designed and manufactured by Moog,
Chatsworth Operations (MCO). The unique design
features of this actuator that contribute to its light
weight and extremely precise motion capability include
a stepper motor driving a leadscrew through a
harmonic drive gear transmission. The output motion

of the actuator is transmitted to the output of the force
actuator through a load cell. The relative movement of
the output member to the actuator output results from
the applied load, which is measured by an innovative
capacitive voltage divider sensor. To maintain
linearity, the displacements, and  hence the stresses,
developed in all members are kept well below the
elastic yield strength of the material. The materials of
the actuator parts were carefully selected to provide an
athermal design at the mid-stroke position and to
minimize the effects of thermal expansion mismatch on
the output stage.

Requirements and Constraints Driving the Design
The cryogenic force actuator is designed to meet the
performance characteristics outlined below:

Parameter Specification Units
Operating
Range

�1.27 mm

Force Range �8.9 N
Force
Resolution

<0.000225 N

Axial Stiffness >8782 N/m
Relative
Accuracy

�0.000675 N(for any
command
change within
the operating
range)

Absolute
accuracy

�0.667 N(over 90 day
period)

Axial Survival
load

�222 N

Weight <90 grams
Load cell
bandwidth

2.0 Hz

Power to hold
position

0.0 Watts

Traceable life
cycles

60,000 Cycles
(through
�8.9N range)

Traceable life
years

15 Years

Operating
temperature
Range

280-350 &
20-70

°K

Survival
Temperature
range

20-350 °K

Humidity 0% - 90% no
condensation

Pressure 1.3E-9 to 800 MPa

Figure 1 - Cryogenic Force Actuator



Design and Development
The force actuator is comprised of a linear actuator, a
load cell and an integrated capacitive displacement
sensor. The linear actuator is driven by a high
reliability space-rated stepper motor designed and
constructed by MCO. The motor is a standard Moog
two-phase stepper motor specifically designed for the
application. Since micro-stepping is not required in the
design and unpowered holding torque is exhibited at
every commanded step, the force actuator is capable of
holding position with the power off. The concept
features a compact and coaxial design with close
integration of motor and gear transmission.  The design
is optimized for minimal parts count. Materials are
selected specifically for cryogenic application and
compatibility. Structural members are sized to perform
over life with ample margins.

The drive motor is a two-phase 15-degree permanent
magnet stepper motor. The basic motor design is the
same as that of larger MCO stepper motors. The motor
uses Samarium Cobalt permanent magnets, for
excellent thermal stability and resistance to
demagnetization.
The motor rotation is attenuated by a 100:1 harmonic
drive gear reducer. The M8 mini series harmonic drive
is a miniaturized version of a standard harmonic drive,
offering excellent positional accuracy and repeatability,
zero backlash, relatively high torsional stiffness, and
high torque capability. The M8 size harmonic drive is
available in various gear ratios. The unit selected for
the actuator has a gear reduction ratio of 100:1. The
outer diameter of the harmonic drive matches that of
the stepper motor stator outside diameter, resulting in a
streamlined and simple actuator packaging.

The harmonic drive output drives the leadscrew. It
results in a resolution of 0.330 micrometer of axial
movement per motor step. To achieve the 2.54mm
overall stroke the actuator uses approximately 3 full
turns of its leadscrew. The bearings supporting the
leadscrew are made from 440C stainless steel and are
sized to accommodate the 222N of axial load. The
actuator uses titanium and stainless steel to provide for
thermal coefficient matching down to 30°K.The
housing with integral spring and nut responds to
leadscrew rotation. The housing motion is transmitted
to the output shaft through a flexible diaphragm. The
flexible diaphragm, referred to as an "S-spring", is a
proven design with extensive heritage. The design is
depicted in Figure 2. The load cell output is supported
on two diaphragms with opposite "S-shaped" cuts. This
configuration eliminates the tendency of rotation with
axial movement.  The material of the diaphragm was
selected to be Titanium 6Al-4V to thermally match the
actuator housing. To meet the requirement of axial
stiffness and performance, the design of the diaphragm

Figure 2- "S-spring" design

was optimized, using the ANSYS finite element
analysis program. The finite element model was
constructed with SHELL93 elements. The outside
diameter of the diaphragm was constrained, while an
axial motion of 1.5mm was imposed on the inner
diameter. A thickness of 0.4 mm was assigned to the
shell elements. The displacement plot and the
corresponding vonMises stress distribution plots are
depicted by Figures 3 and 4, respectively.

Figure 3- Displacement plot

Figure 4- vonMises Stress distribution plot



The resulting stresses for the maximum deflection of
1.5 mm are kept well below the allowable yield
strength of the material.

A capacitive displacement sensor measures the force.
The sensor measures the relative motion of the housing
and the output shaft.

The principle of operation of the capacitive sensor is
illustrated in Figure 5. As it is shown in the figure, the
sensor acts as a voltage divider. The outer sleeves of
the sensor are mounted on the output member of the
linear actuator. The sleeves are electrically isolated
from each other. One side is excited by 10 Vac, while
the other is grounded. The pick-up voltage sleeve is
mounted on the force output rod. The voltage read on
this sleeve is directly proportional to the axial location
of the sleeve.

Figure 5- Principle of Operation of Capacitive Sensor

The electrical schematic of the capacitive sensor is
depicted in Figure 6. The resolution of the sensor is
only limited by the resolution of the A/D converter and
the errors introduced in the electronics.

Figure 6- Electrical Schematic of Capacitive Sensor

The actuator design encompasses non-jamming rotary
stops at both ends of actuator travel. Additionally there
are hard stops to limit load cell shaft movement.

