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MOLDED INERTIAL SENSOR

BACKGROUND OF THE INVENTION

The invention relates to inertial sensors, and

more particularly to inexpensive gyroscopes fabricated
from molded components.

5 The design features of conventional inertial
sensors, such as gyroscopes, for commercial and military
applications utilize structural support elements
machined from materials, such as aluminum, beryllium,
and stainless steel. Generally, these support elements

10 are manufactured using standard machining processes.

The gyro sub-component structures often depend
in shape and size upon machining requirements.
Typically, a component, such as a gimbal must initially
be rough machined and then heat treated. Final

1> machining operations may then be performed, including
the machining of slots, holes, and grdoves. The part is
then stress-relieved. Expensive fixturing is then
required for gyro assembly operations, such as alignment
of the signal and torgque generator rotors, motor stator

20 and wheel. Subsequently, encapsulation operations are
typically required. 2ll these assembly operations are
usually performed by hand and are quite time consuming
and correspondingly expensive.

Instrument production analyses of commercial
25and military inertial sensors using conventional design
features indicate that approximately 75% of the total
unit production costs can be related directly to support

element materials and fabrication and assembly opera-
tions.

30 Furthermore, instruments manufactured by the
prior art methods are subject to substantial lot-to-lot
and unit-to-unit variations, for example, due to




10

15

20

25

30

WO 80/00370 PCT/US79/6¢

-2=
machining tolerances or contamination resulting from
ﬁart handling. In addition, many critical assembly
operations are operator-sensitive, and are difficult to
monitor. To overcome some of these effects, sensor
fabrication operations are often performed in an expen-
sive clean room facility.

Accordingly, it is an object of the invention
to provide inertial sensors produced by precision, high
volume production fabrication techniques.

It is another object of the invention tc pro-
vide inertial sensors constructed of inexpensive

materials.

It is still another object of the invention to
create components for gyroscopes that require simplified
design with very few piece parts.

It is a further object of the invention to
provide inertial sensors characterized by minimal in-
process assembly operations and tooling.

SUMMARY OF THE INVENTION
An inertial sensor has its major structural

elements fabricated from molded plastic materials. The
molded elements are characterized by relatively small
cross~sectional areas. Further, the molded structural
elements incorporate keys, and keyways, as well as
guides and alignment slots, molded into the elements.

In a preferred embodiment, the plastic material is 30%
graphite-filled polyphenylene sulfide. The elements are
molded in a way that retains the random orientation of
the fibers and minimizes gaps and voids in the plastic
material. The use of molded inertial instrument com-
ponents permits simplified design with fewer piece parts
compared to the prior art, and substantially reduced

requirements for in-process assembly operations and
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tooling. In addition, the preferred thermoplastic
materials are as much as fifty times less expensive than
materials (such as beryllium) used in the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects of this inven-

tion, the.various features thereof, as well as the
invention itself, may be more fully understood from the
following description, when read together with the

accompanying drawings in which:

Fig. 1 is a perspective view of an inertial
sensor embodying the invention, partially cut away;

Figs. 2A and 2B show perspective views of a
prior art gimbal and the gimbal of the sensor of Fig. 1,
respectively;

Fig., 3 is a perspective view of the signal
generator of the inertial sensor of Fig. 1;

Fig. 4 is a perspective view of the torque
generator of the inertial sensor of Fig. 1; and

Figs. 5A and 5B are exemplary lamination frets
for the signal generator and torgue generator of the

inertial sensor of Fig. 1, respectively.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Figs. 1, 2B, 3 and 4 show an exemplary iner-
tial instrument in accordance with the present inven-
tion. Instrument 10 is a single-degree-of-freedom
integrating rate gyro based on well-~established
operating principles. The gyro includes a ball bearing
wheel assembly 12, wheel support 13, a synchronous
hysteresis motor 14, all positioned within a float gim-
bal 16. The gimbal 16 includes a wheel housing portion
17a and end portions 17b and 1l7c. End portions 17b and

.
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17¢c are adapted to frictionally engage the interior wall
of a cylindrical sleeve 18 which encases the gimbal
float assembly within a main housing assembly 20. The
gimbal 16 and sleeve 18 are supported at each end by
radial .support bearings 22 and 24.

