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EUSTIS DIRECTORATE POSITION STATEMENT

This report covers Phase III of a three-p hase program to determine and demon-

strate the product ion suitability of the Electrof orm Conductive Wax ( ECW ) process ,

used in conjunction with exist ing,  conve ntional processes , for the manufacture of

fluidic systems. During Phase II I , a small production run , cons isting of 20 1-l ydro-

fluidic Stability Augmentation Systems~ was acco mp lished with production-oriented

personnel operating the producti on line established during Phases I and II of this

program. All components were comp lete ly tested and then random l y assembled

into systems. These systems were then evaluated , and t he test data was docu-

mented. ifte data derived during this program was used to project manufact uring

costs, including nonrecurri ng costs , for quantit ies of 50 and 1,000 Hy drofluidic

Stability Augmentation Syste ms.

Mr. George W. Fosdick of the Systems Support Division of the Eustis Directorate

served as the project eng ineer for this effort.

DISCLAIMERS

The findings in this report are not to be construed as an of fucial Department of she Army position unless so
designated by ot her authorized documents.

When Government drawings , specif ications , or other data are used for any purpose other than in connection
with a definitely related Government procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that she Government may have formulated , furnished,
or in any way supplied the said drawings , specifications , or other data is not to be regarded by implication or
otherwise as in any manner licensing the holder or any other person or corporat ion , or convey ing any rights or
permission, so manufacture , use, or sell any patented invention that may irs ar.y way be related thereto.

Trade names cited in this report do not constitute an official endorsement or approval of the use of such
coissniercial haulwarc or software.

DISPOSITION INSTRUCTIONS

Destroy this report when no longer needed. Do not return it to the originator.
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SECTION I

INTRODUCTION

Most conventional production techniques are not readily adaptable to the
manufacture of fluidic devices with small passageways, intricate con-
figurations, close-tolerance requirement s, and t he need for sealed
circuits. Consequent ly, the electroform conductive-wax (ECW) pro-
cess was developed. Through various developmental programs, it was
demonstrated that the ECW process has the capability for accurately
fabricating leak-proof fiuidic components. The object of this program
is to determine the production suitability of the ECW process, in con-
junction with existing conventional processes, for the manufacture of
fluidic systems. This 34-month program was divided into three phases.
Phase I, reported in USAAMRDL-TR-75-49, consisted of the following
major task s:’

• Design and development of an integrated amplifier-manifold
circui t for use in the hydroflu idic yaw axis stability augmen-
tation system (SAS), which wa s developed under Cont ract
DAAJO2-72-C-O051 for the Eustis Directorate, USAAMRDL,
Fort Eustis, Virginia.

• Qualification testing of the SAS with the integrated amplifier-
manifold circuit .

1 Robert Lewis , Walter Posingies, and Burton Scott , Production
Suitability of an Electroform Conductive Wax Process For the
Manufacture of Fluidic Systems, Honeywell Inc ., USAAMRD L
Technical Report 75-49 , Eust is  Directorate, U. S. Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia ,- November 1975 , AD A018874 .
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• Desi gn of a pilot production line for the fabr ica t ion  of
fLuidic  compo nent s using the ECW process and for the func-
t iona l testing of the component s.

Phase II , reported in U SAAMRDL -TR-76-42 , consisted of the fol lowing
major  tasks: 2

• Manufac ture, assembly, and checkout of the comp Lete
produc tion line designed in Phase I .

• Fabrication and testing of three lots of system components
using the Phase I production line . Each 1~ t consisted of
three sets of hardware .

• Assembly and tes t ing of a complete system from each lot .

• Anal ysis  of the test results of each lot to modif y the
desi gn, the ECW process , or process equi pme nt , if
necessary, before fabrica tion of the next lot .

Phase III , the subject of this report , consisted of the following major
t asks:

• Fabrication of four  lot s of electroformed component s, each
lot consisting of five sets of components.

• Testing of all electroformed components , flow -control
valves , and pilot input device (PID) valves as compo-
nent s, and evaluating them after they had been randomly
assembled int o systems.

2 WaLter  Posingies, Production Suitability of an Electroform Conductive
Wax Proce~~ for the Manufac ture of Fluiclic Systems, Honeywell  Inc .,
USA A M R D L  Technical Report 76-42 , E u stis Directorate , IT . S. Army
Air  Mobility Research and Development Laboratory, Fort F u stis ,
Vi r ginia , .Tul y 1976 .
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• Ap plicat ion of statistical analysis to the component test

data to develop statistical d is t r ibut ions  and per formance

variances.

• Calculation of projec ted manufactur ing cost , which included

no nrecurring costs, for quantitie s of 50 and 1000 systems .

11 
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SECTI ON II

SYSTEM CONFIGURATION

A photograph of a completed yaw axis fluidic controller is shown in
Figure 1. This system is designed to bolt directly onto a Hydraulic
Research 30005000 servoactuato r . Input flow is supplied by the servo-
actuator in the location shown, and signals gene rated within the con-
troller are communicated back through the three servo command ports
in the outlet block . Also shown in this photograph is the flow-control
valve, which maintains fluidic system flow at 0. 7 gpm ove r the f lu id
tempera ture  range from 40°F to 180°F .

Output commands are computed by the fluidic controller using both its
internal vortex rate gyro and a second device that transduces pilot yaw
commands into fluidic signals ( PID). The PID input cable and PID
level arm are also labeled in Figure 1. Relationships between these
components are shown in the Figure 2 schematic.

Resistors R22 and R23 in the schematic are the electroformed bolt-on
through-ra te  resistors shown in Figure  1. Electroformed bolt-on feed-
back resistors, RiO and Ru , and the viscosi ty-sensi t ive bypass resis-
tor are in both f igures.  Another feature visible in the photograph is the
dual-funct ion  lock leve r , which rotates a blade within  the vortex
chamber  to generate a swir l  similar to that produced by input  t u rn ing
rates. This lever can be adjusted to compensate for  rate sensor offsets
dur ing  cal ibrat ion and can be pushed to generate a “ psuedo-rate ” , pro-
v id ing  a b u i l t - i n  test (BIT) func t ion  dur ing  system performance check-
out in the a i rc ra f t .

12 
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Figure 1. Y a w  Axis Flu idic Controller.
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Figure 3 is an exploded view of the controller hardware with the major

components labeled. Amplifier-manifold is the official name for the

integrated circuit, which is the largest and most complex electro-

formed component on this program . The BIT blade can be observed

protruding through the rate sensor cover. High-pass capacitors are

bellows soldered to covers and are labeled Cl and C2 in the sche-

matic. Other capacitors are the lag capacitor , C3, and the filter
capacitor , C4. An electrofo rmed pickoff combined with a stack of
etched coupl ing-element disks constitute the pickoff assembly. Figure
4 is an assembly drawing showing details of controller construction,
and Table 1 is a parts list.
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SECTION III
COMPONENT FABRICATION AND TEST

Electroforined components were fabricated in four lots of five compo-

nents each in accordance with the process defined in Phase II of this

contract. Each system contains the following electroformed compo-

nents:

• One rate-sensor pickoff

• One integrated circuit (IC)

• One set of through-rate resistors

• One set of feedback resistors

Two of the nonelectroformed components were calibrated. They are:

• PID valve assembly

• Flow-control valve

RATE SENSORS

Three lots of rate-sensor pickoffs were rejected based on visual in-

spection prior to testing. The entire lots were rejected even though

some of the sensors appeared to be satisfactory.

Thin plating in critical areas of the original, Lot A pickoffs was caused

by an excess ive plating current density. The pickoff was plated at
twice ‘the specified current density due to some error in following the

production procedure or to some problem with the production setup.
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Air-bubb le . accumulations on Lot B rate sensors occurred in the sar$c

critical area and also resulted in seve ral unsatisfactory pickoffs .

Because the production process could not change in the middle of the
produ ction run , it was necessary to scrap the entire two lots , revise

the process, and start over . Instrumentation was recalib rated , and

plating currents were set more accu rately to ensure tha t the excessive

current condition would not occur again. The procedure was also

changed to include a “flushing” step to remove bubbles from the pick-

off.

The revised process was satisfactory for  the next th ree lots; however,

the initial problem of thin plating recurred in the final lot . Test data

taken dur ing  the second attempt to p late Lot D indicated that the p lating

anode impedance was increasing as a function of t ime . Only 1 volt was

required to obtain the 0. 6-amp plating current at the start , fo r an

effec tive impedance of 1. 67 ohm. This impedance had increased to

3 ,4  ohms several hours later and was up to 6 .67 ohm s by t he end of

the day . Voltage and current were monitored only during working

hours. The Load-sensitive power supp ly used will vary plating current

as the impedance changes unless it is readjus ted .