To minimize weight and achieve the required motion
attenuation, a Harmonic Drive  transmission was
selected. For cryogenic temperature operation, it was
deemed necessary to dry-lubricate the moving parts, i.e
bearings, lead-screws, nuts and gears. Tungsten
disulfide (Dicronite) dry lubrication was chosen based
on the heritage of this lubrication on cryogenic
mechanisms used in the COBE, UARS and AIRS and
numerous other space programs. Dicronite offers
superior performance at ambient conditions, not
exhibiting the  humidity absorption  problems inherent
with MoS2. The bearing races and balls were dry
lubricated by the vendor and assembled prior to
shipment to Moog, MCO. Table 1 summarizes the
lubrication trade-off studies.

The materials of the parts in the load path were
carefully selected to provide for
1) an athermal design at mid-stroke position and
2) minimize frictional characteristics of the

leadscrew/nut combination.

Table 1. Summary of Lubrication Trade-offs

Parameter MoS2 WS2
(Dicronite)

Coefficient of
Friction @

300K, 760 torr
20K, 10-10 torr

0.15
0.05

0.05
0.05

Thickness,
micrometer

0.5 to 10 0.5

Wear Rate,
m/m.MPa

1.2x10-10 1.2x10-10

Application Method Impingement
Polymer
Coating

Sputtering

Impingeme
nt

Notes Wells/Reservoir
s

Outgassing

Low RT
Friction

Molecular
Bonding

Evaluation and calibration testing

In order to evaluate the test results, it was deemed very
important to calibrate the output of the force sensor
against a calibrated source. To achieve this the test
setup of Figure 7 was implemented. This test setup
utilizes a calibrated load cell. The readings of the
capacitive sensor were compared with the output of the
calibrated force gauge source.



Figure 7- Overall Room temperature Test Set

Figure 8- Close-up view of calibrated force gauge

Figure 8 shows the close up view of the calibrated
force gauge and the force actuator. The results
indicated excellent performance. Some of the ambient
force sensor calibration test results are shown in
Figures 9 and 10.

Figure 9- Ambient Test Results 100 step Data Points

Cryogenic Testing

The units were tested at vacuum and 96K cryogenic
temperature before being subjected to 30K
environment. The tests were conducted at Moog,
Chatsworth Operations.
The tests were carried out at cold temperatures and
vacuum conditions. The thermal vacuum fixture
depicted in Figure 11 holds two force actuators with
their outputs fixed.

The actuators were exercised for the range of motion,
and the resulting forces were recorded. These tests
were conducted in ambient and at 96K. Figure 12
shows the performance of the force actuator in vacuum,
but at room temperature. 7000 step displacements were
commanded back and forth, and the resulting force
sensor output was recorded.

Figure 10- Ambient test results 1 step data points
The temperature was then dropped to 96K, and similar
tests were performed. Figure 13 shows the test results
of the force actuator at 96K and vacuum condition.

Figure 11- Thermal Vacuum fixture

Figure 12- Room Temperature Vacuum Performance



Figure 13- 96K Temperature and Vacuum Performance

Before delivery of all 16 units and their testing at 30K
at the customer's site, a new test fixture was
manufactured to house all units in two banks of eight
opposing units. This way the performance of all units
would be monitored both in laboratory and in vacuum
at ambient and cryogenic temperatures. The test fixture
is shown in Figure 14.

Figure 14- Test fixture for 16 actuators

One more advantage of this test system was the ability
of comparing the performance of two opposing
actuators, as they both should undergo the same force.
The units were tested at ambient condition for cycles of
400 steps extend and retract, and 7000 steps extend and
retract. Figures 15 and 16 are typical results of these
tests on unit number 13.
After delivery of all units, a cryogenic test was
performed at the customer's site. The cold temperature
was controlled at 30K while the units were exercised.

Figure 15- Room Temp. 400 steps Extend and Retract

Figure 16- Room Temp. 7,000 steps Extend and
Retract

Figure 17 is a typical sample of the serial number 13
performance at 30K.

Figure 17- Typical Cryogenic Performance of Force
Actuators

Conclusions

The actuator and the capacitive sensor met all the
performance requirements. In the course of the
development of the unit, the following enhancements
were deemed necessary:



The force actuators have a very soft stiffness, as a
result matching of the diaphragms to achieve uniform
loading characteristics is important.

A spring loaded Teflon spacer inside the capacitive
sensor had to be replaced with Tefzel. Teflon shrank at
cryogenic temperature and didn't regain its initial
condition when the unit was brought up to ambient
temperature.

From the beginning of this program, one of the largest
unknowns was the harmonic drive.  Would it function
at cryogenic temperatures?  How would the harmonic
drive perform with only dry film lubricants?
Experience from these first cryogenic actuators shows
that the design is a viable one, though problems persist.
The manufacturer has, on their own, spent funds on
improving the design of the harmonic drive.
The harmonic drive manufacturer has also sought
improved dry film lubricants and improved
applications of the dry film lubricants.  Moog is
working with the harmonic drive manufacturer on
possible coatings other than dry film lubricants (e.g.

harder surface coatings).  A number of wave generator
bearing separators will be available for different
processing and eventual testing.  Some of this work
done by our harmonic drive vendor will be applicable
to the bearings used on the rotor and leadscrew, though
we have not experienced problems with these bearings.

To improve the functionality of the harmonic drives for
lower internal losses, continuous investigation has
shown performance improvement by replacing the
material of the wave generator bearing retainer with
Nitronic-60. This improvement would increase the
torque margin of the unit.

In parallel Moog has developed a stronger motor in the
same size package by changing the stator material. The
motor screening tests have shown more than double the
torque output.

The linear actuator portion of the unit has gone through
extensive cryogenic testing both at customer's facilities
and at NASA's Jet Propulsion laboratories and
Marshal Space Flight Center.
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