In the embodiment of Fig. 1, the signal
generator 28 and torque generator 30 have rotor and sta-
tor elements which are chemically etched and bonded,
laminated core members. The stator for the wheel motor
is also chemically etched and bonded, laminated core

members.

A microsyn signal generator 28 is positioned
at one end of the gyro 10 and a clapper type torque
generator 30 is positioned at the other end. Bellows
assemblies 32 and 34 are positioned at the ends of the
gyro 10 to accommodate thermally-induced volumetric
changes in the float fluid within housing 20. The ball
bearing wheel assembly 12 incorporates conventional ball
bearings in this embodiment, although alternative

bearings might be used in other embodiments.

The motor 14 includes machine wound coils
mounted on a chemically etched and bonded laminated
motor stator 35. The wheel/motor assembly uses large
air gaps between the rotor (in the wheel assembly) and
the stator 35. 1In this configuration, the wheel rotates
at 24,000 revolutions per minute, generating an angular
momentum of 10,000 dyn-cm-s, with a total running power
of approximately 2.5 watts.

The float gimbal 16 is shown in Fig. 2B, with
a comparable float gimbal from the prior art shown in
Fig. 2A. The gimbal 16 of the present invention (Fig.
2A) is adapted for easy assembly with the molded sleeve
18 and wheel support bearings from the radial support
bearings 22 and 24. The gimbal 16 includes dovetail
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balance weight slots 40 and wire routing slots 42 molded
into the end portions 17b and 17c of the assembly. The
float 16 is substantially symmetrical about the output
axis 44 and spin axis 46, so that the float inertias,
differences of inertias and products of inertias are
relatively small.

Fig. 2A shows a conventional float gimbal
which corresponds to the float gimbal of Fig. 2B in the
present embodiment. This conventional float gimbal is
typically produced in the prior art from using the
method outlined above in the Background of the
Invention, including a rough machining stage operation
followed by heat treatment, followed by final machining
operation and stress relief, and the associated fix-
turing for assembly and alignment of the SG and TG
rotors, motor stator and wheel. In contrast, the molded
float gimbal 16 of Fig. 2B requires substantially no
machining requfrements, and can be producedrreliably
using high volume production techniques using conven-
tional molding technology. This molded float gimbal 16
is characterized by a minimum of large cross-sectional
areas, for example, the wheel housing portion 17a and
end portions 17b and 17¢ are all relatively uniform in
cross-sectional areas. Consequently, a minimum of
cracking or voids are caused by material shrinkage
during the molding process. Furthermore, the float gim=-
bal 16 of Fig. 2B shows holes and slots 40 for balance
weights as well as wire troughs 42.

The signal generator 28 is shown in Ffg. 3.
Generator 28 is a single E-type signal generator (SG)
and is adapted to measure angular displacement of the
float assembly including gimbal 16 and sleeve 18. The
SG 28 includes a chemically etched, bonded laminated
core 50 and 52 forming the stator and rotor, respec-
tively. Primary winding 54 and secondary windings 56
and 58 are machine wound coils mounted on a coil cupport
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59 positioned on the assembled laminated stator 350.
Assembly notches 60 and 62 are adapted to fix the stator
50 within the housing 20 of gyro 10. The signal genera-
tor 28 has the foilowing characteristics:

Sensitivity - 33 mV/mr

Elastic Restraint - 0.0031 dyn~-cm/mV
Reaction Torque - 0.14 dyn/cm

Null Output Voltage =~ 0.6 mV

Power - 33 mW

The torque generator 30 is shown in Fig. 4 for
the present embodiment. Torque generator (TG) 30 is a
clapper type generator having high torquing capability.
The generator 40 includes etched and bonded laminated
core elements forming the stator assemblies 66 and 68
and rotor assembly. 70. The stator assemblies 66 and 68
have machine wound coils at each end thereof. These
coils are denoted by reference designations 72-75 in
Fig. 4. The stators 66 and 68 have tabs 76-79 at their
nds for positioning the stators within the housing
assembly 20. With this configuration, the TG 30 provi-
des 10,000 dyn-cm torque at a maximum 640 mW.