Plating thickness on the second Lot D was satisfacto ry, and fu rther

investigations into the platin g problem were not undertaken. Recom-

mendations for fu ture rate-sensor manufacturing runs are given below .

• Record plating current (and voltage if practical) continu-

ously during the 48-hour plating period , usi ng a slow-speed

strip-chart or circular-chart recorder . This will show

when a potent ial p lating problem occurs and will also describe

the im pedance change in detail .
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• The anodes used in this program were too large for plating
five pickoff s. The su rface area of t he anodes should be com-
parable to the surface area of the objects being plated . Whe n
integrated circuit s are being plated (at the same current
density as pickoffs), the total plating current is higher due to
the greater surface area on the integrated circuits. Because

anode current density is higher, a fr esh an d act ive anode sur-
face with a low impedance is maintained. The anode size
should be approximately the same surface area as the p ickoffs
being plated so as to increase the anode current density.

• A constant-current power supp ly should be used .

Any comb i nation of these recommendations is expected to eliminate this
problem . Satisfactory pickoffs have been fabricated in another program
usi ng a smaller area anode .

In the four properly electroformed lots, only two rate sensors failed to
pass the component test . These sensors, Serial Number (SN ) 1003
from Lot A and SN 1020 from Lot D, both had low o~ead-e nded and flow-
loaded gains. Visual inspection did not indicate any reason for the low
gain: residual wax did not appear to be a problem , since these unit s
were recleaned without any change in performance, and none of the
other sensors required a second cleaning. The process had a 90-per-

cent yield if the three improperly electroformed lots are excluded .

Rate sensor requirement s are defined in Honeywell Specifica tion
DS 24949-01 (USAAMRDL-TR-76-42, Appendix B) and are summarized

below:2
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Dead-ended gain: 0 .0094 0. 001 psid/deg/sec

Flow-loaded gain: 0 .005 ± 0.00 1 ps id /deg/sec

Flow-loaded noise: ± 1 degJsec~~0.01psid peak-to-peak

Linearity: ± 10% over ± 50 deg/sec range

Null Offset: (Left blank in Specification pending results of
this program).

The rate-sensor pickoffs were evaluated using the component test sta-

tion designed in Phase I of this program (see USAAMRDL-TR-75- 49,

Reference 1, for drawings and details) . Major test station components

are shown in Figure 5.

Figure 6 is a typ ical data sheet fo r a ra te sensor. Table 2 gives data

fo r all rate sensors. Rate sensor SN 1003 was rejected because of low

gain (Figure 7); however, this unit would probably have operated satis-

factorily in a system. Rate sensor SN 1020 had a low gain and was

nonlinear, as show n in Figure 8. This sensor is a definite reject and

probably has a noticeable physical internal defect; however , dissecting

sensors without destroying the defect is difficult.

Four sensors have marginally acceptable gains, as shown in Table 2 .
Sensors 1010 and 1013 have low gains , while the gains of sensors 1006

and 1022 are high . The accepted quality control procedure is to rounu

off the data to the same number of significant figures as the specifica-

tions requirement; i~ e., three p laces past the decimal . Therefore ,

both 0. 00375 and 0. 00625 are within specification limits. The noise

level of 0. 012 psid peak -to-peak on sensor 1024 is also acceptable .
Later system calibrations showed that system s with component s whose

perfo rmances were nearly out of specification limits were as easy to

calibra te and performed as well  as system s where “ nominal ” compo-
nent s were used .
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DEAD-ENDED CHARACTERISTICS

~ +0.75
ld~0.

+0,50 NULL OFFSET 8 3 D E G /SEC

+0.25

111 TIME BASE X 10 SEC/IN . SWEEP

-70 -60 -50 -40 -30 -20 -10 —~~~
‘10 +~~ ±30 + 40 + 5~ + 60 + 70

RATE INPUT (DEG/SEC)

GAIN = 0 00945 PSID/DEG/SEC -0 .25

::::
FLOW-LOADE D CHARACTER I STICS

40.25 
NULL 0FFSET = 3 2

,~~~~,~E~~ ___ ’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—

~~

—

~~~~~~~~~~~~ ——~~ RATE INPUT (DEG/SEC)
-0. 25

FLOW -L OADED

GAiN = 0,00495 PSID/DEG/SEC 
0. 50 

— T
to’ 75

DATE; 5/4/76
LOT A
SUPPLY PR ESSURE: 100 PSID
BACK PRESSURE: 50 PSID
FLOW RATE: 1,9 CIS
FLUID TEMPERATU RE: 120~F
DEAD-ENDED OUTPUT LEVEL• 14 12 PSID

RATE SENSOR: 
O UTPUT LEVEL: 6.71 PSID

Figure 6. Rate-Sensor Test Data.
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TABLE 2. RA TE—SENSO R PERFORMANC E

‘ 
- 

‘ - - I) ’a, I - I -S,- I , -d 1)ead—Knded Flow-Loaded -‘low-Loaded I”low—I,oadr-d II , ‘,,I- ElIded I’ I w - I , :II,d U
~~~ 

~~~~~~ - La i n  ~ ff ,IY’t Lain (IffV et NIh ,,:- l evel /
- , rla 0 Ip 4 i d l d eg lo : ’ l ’ 1 I Org/see )  (paid/dI g f eI’~ / (ps:d I (psid I’ea k- t o  I eok I  (/ ~~~~ I I )  I p~~e I

_______ ___________ ________ ________ _________ _______ -

1000 0.00945 8.3 (‘ l W  0,00495 32 ,0 I’ ’\I 0 , 0050 14 , 12 Ii . . 1

1001 0.00935 13, 5 l W  0 ,00540 10,0 l W  0. 0080 14 , 14 6 . 
~~

1002 0,00925 32, 0 DO 0,00435 7 .5 (‘0 0, 0050 14, 12 6 , 1/1,

10031 0, 00790 32 ,0 (7W 0.00350 17 .0 (‘0 0 ,0070 14 , 00 6 , 42

1004 0,00960 32, 0 (‘\V 0 ,00540 8 ,0 CO 0, 0050 14 .21 8,44

1005 0 ,00950 17 ,0 ) ‘W 0,00510 1/1 ,0 (7;’)) 0,0075 14 , 01 6 . 311

1006 0 ,00/1 50 18. 0 (‘\V 0, 00625
2 6 ,0 CIV 0,0065 14 , 10 6 , 4 ’-

1007 0 ,00850 48 ,0 l W  0,00550 49 ,0 CW 0, 0090 14 ,13 7 . 13

100)1 0, 00940 47 . 0 (7W 0, 00500 4 5,0 ( ‘(V 0 ,0100 1-1 . 06 6 , ‘3

1009 0.00950 40 ,0 I ‘IV 0 ,00530 21 ,0 ( ‘0’ 0 ,0050 14 , 11 6, 6/ )

1010 0,00900 17 , 0 (‘IV 0.00398 2 28 ,0 CIV 0, 00’ - - 14. 11 7 . 3

1011 0,00920 2 / 1 . 0 1,0) 0.00515 13.0 C\V 0 ,0050 14 , 1’ -  - 7 ,08

1012 0,00940 2 ,0 (‘ l W  0 ,00400 24 ,0  (7W 0,00110 14 , 18 7 . 3”

1013 0 , 00910 17 .0 ( ‘IV 0. 00375 2 42 ,0 (‘(V 0, 0100 14. 19 
I

1014 0,00960 46 , 0 ( ‘0’ 0. 00470 25 ,0 DO’ 0. 00/ 10 14 , Ir /1. -‘III

1020
1 0,00650 14,18 

- 
7 ,31/

1021 0,00905 2 ,5 I 1% 0.00510 11,0 C)’\V 0,0080 14,14 7 . 04

1022 0 ,00970 15 . 0 I ’D 0.00620 2 1 ,5 1 ’ )”,) 0,00(10 — I i , 11 II , “1

1023 0,00820 59. 0 (‘IV 0.00455 69 , /1 (7))  0, 0100 14 . 1 -  ~~~~ I

’

1024 0 ,00925 34 ,0 (‘ (V 0. 00515 66 ,0  ( ‘IV 0 ,0120
2 14, 1,7 7 , 2’ -

- -  J 0,00970 23 ,0 I ’D)) 0 ,00510
_— 

10 , 0 ( 1 0  
-- 

0 ,0045 1~~~1~~~~~~~~~~ 7 1 4  ~~

‘(I ‘ I I I’ f r - : l— . I ‘
~~t i ’ - l ’  i i i) determined , 2 

I’erformanee na r g inallv accepta lrle ,
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DEAD-ENDED CHARACTERISTICS

~ ±1.0
In
0.

+0,75

0 +0.50
DEAD-ENDE D

GAIN = O,0079O PSID,’DEG-SEC +0,25 TIME BASE X
10 SEC/IN . 
SWEEP

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~,::‘
° ~~~ 

RATE INPUT (DEG/SEC)

-0,50

FLOW-LOADED CHARACTERISTICS
- +0 .50

-io -~o ~~~~~~~~~~~~~~~~ ~~o +~o 4o ~ o~~~~o ~6b +io
RATE INPUT (DEG,’SECI J ~

1
~Do45

-0 25 FLOW-LOADED
GA IN 0.OO35O PSID DEC SEC NOISE

- .0_SO

Figu re 7. Rate-Sensor Serial Number 1003 Test Data.
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DEAD-ENDED CHARACTERISTICS

+0 .75

~~~~~ _ _ _ _ _

GAIN =O,0065 PSID/D EG/SEC ‘I
I I I I I I

-70 -60 -5 -40 -30 -20 -10 ÷10 +20 +30 ±40 +50 ±60 +70

-0 .25 RATE INPUT (DEIVSEC)

-0 .50

FLOW-LOADED CHARACTERISTI CS
+0.50

0 ~ 0

GAIN ~~0.0037 PSIDJDEG/SE~~ 
~~~~~~~~~

,- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ I I I S

-70 -60 -50 -40 -30 -20 -10 +10 +20 ±30 +40 +50 +60 + 70

RATE INPUT (DEGI’SEC) 0 ,0045
- -0.  25 f

FLOW-LOADED TNOISENOTE: VERY NONLINEAR AT ENDS -0.50

DEAD-ENDED OUTPUT LEVEL: 14.18 PSID
FLOW-LOADED OUTPUT LEVEL: 7 ,38 PSID

Figure 8. Rate-Sensor Serial Number  1020 Test Data.
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INTEGRA TE D CIRCUIT

Four lots of five integrated circuits (ampl i f i e r-man i fo ld)  were elec-

troforrned and machined. One circuit (IC 1010) was destroyed due to

an error in setup during the machining process , but this error is not

related to the electrofo rming process and therefore does not affect the

y ield calculations.

Figures .9 through 14 show typical test data for an integrated circuit .
Each fi gure shows a sim plified circui t  schematic with the portion drawn
with a heavie r line representing the section of the circuit being tested.
Requirements for the integrated circuit are defined in Honeywell speci-
ficat ion DS 24950-01 (USAAMRDL-TR--76 -42 , Appendic C, Reference 2) .

Outputs from the rat e sensor and the PID amplifiers are joine d together
at the A P5 location; therefore, null offset and noise at the output are
the combined effects of these two amplifiers. The referenced specifi-

cation outlines a method for establishing the range and the null of each
amplifier  when they are summed together. Noise is measured at this
common output, and no attempt is made to determine which amplifier
is the greater contributor . The req uirement s for and the performance
of a typical rate-sensor amplifier  are listed in Table 3.

TABLE 3. RATE-SENSOR AMPLIFIER REQUIREMENTS AND
PERFORMANC E 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Parameter Requirements Perfo rmance (SN 1008)

Gain 3. 9 ± 0.5 psid/psid 4. 33 ps id/ps id

Offset (Output ) 0. 5 psid max 0. 25 psid

Output Linear ± 1 psid mm ± 1. 8 psid
Range
Input Range ± 0. 5 psid mm ± 0. 7 psid
before Reversal

Noise 0. 03 psid peak- to-peak 0. 01 ps id peak-to-peak
Linearity ± 0. 15 psid (over - 0. 06 psid

+1 psid range)
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I
1

1 
I 

+ 2  ~ /
‘fl~~.”~~~ :’ I’ , r l I  ~o 0 : - s, I I I ,’  

~~

H—F-H-- I I
-0, 75 -0 ,50 -0 ,25  ÷0.25 ‘0  50 ‘0 , 75

RATE AMPLIrI ER INPUT IPSIOI

- -1.0

VERSUS )‘,IT II ~l’/ 0 0  PSID
LOT A
5/ 13/76

- 2 ,0  
R 2 2  NO . 1025
R23 NO . 1023
FLUID I EMPE RATURE-  1 ‘It’
PLOW RATE-  O i L S

GAIN - 4 .33 PSID PSID

-3 ,0

Figure 9. Rate-Sensor Ampl i f ie r  Performance.
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NOISE 0.01 P510

- ‘ I” 
•th-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

:‘.:~~
‘

H!A V V LINI  D(PI0 lE S SI Ch at, 6111/, 1(11(0 ~~

I I I I —~-0 ,5 +0 , 5 +1.0
AMPLIFIER INPUT

-1.0

VERSUS ~P2 WITH ~P4 - 0 PSID

- -2.0 5/13/76
IC NO. 1008

GAIN = R22 NO . 1025
3,8 PSID/PSID R23 NO . 1023

PRESSURE 7-1 (PRESSURE LEVEL
AT INPUT SIDE OF C it = 5.72 P S I D
PRESSURE 7-2 (PRESSURE LEVEL AT

~~ 0 OUTPUT SIDE OF Cl) 5.8I~ PS ID
FLUID TEMPER ATURE- 120 ’ F
FLOW RATE- 0, 7 C1S

Figure 10. PID Amplifier Performance.
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+4 , 0

~~~~~~~~ ~~~~~~~

÷1. 0

I- I I I I -l

-1 0 -0 .5 +0 .5  +1.0
INPUT (P5(0)

- 1.0

-2 0 ~ P10 
VERSUS AP 4 WITH ~P2 0 PSID ,

NO FEEDBACK
LOT A
5/13/76
IC NO. 1008
R 2 2  1025
R23 = 1023

-3 , 0 FLUID TEMPERATURE ’  120 F
FLOW RATE: O ,7 CiS

1-4.0

Figure ii. Through-Rate Gain.
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+ 3

+ 2 0

,0 -.1 ~.-N0ISE
- ‘7 - - - r,r’ s, . -,

0

i -
0 ‘ (-1,0

I S  I , , , I S  I I” . - I’  SI lO 10 SEC

I I ~~~~
— I I

-0.10 -0.05 +0,OS (-0 ,10

CASCADE INPUI IPSID)

V E R S U S  ~P6 WITH NO FEEDBACK

1 5/13/76
ii - -2.0 IC NO. 1008

1/ PRESSU RE 7-1 (PRESSURE LEVEL
11 AT INPUT SIDE OF Cl) = 15,0 P510

1/ PRESSURE 7-2 ((PRESSURE LEVEL
/ /  AT OUT PUT SIDE OF C1)~~ 3 , 74 P S I D

/ /  P4 =3 .83 PSID

/ ‘i~ o 0, 052 P5W

/  r~-~ 
- - -3. 0 ~~~ = 0.006 PSID

I FLUID TEMPER ATURE ’ 120 1
GAIN = 57 FLOW RATE 0, 7 CiS
P S I D/ P S I D

Figure 12. Output Cascade Characteristics.

32



_ ‘:7
ULAW LINt 0(1401(5 5(1010(4 0(1141 I~~~f lO 

.

I I 1
-0 ,2  -O 1 / +0,1 +0 2

CASCADE INPUT (PSID)

-1,0

pt AP 10 VERSUS ~P3 WITH NO FEEDBACK
7 LOl A
1/ 5/13/71,
1/ - IC NO . 1008
ii - FLUID TEMPERATURE 12001

FLOW RATE - 0 , 7C IS

GAIN = 20 ,3 PSID/PSID
- -3.0

Figure  13. Output Cascade and Input Resistor Characteristics.
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+ 3 0

_II , l’ ,,I £ 

{

-0.75 -030 -0,25 ±0.~~ +0,50 ±0 )5
CASCADE INPUT (P5(D)

- -1.0

J 

~P10 VERSUS AP 3 
WITH FEEDBACK

LOT A
-2. 0 5/13/76

GAIN = IC NO . 1008
10,0 P5ID/PSID FLUID TEMPERATU RE’ 120~F

O . 7 C 1S
RIO SiN 1010

-3. 0 

P11 S/ N 1019

Fi gure  14. Output Cascade with Feedback.
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The gain of the nominal rate-sensor amp l i f i e r , show n in Figure 9, is
somewhat higher than antici pated. H oweve r , resisto rs R6 and R7 ,

shown in the Figure 2 schematic , can reduce effec t ive gain to compen-

sate for a high gain in the rate-sensor amp lif ier . Results of this pro-

gram indicate that the specification gain requirements should be changed

to 4. 3 ± 0. 6 psid/psid . Offset , range, and noise were recorded and

tabulated for all rate-sensor amp lifie rs, and are sho wn in Table 4.
Range and linearity were all well within specification limits and were

not calculated or tabulated for most circuits.