In accordance with the present invention, the
laminated core electromagnetic sub-components are chemi-
cally etched and bonded to provide substantial cost
savings relative to the prior art techniques. 1In the
prior art, laminations are stamped from a based
material, annealed, spray coated and stacked in the fix-
ture and bonded, with the resultant handling of the part
after forming which is not only time consuming but could
lead to damage of the fragile designs. 1In contrast, the
chemically etched parts in accordance with the present
ihvention are annealed prior to the etching step, elimi-
nating a handling step after forming. Using pho-
tographic techniques, a master pattern is generated to

produce many separate piece parts on one etched frame,
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or fret. Stacking and bonding, the required number of
frets results in aligned, bonded and ready-to-use lami-
nated cores. Fig. 5A shows an exemplary lamination fret
for the stator 50 and rotor 52 of signal generator 28
and Fig. 5B shows an exemplary lamination fret for the
stators 66 and 68 and rotor 70 of torgue generator 30.

The major structural components in gyro 10 are
the float assembly, including the gimbal 16, sleeve 18,
and wheel support, as well as the main housing assembly
20, including end mounts and outermost end pieces, are
molded from thermoplastic. The particular plastic used
in the preferred embodiment is commercially available
polyphenylene sulfide (Phillips Ryton), with a fiber
reinforcement filler. 1In the preferred embodiment, a
30% carbon fiber reinforcement (CFR) filler is used. In
alternative embodiments, either glass fiber or carbon
fibers may be used in amounts varying between 10 and 40%
for optimum performance. 1In other embodiments, dif-
ferent ratios may be utilized. Some of the con-
siderations in selection of the filler and amount of
filler will now be described.

The principle differences between carbon fiber
reinforcement and glass fiber reinforcement are as
follows:

(1) The major difference between these two
fillers is the electrical and thermal
conductivity of the compounds formed.
Glass fiber has very high volume
resistivity and excellent dielectric
properties, while carbon fiber has
quite low volume resistivity and
lower dielectric properties values.
Thermal conductivity is much higher
in the more highly filled CFR
compounds also. A comparison of
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mechanical, electricél, and thermal
properties of CFR and GFR are set
forth in Tables 1 and 2.

Strength values and some creep
values favor CFR materials. c

Molds tend to wear out more quickly
using CFR than they do using glass.

Ryton R4 is 40 percent glass fiber
reinforced polyphenylene sulfide

(PPS) which is readily available with
pre-blending, while CFR PPS at present
is supplied with erratic composition.

One high concern area for materials

.choice in this program is the cost.

The CFR material is currently more
expensive than glass fiber. 1In
addition, the cost of molding is
considerably higher due to shorter
mold life.

Static change build-up is worse

on glass fiber filled PPS due to
the lower electrical conductivity.
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Table 1

Molding Conditions
Injection Pressure
1b/in.?2
Injection Cylinder
‘Temperature °F
Mold Temperature

°F

Permeance
Specific Gravity
- Mold Shrinkage
(in./in.)
1/8 in. Sections
1/4 in. Sections
Water Absorption %
24 hours at 23°C

Mechanical
Izod
Notched 1/4 1b/in.2
Unnotched 1/4 1b/in.?2
Tensile lb/in.?2
Tensile Elongation %
Tensile Modulas
1b/in.2 x 106
Flexural Strength
1b/in.2
Flexural Modulas
1b/in.2 x 106
Compression Strength
1b/in.2
Hardness Rockwell R

-9-

40% GFR

15-20K

575-650

100-350

1.62

0.001
0.002
0.02

1.4
7.0

20K
1.3
2

30K

25K

123

30% CFR

15-20K

575-650

100~350

1.42

0.001
0.001
0.02

1.2
4.0
25K
0.5
3.7
31K
2.5

26

123

PCT/US79/66581

10% CFR

1.38

0.0015
0.002
0.02

0.08
3.0
22K
0.75
2.5
27K
2.1

24K

122
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Table 1 (continued) 40% GFR  30% CFR  10% CFR
Electrical
Dielectric Strength 350 - -
r/min S/T
Dielectric Constant 3.0 - ' -
1 mc dry
Dissipation force 0.001 - -
1 mc dry
Arc Resistance (s) 120 - -
Volume Resistivity 1016 40 75
cm
Thermal

Deflection tempera-

ture (°F)
264 1b/in.2 500 500 500
66 1b/in.2 500+ 500+ 500+
Flammability - SE SE SE
Coefficient of
linear expansion 1.2 0.89 1.1
in./in./ F 10753
Thermal Conductivity 2.2 2.5 2.1
BTU/hr/£t2/°F/in.

~$UREAGN
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Sample
R6
R6
R6
LNP
30%
CFR PPS
LNP
30% CFR
Polysulfone
LNP
30% Glass
PPS
10% CFR PPS
Fiberite
30% CFR PPS
Fiberite

Ryton 4
Gimbal Part

PCT/US79/0058:
- 1 1 -
Table 2
R4 = 40% glass filled
R6 = Unfilled
XCFR = X% carbon fiber reinforced
T(g) = Glass transition temperature
T(p) = Penetration temperature
Exp. Below T{(g) T(g) T(p)
in./in./ F x 10-5 C C
2.65 205 205
1.78 - 134
3.25 73 205
2.66 113 . -
2.66 115
2.66 115
3.48 1.98
1.79 106
2,91 119
3.41 117
- 67 and 92
3.2 78 and 108
- 85
2.6 102
- 91
83 120

110
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Considerations in the amount of filler versus

type of filler are:

(1) In general, 30 percent CFR
provides better strength values
at the cost of brittleness
when the mechanical values are
compared to 40 percent glass
reinforcement.

(2) Little if any significant advantage
is gained by using 10 percent or
20 percent CFR for low cost gyro
applications.

In alternative embodiments, the following
thermoplastics may be utilized for the molded parts:

Polysulfone - glass and graphite fiber reinforced
Polysulfone (Astrel 360)

Polyimide-amide

Acrylo-Butadiene

Styrene

Nylon (amorphous)

In other embodiments, thermosetting plastics may be

used, such as:

epoxy systems from Fiberite
epoxy graphite systems

In such embodiments, either glass or carbon fiber rein-
forcement may be used in the same manner described above
in conjunction with the thermoplastic embodiments.

The invention may be embodied in other specific
forms without departing from the spirit or essential
characteristics thereof. The present embodiments are

~$UREAD
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therefore to be considered in all respects as illustra-
tive and not restrictive, the scope of the invention
being indicated by the appended claims rather than by
the foregoing description, and all changes which come
within the meaning and range of equivalency of the
claims are therefore intended to be embraced therein.
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CLAINS

1. An inertial sensor comprising molded
plastic structural components, said components being
characterized by relatively small cross-sectional areas.

2. A sensor according to claim 1 wherein said
molded plastic is a thermoplastic.

3. A sensor according to claim 2 wherein said
thermoplastic is polyphenylsulfide.

4. A sensor according to claim 3 wherein said
thermoplastic is reinforced with glass fibers with
substantially random orientation.

5. A sensor according to claim 4 wherein said

fiber reinforcement is in the range 10-40%.

6. A sensor according to claim 3 wherein said
thermoplastic is reinforced with carbon fibers with
substantially random orientation.

7. A seénsor according to claim 6 wherein said
fiber reinforcement is in the range 10-40%.

8. A sensor according to claim 1 wherein said

molded components include a gimbal.

9. A sensor according to claim 1 wherein said
molded components further include a wheel support means.

10. A sensor according to claim 8 wherein
said gimbal includes a molded sleeve member frictionally

engaging an inner gimbal member.

11. A sensor according to claim 1 further
comprising a signal generator (5G) and a torque genera-
$UREA [T
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tor (TG), said SG and TG including rotor and stator ele-
ments, said elements having chemically etched and bonded
laminated core members.

12. A sensor according to claim 11 further
comprising a wheel motor including a stator element,
said stator element having chemically etched and bonded
laminated core members.

13. A torque generator for an inertial
instrument comprising rotor and stator elements, said
elements including chemically etched and bonded lami-

nated core members.

14. A signal generator for an inertial
instrument comprising rotor and stator elements, said
elements including chemically etched and bonded lami-
nated core members.