PID amplifie r requirements are identical to those of the rate-sensor
ampl ifier except that the gain is specified to be 3. 6 ± 0. 5 psid/psid .
Figure 10 gives the test results.

Through-rate gain measurements (as shown in Figure 11) are a test of
the ele ctroformed through- rate resisto rs (R22 and R23 , Figure 7) , as

well as the output cascade. This data would be somewhat more signifi-
cant if the output amplifie r cascade were operating with no rmal feed-
back. The specification requirement should be changed to 7 ± 1. 0 psid/
psid for through-rate gain with feedback . Any problem with the output

cascade bias resistors, feedback re sistors , or through- rate resistors

would show up in this single test. Present specification requirements
for testing are much more complex than those required to eliminate Un-

satisfactory units . However, the addi tional data obtained in this pro-
gram showed the statistical variations of num erous characteristics
throughout the circuit and helped to isolate p roblem areas .

Output cascade characteristics are shown in Figure 12. The calculated

gain of 57 psid/p sid compares favorabl y wi th the .,pecification require-

ment s of 54 ± 11 ps id/ psid . Offse t is 0. 016 psid at the input , which is

well within specification limits.
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The Figu re 13 data shows that the summing resistors have a gain of
about 0. 36 psid/psid and can have, a slight effect on cascade null.
Feedback reduces the gain and improves the null as shown in Figure 14.

The integrated circuit performances of all units fabricated are shown in
Table 4. Circuit differential pressure (column three) is relatively
constant, although it is high for IC SN 1007 and IC SN 1016. Gain of
the output cascade is low on IC 1007; however , the performance of its
rate and PID amp lifiers is consistent with that of other circuits.
Circuit 1007 , which could have been rejected because of its slightly
low gain , proved to be satisfactory when cal ibrated in a system.
Circuit 101 6 had the highest circuit differential pressure, and test
results showed that its outpu t cascade had a very low gain and a small
output range . The output range was only ±0 . 25 psid , as com pared to
about ±3  psid for a normal amp l i f ie r , indic ating that one or more of the
output amplifier  stages had its power supp ly blocked . This blockage
would result in more flow to the PID amp lifier a nd would show up as
hi ghe r than normal gain and range . Tests proved this to be the case .

Rate amplifier characteristics (columns 4 through 6) show that gain is
constant within about ± 8 perce nt. Null offset is always in the sam e
direction , indica ti ng some basic offset in the mold . Null on IC 1003
was slightly above specification requirements ; however , i t was accep t-
ed pending systems calibration results .

PID amplifier data (columns 7 and 8) show that gain varies by about ~l2

percent. Null is well within specification limits and varies in both
direc tions , indicating ve ry littl e offset in the PID ampl i f ie r  mold .
Through- rate characteristics are shown in Columns 9 and 10. IC 1004
has the lowest gain . 10. 7 ps id/ps id , which is somewhat less than
would be expected based on the perfo rmance of the output cascade.
Pa rt of the inconsistency is due to a data acquis i t ion  error . Gain is
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determined grap hically (see Figu re 12) by drawing a “best straight

li ne” throug h the gain curve and by counting squares to determine its

slope. It would be desirable to expand the input scale by a factor of

2 or 2. 5 to reduce this slope; however , the specific X-Y plotter used

in this program could only expand it by a factor of five , whi ch would

have resulted in a loss of data at the ends of the cur ve.

The variation in this parameter indicated a very acceptable ± 18-percent

lineari ty, even wit h this data acquisition limitation. Null  offset is some-

what larger than anticipated , but there were no indications that this off-

set caused any calibration problems. Both gain and null offset read-

ings on through-rate measurement would be more significant if the out-

put amplifier were operating with feedback (as previously discussed) .

Open-loop characteristics of the two-stage output cascade are tabulated

in columns 11 through 13 of Table 4. With the exception of integrated

circuit 1007 , the gain is very consistent (±10%) . Errors tend to com-

pound in a two-stage cascade; however , this cascade gain only varies

approximately the same percentage as the single-stage rate-sensor

amplifier or PID amplifie r. Output cascade null remained well within

limits, and noise was about one order of magnitude less than that

allowed in the specification.

The out put cascade on rejected circuit SN 1001 had a gain that is sli ghtly

low and nonlinear , as shown in Figure 15. Interaction regions of the

output cascade were removed , and the receiver section was inspected.

The output amplifie r had a curtain caused by a crack in the wax mandrel .

The location of this curtain is shown in Figure 15.
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O U T P UT A M P L I F I E R

r - ‘ 3 .0

~~ C U R T A I N

7A\ 
+ 2 . 0,..

~ i-..-. o. oi P S ID
I I PEAK-TO-PEAK

N OI S E

1~~1O SEC 0

~1.0

I I I
-0.10 -0 ,05 // +o.os

CASCADE INPUT (PS ID)

- ‘ -1.0

VERSUS \‘ (TI - I NO FEEDBA CK
/ /‘0,~ 5/ 19’76

/ ‘ . -2 .0 L O T  A
PRES SURE 7-1 (PRESSURE LEVEL AT
INPUT SIDE OF Cl) = 1 4 4  PSID

\ PRE SSURE 7-2 (P RESSURE LEVEL AT
\ OUTPUT SIDE OF Cl) =- 3 .6 7  PSID

PR E SS U R E  9 = 3 .72 PSID
GAIN 40 .4 ~~~ = 0.0% PSID
PSID/PSID . - -3 .0 op

6 0.003 PSI D
IC NO. 1001

Figure 15. Nonlinear Outpu t  Cascade .
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I-: ffects of input resistors and feedback resistors on the output cascade

are shown in columns 14 and 15 of Tab le 4. The varia tion in the gain
measured ahead of the cascade input resistors is slightly less than

± 10 percent and is about the same percentage as that of the output cas-
cade alone, as expected. Feedback reduces this gain variation to less
than ± 5 percent (when data from IC 1007 is neglected) .

Columns 16 and 17 of Table 4 show the pressure levels that exist on
either side or the high-pass bellows. The difference between these pres-

sures should not exceed I psid to maintain the high-pass bellows in the

center of their linear range . Performance was better than that re-
quired for the pressure drop across the bel lows by nearly an ord er of

magnitude; therefore, th i s  is not considered a critical parameter.

Integrated circuit gain remained very constant from unit to unit . The

most import ant measurement is the gain of the output amplifier net-

work with feedback . This varied less t h a n ± 5  percent . PID gain and

rate gain varied about ± 10 pe rcent each . In most cases, the combined

effects of these gains will be less than ± 10 percent , requiring a mini-

mum of system adjustments.

ELECT ROFORMED RESISTORS

Ten electroformed resistors are shown in the Figure 2 schematic .
Resistors R27a , R28a , R29 , R30, and R31 are all electroformed into
the integrated circuit . Testing showed that the R27a and the R28a are

excellently matched . Bolt-on feedback resistors RiO and Ru were
tested on the integrated circuit by operating the output cascade wi th  and
wi thout feedback . Feedback reduced the gain by a fac tor of two and the
gain variation from about±l0  percent to less than  ± 5 percent . The



exceptional performance of the output cascade with the feedback resis-
tors indicates that they are accurate to ± 5 percent . This degree of
accuracy is excellent when each electroformed feedback resistor block
contains eleven resistor element s. Through-rate gain measurement s
indicate that resistor element s R22 and R23 are relatively consistent .
Experience in this program indicates that the electroformed resistors
are more consistent (accurate and repeatable) than the resistors with
the drilled or punched orifices used in other parts of the circuit .

PID VALVE DATA

PID valves are nonelect roformed components and, therefore, were
fabricated in a single lot rather than in four separate lots . However,
PID valves were tested in lots after they were mounted in the housings.

Gain and linearity are the only significant parameters defined in
Honeywell specification DS 25515-01 (USAAMRDL TR-76-42 , Appendix
A). As specified, the gain should be 7.8 ± 1 , 2 p s id / inch  of spool travel .
Linearity, defined as the maximum deviation from the nominal gain
curve over the ± 0. 04-inch operating range , is required to be better
than ± 0. 06 psid. Figure 16 is a typical gain curve . This unit is satis-
factory, since the maximum deviation is only 0. 045 psid at 0. 04 inch
strok e, which is less than the tolerable 0. 06 psid . The gain of 6 . 71
psid / inch is only slightly higher than the minimum limit of 6 , 6 p s i d / i n c h.
PID data for all controllers is summarized in Table 5.

Thirty-one valves were tested to obtain twenty satisfactory control lers
for a 65-perce nt yield. Inspection of the rejected units showed that
some had slight steps in their sleeve bores and all had poor surface
finishes in this  area . Drawings were modif ied to r e q u ir e  a 16 micro-
f in i sh  in th is  cri t ical  area , and y ield should be greatly improved in
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IS ± 0 .04 IN .

0. 04 

+0 . 25

IN , SPOOL DISPLACEMENT ( INCHES )

-0.07 -0 .06 -0. 05 -0 .04 -0. 03 -O~O2 -0 ,0 1 ~ ~~~~~~~~~~~~~~~~ +~~ O3 
~~~~~~~~~~~~~~~~~~~~~~~

~ -0.25 ~~~~~~~~~~~~~~~~~~ 1~~SID/iN .

-0.50

GAI N 6.71 PSID/IN . -O 75 MAXIMUM DEVIATION FR OM
LIN EARITY: 0 ,045 PSIO ‘ NOMINAL GAIN CURVE WITHIN

+0 04 RANGE ( S A T  THIS
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Figure 16. PID Gain Curve .



TABLE 5. PID PERFORMANCE SU1~’IMA RY

Controller Sleeve Gain Linearity CommentsSN SN psid/in. psid 
___________________________

1 X 6 .750 0.113 Rejected. Step in sleeve I.D.

1 11 6.710 0.045

2 20 6.250 0.220 Rejected. Poor linearity.

2 21 5. 370 0. 043 Rejected. Low gain, poor
inside finish.

2 19 9.200 0.055

1 7.370 0.015

4 28 8.060 0.045

5 18 6.250 0.087 Rejected. Poor gain and
linearity.

5 30 8.960 0.052

6 3 7. 030 0. 055

7 15 7.656 0.025

8 27 8.060 0.032

9 37 6 . 875 0. 040

10 2 6. 090 0. 020 Rejected. Low gain.

10 33 8. 375 0.030

11 32 6 .880 0.050

12 23 8.740 0. 075

13 13 8. 120 0. 100 Rejected. Linearity.

13 22 8.070 0 .075

14 34 6 .250 0. 035 Rejected. Low gain.

14 7. 750 0. 075

43 

—------- --—- —~~~~~~~~~ —--
~~



‘. -

TABLE 5. PID PERFORMANCE SUMMA RY
_ _ _ _ _ _ _ _ _  _ _ _ _ _  

(CONCLUDED)
__-

Controller Sleeve Gain Linearity
SN SN psid/in. psid Comments

15 8 10. 00 0. 075 Rejected . High gain.

15 38 7.40 0.050

16 26 8.44 0.050

17 6 8.13 0.062

18 14 7.50 0.075

19 41 6 .25  0 .050 Rejected. Low gain.

19 40 6. 41 0. 026 Rejected . Low gain .

19 31 6. 20 0. 100 Rejected. Low gain .

19 43 8. 59 0. 050

20 36 7. 59 0.068
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any future production run. PID gain varied from unit to unit by ±15 per-
cent even after rejecting 35 percent of the unit s tested . This variation
was the greatest variation of all components in the system .

FLOW-CONTROL VALVE

Commercially available flow-control valves were  used in this system,
and they were calibrated to minimize the diffe rence in flow between
one system and another. Figure 17 is a sketch of the f low-cont rol

valve . Flow-control valve output can be increased by adding more pre-
load to the spring. Each 0. 020-thick washer  would add suf f i c i en t  pre-
load to inc rease flow by abou t 0. 014 gpm . This  method proved t o be

mo re satisfactory than attempting to increase  meter ing orif ice area .
Flow-cont rol valve calibration data is g iven in Table 6 . A suff ic ient
number  of va l ves were available to permit  selecting only those with :
flow of 0. 7 gpm ± 1 pe rcent . This rigid control of system flow reduced
the number of variables and permitted a more accurate evaluat ion of
the electroformed components. A ±1-percent flow valve is recom-
me nded for future systems to minimize system calibration requirement s
and to improve the interchangeabili ty of the systems.

/ 1 8 2 — 1 0 1
FLO6- CO NIRO I  NAIV I

(+1 TA IN ) NG )flNC

~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~r’~~~~~~~

’

/ TO )NCRLASL lEO/A , (LACE /AAS1418S
NE) T ORIr CE ))ETWELN VALV E /005)81. AND SIR)NC,

A D  O2O -) NC II -T I I I C K WA +FI L R 0 , 014 C I’!- .I

Figure 17 . Flow-Control \ ‘ alve .
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TABLE 6. FLOW-CONTROL VALVE CALIBRATION DATA

Fluid Temperature: 120 ± 5~ F
Spacer Size: 0. 015 in.
Pressure Across Valve : 400 psid

SN Meter Flow Quantit y SN Meter Flow Quant ity
Reading (GPM) of Spacers 

— 

Reading (GPM) of Spacers

1 60. 5 0. 7 187 0 25 59. 5 0. 7073 0
2 61. 0 0. 7244 Drilled 26 65 . 5 0. 7784 0

Orifice 27 62. 5 0. 7427 0Larger
28 59.0 0.7016 0

3 60. 5 0. 7187 Drtlled
Orifice 29 68.5 0.8140 0
Larger 30 58.5 0.6958 5

4 Damaged 31 58.0 0. 6901 1
5 58.0 0. 6901 6 32 67 .0 0. 7962 0
6 Damaged 33 59. 5 0. 7073 2
7 59.0 0.7016 0
8 62 .0 0.7368 0

34 59.0 0. 7016 1 Spacer
9 60. 5 0. 7187 0 Drilled
10 65.0 0. 7724 0 Orifice

11 59.0 0. 70 16 4 35 59. 0 0. 70 16 4
12 58. 5 0. 6958 0 36 59. 0 0. 7016 1
13 60. 5 0.7187 0 37 59.0 0. 7016 3
14 61.0 0.7244 0 38 58.0 0.6901 0
15 59. 0 0. 7016 4 39 59.0 0. 7016 0
16 68.5 0. 8140 0 40 60. 5 0.7187 0
17 58. 5 0 . 6958 6 41 59. 5 0 . 7073 0
18 60.0 0.7130 0 42 59.0 0.7016 4

19 58.0 0. 690 1 2 43 59. 0 0.70 16 0
20 59 . 0 0. 7016 2 44 58. 5 0.6958 5
21 63 .5 0. 7546 0 61.0 0. 7244 0
22 59. 0 0. 70 16 5 46 59. 5 0. 7073 5
23 59. 5 0. 7073 0 47 59. 0 0. 70 16 0

24 60. 0 0. 7130 0 48 59. 0 0. 7016 3 
-

________ ______ _________ 

49 58.5 0.6958 3 
1
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SECTION IV
SENSOR/CONTROLLE R ASSEMBLY AND CALIBRATION

SENSOR/CONTROLLER ASSEMBLY

Each lot of component s was tested , and then the components were ran-
domly assembled int o systems. During the assembly of Lot A, the
rejected rate sensor and rejected integrated circuit were replaced with
component s from Lot B. The missing component s in Lot 13 were re-
placed with components from Phase II. Table 7 lists the components
used in the assembled systems. Not e that four of the bolt-on resistors
in Lot B are in the 800 series from Phase II of this program : the
original resistors were temporarily misplaced in the cleaning process.

Systems were proof pressure tested to 900 psid for one minut e before
and after calibration. Three through-rat e resistors, R23 , failed
during these tests. Two failures occurred on controller 9 and one
occurred on controller 6 . A minor redesign would eliminate the sharp
corners , reducing the stress concentration and resulting in increased
plating thickness in the critical areas .

The failed resistors were SN 840 , 1037 , and 1041. Two of these were
fabricated in Phase III. Thirty- six out of 38, or 94 . 7 percent , of
through- rat e resistors were satisfactory, and 35 out of 35, or 100 per-
cent , of tested feedback resistors were satisfactory. Overall yield
for bolt-on resistors was 71 out of 73 , or 97 . 3 percent .

Integrated circuit SN 853 on system 11 developed a slight leak during
proof pressure tests. This ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ and then
calibrated without further problems. This is not taken Into account in
yield calculations because the circuit was from Phase II and because it
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was repaired, The failed electroformed resistors could also have been
repaired if they were needed. Phase II components were repaired and!
or used only to obtain the maximum number of system assemblies,
since no other provisions for “scrap ” were made in this program.

None of the failures or leaks in the integrated circuits were related to
bonding problems. The revised plating process developed on Phase II
produced 120 component s without any indication of marg inal adhesion .

Another assembly problem occurred involving capacitor Cl in controller
SN 2. Null offset changes were traced to this capacitor; the input sig-
nal ports were partially blocked by part of the capacitor (Figure 18).
Clearance “C” in this figure was less than 0. 005 inch because of a

stackup of tolerances and because the grooves in the covers were
slightly too deep. Clearance “C” was shimmed to 0. 020 inch during
the soldering process. This step was not included in the production
process detail submitted earlier in this program and will not be neces-

sary if capacitor covers are machined within specified tolerances . It
is recommended that drawing No. 10050026 be modified to require a

minimum clearance of 0. 015 inch to ensure that this dimension will be
inspected .

Final assembly inspection showed that the mounting hole locations
exceeded YG1158 drawing tolerances on some controllers . The mount-