15. A wheel motor for an inertial instrument
comprising a stator element, said element including che-
mically etched and bonded laminated core members.

16. A sensor according to claim 1 wherein
said molded plastic is a thermo-setting plastic.

17. A sensor according to claim 16 wherein
said plastic is reinforced with glass fibers with
substantially random orientation.

18. A sensor according to claim 17 wherein
said fiber reinforcement is in the range of 10-40%.

19. A sensor according to claim 16 wherein

said plastic is reinforced with carbon fibers with

substantially random orientation.
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20. A sensor according to claim 19 wherein

said fiber reinforcement is in the range of 10-40%.
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. AMENDED CLAIMS
(received by the International Bureau on 6 February 1980 (06.02.80))

l(amended). An inertial sensor comprising
interfitting molded plastic structural components, said
components being characterized by relatively small

cross-sectional areas.

5 2. A sensor according to claim 1 wherein said
molded plastic is a thermoplastic.

3. A sensor according to claim 2 wherein said
thermoplastic is polyphenylsulfide.

4, A sensor according to claim 3 wherein said
10 thermoplastic is reinforced with glass fibers with

substantially random orientation.

5. A sensor according to claim 4 wherein said
fiber reinforcement is in the range 10-40%.

6. A sensor according to claim 3 wherein said
15 thermoplastic is reinforced with carbon fibers with
substantially random orientation.

7. A sensor according to claim 6 wherein said
fiber reinforcement is in the range 10-40%.

8. A sensor according to claim 1 wherein said
20 molded components include a gimbal.

9. A sensor according to claim 1 wherein said
molded components further include a wheel support means.

10. A sensor according to claim & wherein
said gimbal includes a molded sleeve member frictionally

25 engaging an inner gimbal member.
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11. A sensor according to claim 1 further
comprising a signal generator (SG) and a torque genera-
tor (TG), said SG and TG including rotor and stator ele-
ments, said elements having chemically etched and bonded

laminated core members.

12. A sensor according to claim 11 further
comprising a wheel motor including a stator element,
said stator element having chemically etched and bonded

laminated core members.
13. Cancelled
14, Cancelled
15. Cancelled

16. A sensor according to claim 1 wherein
said molded plastic is a thermo-setting plastic.

17. A sensor according to claim 16 wherein
said plastic is reinforced with glass fibers with
substantially random orientation.

18. A sensor according to claim 17 wherein

said fiber reinforcement is in the range of 10-40%.

19. A sensor according to claim 16 wherein
said plastic is reinforced with carbon fibers with

substantially random orientation.
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20. A sensor according to claim 19 wherein
said fiber reinforcement is in the range of 10-40%.
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ments to such an extent that no meaningful International search can be carried out 13, specifically:

VI.D OBSERVATIONS WHERE UNITY OF INVENTION IS LACKING 11

of the International application.

Remark on Protest
D The additional search fees were accompanied by applicant’s protest,

D No protest accompanied the payment of additional search fees.

This International Searching Authority found multiple inventions in this infernational application as follows:

1.[:] As all required additional search fees were timely paid by the applicant, this international search report covers 2ll searchable claims

?.D As only some of the required additional search fees were timely paid by the applicant, this International search report covers only
those claims of the International application for which fees were paid, specifically claims:

S.D No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted to
the invention first mentioned In the claims; it is covered by claim numbers:
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This international search report has not been established in respect of certain claims under Article 17(2) (a) for the following reasons;
1.|:] Claim numbers ... » because they relate to subject matter 12 not required to be searched by this Authority, namely:

ZD Claim numbers..........., because they relate to parts of the international application that do not comply with the prescribed require-
ments-to such an extent that no meaningtul international search can be-carried out 13, specifically:
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This International Searching Authority found multiple inventions in this International application as follows:

1 D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable claims
of the international application,

2.{:] As only some of the required additional search fees were timely paid by the applicant, this international search report covers only
those claims of the International application for which fees were pald, specifically claims:

S.D No required additional search fees were timely paid by the applicant. Consequently, this international search report is resiricted to
the invention first menticned in the claims; it is covered by claim numbers:

Remark on Protest
D The additional search fees were accompanied by applicant's protest.
[_] No protest accompanied the payment of additional search fees.
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