ing hangar and mounting bar were shifted slightly to locate these holes
properly. Signal port s in the outlet block we re off of nominal by nearly
0. 030 inch (all controllers were out of limits). These controllers
were satisfactory for the test fixture used on this program , but the out-
let block should be modified if they are to be used with the Hydraulic
Research Model 30005000 servoactuator. Honeywell drawings 10050022
(manifold , amplifier) and 10050024 (block , outlet) were revised to pro-
vide the required nominal port location . It will be necessary to modify
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Figure 18. Blocked Capacitor .

the production process detail on the amplifier manifold, 10050022-11 ,

to be compatible with the revised machining process defined in the

dra wing. The revised machining process is more accurat e in control-
ling the effective thickness of this manifold (integrated circuit) to mini-
mize the stackup of P~ñerances on the outlet block port locations.

The yields of t he elect roform process are summari zed in Table 8.
These calculations do not include the integrated circuit that was im-
properly machined or the three rejected lot s of rate-sensor pickoffs .
Because it was necessary to change the process to get satisfactory

sensors, the “official” start of pickoff electroforming occurred after

the two lots were rejected. The third lot of unsatisfactory pickoffs ,

which was rejected before machining, was also not included in the

yield calculati ons, If this lot were included , the overall yield would be
reduced from 94 . 6 percent to 90. 6 percent . Proper control of the
plating current should eliminat e the pickoff problem , although it is
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TABLE 8. COMPONENT YIELD SUMMARY

Electroformed Components 
_________

Number Fabricated Number YieldComponent and Tested Satisfactory (Percent )

Rate Sensor 20 18 90. 0
Integrated Circuit 19 17 89. 5

Through — rate Resistors 38 36 94. 7
Feedback Resistors 35 35 100. 0

Total 112 106 94. 6

None lectroformed Components

Lag Capacitors 19 19 100. 0

High-pass Capacitors 39 38 97 . 4
Housings 19 19 100. 0
PID Va lves 31 20 64 . 5

estimated that random rejections will occur throughout production .
Yield is expected to remain at about 95 percent until a represent ative
group of rejects is analyzed and process modifications are incorpor-

ated.

The yields of several nonelectroformed components are also given in 
—

Table 8. This data conf irms the need for imp roved PID valve per-
formance. A revised PID sleeve drawing that specifies interior

surface finishes should improve the yield to 90 percent or better.
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SENS OR/CONTROLLER CALIBRATION

After assembly, all controllers were calibrated at a fluid temperature

of 120°F . The modifications or adjustments required to obtain the
specified r esponses were recorded on a calibrat ion dat a sheet for each

cont roller . Complet e frequency respon se dat a was obt ained for both
rate input and PID input . Table 9 lists the hardware adjustments and

changes. Nearly one-third of the systems met system requirements
without any adjustments . The significance of the adjustments made can
be understood by observing the resistor locations in Figure 2 . R27b
arid R28b are in series with the 0. 015 x 0.015-inch electroformed bias
restrictors. Note that these orifices , w~hich are used to null system
output , have a much larger area than the electroformed resistors and
have only small effects on the differential pressures ahead of R8 and

R9. The smallest orifice has the greatest effect , about 0. 15 psid at
this bias location .

The addition of orifices in leg “c ” of feedback resistors RIO arid Ru in-
creased the amount of feedback and therefore reduced the output cas-
cade gain . The greatest gain reduction was applied to controller SN 8,
where the 0. 018-inch-diameter resistors reduced the gain about 40 pe r-

cent . Resistors in leg “a ” or leg “b ” of feedback resistors U l O  and
Ru reduced the amount of feedback and therefore increased outp’tt
amplifier gain. Gain was inc reased by about 15 percent when a match ed
pair of 0. 011-inch-diameter resistors were placed in the two “ a” 1VI~a

tions. Resistors 6 ari d 7 at the output of amplifier A 1 reduced the sv~-

tern rat e gain without reducing PID gain, and removing these resi~ tOr ~
increased rate gain by about 15 percent. Resistor pair R14 and R15

tended to reduce PID gain slightly and increase the effective output

impedance of the PID valve. Reducing their sizes from 0. 026 irtch,in

the case of controller 5,or removing them ent irely, as in the case of con-
troller 1~~had an effect of about ±20 percent. An 0. 085-inch-thick PID
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plat e shim increased PID gain about 50 percent . It was necessary to

add bias restrictors at the output of the rat e sensor to null system
output s on controllers 2 and 15. Both resistors were placed on the
left side , shifting rate-sensor output by 80 to 100 degrees per second
in the counterclockwise direction . This shift was necessary to make

the rate-sensor amplifier operat e in its linear range. Controller 8

received an additional rate-sensor coupling element to reduce system

noise. The stackup of tolerances in this case required that 35 coupling
elements be used to ti ghtly fill the sensor cavity (all other systems

used 34 elements) .

The performances of the calibrated systems are summarized in Table

10. All controllers met requirements of gain , response, and noise

with fluid temperature at 120°F . Also , one controller from each lot

was tested (gain , noise, response) with fluid temperatures from 80°to

180°F . System rate gain as a f uric ti ori  of fluid temperature is shown in

Figure 19. Controller 7 was calibrated with a higher rate gain , arid

thi s difference is even more noticeable at the higher fluid temperatures .
Performance was similar for all controllers. PID gain as a function

of fluid temperature is shown in Figure 20 . Controllers 1 and 16 have

similar patterns of PID gain as a function of fluid temperature, while

controllers 7 arid 14 have slightly different patterns; however , they all

remain within a relatively nar row ba nd .
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Figure 19. Rat e Gain as a Function of Fluid Temperature.
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Figure 20. System PID Gain as a Function of Fluid Temperature .
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SECTION V

DATA ANALYSIS

A report on the complete stat istical analysis of all component s electro-

formed in this phase is presented in Appendix B. This report is re-
produced in its entirety, including conclusions and recommendations.
These recommendations are combined with other system considera-
tions , and the recommendations that resulted are presented in this
section .

The initial yields of rat e sensors and integrated circuits will be about
90 percent when the Appendix B recommendations are implemented. It

is reasonable to assume that yields will improve substantially with pro-
duction experience to a level of 95 percent or better on these two
component s. Eliminating the previously discussed mechanical weak-
nesses in the through-rate resistors should result in a nearly 100-

percent yield on these devices. Recommendations for changes in the
integrated circuit specification are summarized in Table 11. Rate-
sensor amplifier and PID amplifier requirements in this table are

essentially the same as those recommended in the statistical analysis
(Appendix B) . Present output cascade requirements define the per-

formance of each component in this complev circuit . However, the

recommended requirement specifies the cumulative effect of perform-
ance variations in bias resistors , amplifiers, through-rate resistors ,
and feedback resistors. This simplification in the requirements

minimizes the amount of testing. Complete testing of the r ejected

units in accordance wit h the existing specification would be required to

determine which component(s) caused the circuit to be out of limits .

The rate sensor ’s performance when flow-loaded is typical of its oper-

ation in a system, whereas its dead-ended performance dat a is only
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TABLE 11. RECOMMENDED INTEGRA TED CIRCUIT RE QUIREMENTS

Circuit  Parameter Present Recommended
Requtrement RequLreme nt

Rate Sensor Null (~ P5) ±0 . 5 psid ±0 . 5 psid
Range ±1 .0 psid ±1 . 0 psid
Reversal (input required) ±0. 5 psid ±0 . 5 psid
Gain 3. 9 ±0 . 5 4. 3 ±0 . 6
Noise 0. 03 psid max . 0. 03 psid max .
Linearity ±0 . 15 psid ±0 . 15 psid
Pressure  Level 7 1  5 .0 ±1.0 psid 5. 8 ±1.0 psid

(at inpu t  side of C l )
PID Amplif ier  Null  (A P 5) ±0. 5 psid ±0 . 5 psid

Range ± 1.Op s i d  ± 1.O psid
Gain 3. 6 ±0 . 5 3. 3 ±0. 5
Linearity ±0 . 15 psid ±0 . 15 psid

Output Cascade Null  (tx P6) 0. 06 psid max. No ne

Null (AP 4) (no feedback) 0. 10 psid max . No ne

Null (~ P4) (feedback) None ±0 . 2 psid max .
Range (~~P3 input) ±2. 5 psid None
Range (A P 4 input) ±1. 0 psid ±1. 0 psid
Gain (A P 10 /LI.P

6
) 54 ± 11 None

Gain (j ~ P10 / A P4)(no feedback) 11 ± 1.8 None

Gain (~~P10/~~P4) (feedback) None 7 ± 1

Gain (~ P10IA P3) (no feedback) 19 ± 4 None

Gain (~~P10 /~~P.~) (feedback ) 9 .2  ± 1.4 N one
Noise 0.4 psid max. 0. 4 psid max.

Linearity (~ P3) ±0.3 psid max. N o n e

Linearity (~~P4 ) (no feedback) ±0. 15 psid max . N one

Lineari ty (Al ’4) (feedback) None  ±0. 15 psid max .
Pressure level P 7 -2  5 .0  ± 1.0 psid 5. 8 ± 1. 0

_______________ 
(at_output_side_of _C l)  

_______________ _______________
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supp lemental information indicating potentia l causes for unusual flow-
loaded performance. Once the sensor is set up in the test f ixture , the
dead-ended data can be obtained with a minimum of extra effort . It is
recommended tha t the dead-ended gain requirement be retained for the
present time , b ut it s t olerance sho u ld be increased from ± 0. 001 to

± 0. 002 psid/deg/ sec.  The narrow confidence interva l for the dead-
ended gain should tend to encourage the detection of minor changes in
the electroforming process before they become gross enough to reduce
yie ld . Any sensor that fails to pass dead-ended gain requirements will
probably also be considerably outside of the flow- loaded limits.

Recommended rate sensor specification changes are :

Dead-ended gain: Change from 0. 0090 ± 0. 0010 psid/ deg/ sec

to 0. 0090 ± 0.0020 psid/deg/sec

Flow- loaded gain: Change from 0 . 0050 ± 0. 0010 ps id/ deg/ sec
to 0 . 0050 ± 0. 0015 ps id/ deg/ sec

Flow-loaded null offset: Add ± 75 deg/sec
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SEC TION VI

PRODUCTION COST ESTIMATE

GEN ERA L

Thi s section pre sents an estimate of the costs to qua lif y and manufac-

ture quantities of the OH-58 HYSA S sensor/controlle r package develop-
ed in this program.

The costs presented below are in 1976 dollars . In addit ion , advance-
ment in the technology and expected improvements in production tech-
niq ues are expected to reduce manufacturing costs in the future.

RECURRIN G COSTS

Quantities

50 1000

Units per Month 5 20
Cost per unit ( 1976 dollars) 4900 2900

NONRECURRIN G COSTS

The recurring costs assume tha t the units are fabricated using the pilot

prod uction line established in this program: the ECW line plus te st equip-
ment (see USAAMRDL-TR-75-49) .1 Wi th this assumption , t he follo wing
represent the projected additional nonrecurr ing costs for either
quantity .

Non- ECW Tooling and Production Star t-Up $28 , 600
Qua lifica tion $60. 200

TOTAL $88 , 800
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SECTION VU
CONCLUSIONS AND RECOMMEN DATION S

CONCLUSION S

• Electroformed components can be fabricated in large quantitie s

with high degrees of repeatability and with initia l yields of 90 per-

cent for complex circuits and nearly 100 percent for  simple

devices, such as feedback-resistor networks . With normal pro-

cess refinements and operator skill improvements, yields should

increase to more than 95 percent for complex devices.

• The ECW process in conjunction with existing conventional pro-

cessesis suitable for quantity production of fluidic systems.

RECOMMENDATIONS

• Modif y the rate sensor and integrated circuit specifications in

accordance with the recommendations in Section V . Data Analysis.

• Conduct tests on all components produced , but simplify the

integrated circui t tests as recommended in Section V .

• Perform detailed integrated circuit tests (as defined in the present

specification) on a small sample of production hardware and on all

units  that fail to meet the revised specification . C onduct fai lure

analyses  on all rejects to exactly determine causes of malfunct ions .

• Elec t ro fo rm all resistors into the integrated circuits .  Consistency

of electroformed resistors is better  than tha t of punched or

machined resistors.
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• Add gain and null adjustments to simplif y calibration, but with
limited authority.  Sufficient range should be provided to calibrate
about 95 pe rcent of the system s without the addition of replaceable
resistors.

• Use a plating anode area equa l to that of the surface being plated ,
especially when plating pickoffs . Use a constant-current power
supply and monitor voltage with a strip-chart recorder during the
entire process.
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APPENDI X B
ENGINEERING TEST RE PORT

BACKGROUND

Twe nty systems were required to bui ld  four groups dur ing Phase
III of this program . These systems were tested to determ ine the produc t -
bil ity of the system and the attainability of the specifications.

CONCLUSIONS

The 95-percent confidence interval of the dead-ended rate sensor ’s gain
was 0. 00905 ± 0 . 00159 ps id /deg/ s ec .

The rate sensor ’s dead-ended gain appears to be more sensitive to varia-
tion than the f low-loaded gain; therefore, measurement  of this param-
eter should be continued.

The 95-percent c onfidence interva l of the f low-loaded rate sensor ’s gain
was 0. 00485 ± 0 . 00209 ps id /deg / sec. In production , this  may be a
y ie ld-l imi t ing  parameter .

The 95-percent  confidence interva ’ of the nul l  offset  was 20 . 4 ±55 . 1
deg/sec.

The 95-perce nt confidence interval  of the output cascade , t\ P10 /~\P6,
was 52. 5 ±12 . 7 p s i d / ps i d . Th is  ind ica tes  that the lim its of 54 ~ 11

ps id /psid  are probabl y too t ight .

The noise in the output  cascade a lone  is  wel l  be low spec i f i ca tion  k ’v ’ l s ,
and no p roblem is  exp~’rt *’d f rom t h i s  sou rcc.



The 95-percent  confidence interval  for  the output cascade t,~P 10 / t ~P3 is
19 .6 ±2 . 8 ps id/ps id .  This should give a y ield greater than 95 percent
with the present specif icat ion .

The 95-pe rcent confidence interval  for the output cascade
with feedback is 9 . 96 ±0. 76 ps id /ps id , which is wel l  wi th in  the specifi-
cation lim its of 9 . 2 ±1 .4  ps id /ps id .

The 95-percent  confidence interval for  the output cascade AP 10 / ,t~P4 is
13. 7 -±2 . 8  psid/psid. This would cause a l I ~~h rejection rate based on

the present specif icat ion.

The 95-percent  confidence interval  for  the nul l  offset of t~P4 input is
-0. 147 ±0. 188 psid .

The 95-percent  confidence in terva l  fo r  rate a m p l i f i e r  gain is 4 . 32

±0 . 34 psid/psid.  This is out of the specification 3. 4 ±0 . 5 p s i d /p s i~ .

The 95-percent confidence interval  for the rate amp l i f ier  null offset
is 0 . 29 ±0 . 26 psid .

The 95-percent confidence in te rva l  for the PID amp lif ier  gain is 3. 30
±0 . 45 ps id /ps id .

The 95-percent  confidence interval  for the PID amp l i f ier  null  offset is
0.01 ±0.4O psid.

As wil l  be discussed in some detai l , th is  phase of the producibi li ty  study
indicates  that an overall  y ield of 80 to 85 percent  may be expected .
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RECOMMENDATIONS

Modif y the specification for  the dead-ended gain of the rate sensor from
0. 0094 ±0. 0010 psid/deg /sec to 0. 0090 ±0. 0013 psid/deg/sec.

Keep the specif icat ion for the f low-loaded gain of the rate sensor at

0 . 0050 ±0 . 0015 ps id /deg / sec.

Measure both the dead-ended gain and the f low-loaded gain .

Set the specification for  the f low-loaded nu l l  offset at ±75 deg/sec .

Modif y the specification for  the output  cascade AP 10 / A P 6 f rom 54 ±1 1 to

53 ±13 ps id /ps id .

Retain the specification for noise in the output cascade at its present

level, of 0. 4 psid maximum.

Retain the specification for the output  cascade AP 1Ø / A P 3 no feedback at

19 ±4 ps id/ps id .

Modif y the specification for the AP 10 / A P 3 output  cascade’s gain wi th

feedback from 9 . 2 ±1 . 4 to 10 . 0 ±1 . 4 psid/psid .

Modif y the specification for the t~P10 / t , 1P4 output cascade ’ s gain no feedback

from 11.0 ±1. 8 to 13. 7 ± 3 .0  ps id/psid .

Change the l imi t  for  t~P4
1 s nul l  input  no feedback from ±0 . 10 psid

m a x i m u m  to ±0 . 4 psid maximum.

Change the specif icat ion for the rate a m p l i f i e r ’s gain from 3. ~ ~O . 5 to

4 . 3 ±0 . 5 p s i d / p s i d .
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Retain the speci fica t ion  for rate amp l i f i e r  nu l l  offset at -~O . 5 psid.

Retain the specif icat ion for PID amp lif ier  gain at 3. 6 ±0. 5 ps id /ps i d .

Retain the spec i f ica t ion  for  PID amp l i f i e r  nu l l  offset  at ±0 . 5 psid .

RESULTS AND DISCUSSION

Rate sensor performance was based upon the dead-ended gain , the flow-

loaded gain , and the f low-loaded nul l  offset .

Rate Sensor Dead-Ended Gain

The data for  the  dead-ended gain is shown in Table B -I . The numbers

above the hor izontal  l ine are the dead-ended gain individual measure-

ments of the 20 sensors. In all similar table s in this appendix ,

the  four  lot s are labeled A , B, C, and D, and the indiv idual  sensors are

labeled 1, 2 , 3, 4, and 5. The sam e order  is ma in t a ined  in all  tables —

so that , where more than one measurement  is made on a given device ,

its lot and number  are the same .

En Table B -I  and throughout  th i s  appendix the symbols used have the

fo1lowlrl~ s i i .~n i f i c a n c e .

“

~~ 

represents  the sum of ind iv idua l  measurements .  At the

~-x t  U l I f l O ’  r ight  are to tal s  r e f e r r i n g  to al l  20 m e a s u r e m e n t s. T i n d e r

t hC i n d iv i d u a l  m e a s u re m e n t s, the sum s are the sum of the c o l u m n

of i n d i v i d u a l  (5)  m e a s u r e m e n t s .

~ is  the  m e a n  of the i n d i v i d u a l  m e a s u r e m e n t s  and i s  o b ta l n c d  f r o m

the  express ion ~‘x . / \ , whcre  N is t h e  n u m b e r  of I n d I v i d u a l  mea-

~ ,.i r ern ent s  in the  sum .
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TABLE B-l . RATE Sl’ NSO R DEAD-ENDED G A I N  ( 10~ X PSED/DEG/SE C)

_________  
Lot 

_________  
-

A B C 
‘ D ~1 otal

Sensor 1 9. 45 9. 50 9. 00 9. 05
Sensor 2 9. 35 9. 50 9. 20 9 . 70
Sensor 3 9. 25 9. 50 9. 40 8. 20
Sensor 4 7 .90  9. 40 9. 10 9 . 2 5

Sensor 5 9. 60 9. 50 9. 60 6. 50

45.55 46.40 46 .30 42 .70  180.95I
9. 11 9. 28 9. 26 8. 54 9 . 05

s2 0. 474 0. 192 0. 058 1. 597 0. 584

s 0.688 0. 438 0. 24 1 1. 26 0. 76

95% C. I . ±1. 91 ±1. 2 1 ±0 . 67 ±3. 50 ±1. 59
Interval 7 . 2 t o 11 . 0 8 . 1 to 10 . 5 8. 6 t o 10 .0 5 . 0 to 12 . 0 7 . 46 to 10 .64

2 is the variance of the individual measurements .  It is ca lcula ted
from the equat ion:

= _ _ _ _ _ _ _ _ _ _ _ _ _

in which x . is an ind iv idua l  va lue  and N = the n u m b e r  of measu re-

m ents .

The var ianc e is i n d i c a t i v e  of the shape of t h e  d i s t r i b u t i o n  cu r v e  for
n o r m a l  (or  G a u s s i a n )  d i s t r ib u t ion . .-\ ltho i igh  the n u m b e r  of

m easur em ents in th is  s tud y was to o smal l  t o  d e t e r m i l l k ’  w l l e t l u ’ I ’  t h e
data f o l l o w s  a n o r m a l  di st r i bu t io n , i so l - rna l  dist  r i b i l t i o n  is a s su me d
t h r o u g h o u t  this  report . The symbol 1-~~~ is  used for  va r ia n t ’& ’  r a t h e r
t h a n  a2 sin ce th i s  is a best (1St imate  of the  pa r an i ct e r , c a l c u l a t ed

f rom the data , ra t hl e  r t h a n  th e  UfliVi ’  rs ;~ 1 t I t l I s t  l i l t , wh i C i l  W I  t u l d
r eqt i  I ci ’ an  i n f i n i t e  n u m b e r  t f s amp les .
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s is the standard devi ation calculated for the system (square root
of the above variance) .

95% C.I. is the 95-percent confidence interval of the data . This
means that , if a sample we re drawn at random from the universe
represented by this  data , there is a 95-percent probability that it
would be within  these l imits.  It is calculated from the equation:

95% C. I. s .t 0 ~~

in which s is the standard deviation and ~0 is the Student t value
taken from tabular data . This  value , t , al lows a correct ion for
samp le size . If an inf in i te l y large sample were used , ~0 05 would
be 1. 96 . For a samp le size of four , the value o f t 0 ~~ 

is 3. 18 .
For smaller samples, t inc reases rapidl y such that , for a samp le
size of 2 , t 0 ~~ 

= 12 . 71 .

The interva l shown is the actual limits of the 95-percent confidence
in te rval and is shown for convenience only.

To dete rmine  whether  the variance within lots was significantl y less
than the variance between lots , a one-way c lass i f ica t ion was used to
calc ulate the variances .

These calcul ations were made as follows:

Correction factor = (~~x . ) 2 /N  = 1637 . 1451

Cr ude lot SS [(45 . 55) 2 4~(46 . 4 O ) 2 +(46 . 30) 2 + (42 . 7O) 2JI
t
~ 1638 ( 1435

C. A . Ucnne t t  and N . I , . }“ ra n k l i n , Statistical Analy sis in Chemis t ry
and the Chemical Indus t ry ,  New York , John Wiley  and Sons Inc .,
1954 , pp 32 1-32a .
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Total SS = (~ x.)
2/N = 1648. 2325- 1637 . 1451 11.0874

Lot SS = ~~T.2
/N - (Thc.) 2

/N = 1638. 9485 - 1637 . 1451 = 1.8034

Within Lot SS = 11. 0874- 1. 8034 = 9. 2840

In these calculations:

= the sum of all 20 data points

N = the number of data point s

SS = the sum of squares

The crude lot sum of squares is equal to :

�:;~ T1
2 /N

in which T1 is the sum of the values for the five samples in each lot .

Lot SS = Crude Lot SS - correction factor

Total SS = - (
~
x
~
)2/N

in which is an individual data point .

Within Lot SS = Total SS - Lot SS

The analysis of variance is summarized in Table B-2 .
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TABLE B-2 . RATE SENSOR DEAD-ENDED GAIN ANA LYSIS
OF VA RIANCE

Source SS dl MS Ratio F0_ 0 05

Lot 1.8034 3 0. 6011 1. 04 3. 24

Within Lot 9.2840 16 0. 5803

Total 11. 0874 19 0. 5835

The analysis of variance is a method of separating the variance from

various sources and testing for statistical significance .

The headings in this analysis of variance table , and others like it , are

used as follows:

SS is the sum of squares calculated as shown above .

~j  is the degrees of freedom . The total degrees of freedom ( 19) is

N - 1 where N = the number of data point s. The lot-to -lot degrees

of freedom ( 3) is the number of lot s minus 1. The de gr ees of

freedom wi th i ”~ lots ( 16) is the difference between total degress of

f reedom and tot -to-lot degrees of freedom .

MS is the mean square and is obtained by dividing the sum of

square s by the degrees of freedom . The ratio of the mean square s

(0 . 601 1/0 . 5803 = 1. 04) is used to determine statistical significance .

This ratio is compared to the tabular F value, which is the ratio

required at a given probability level . It is dependent upon the

degrees of freedom of the two mean sq uares . Thus , t he req u ired

ratio for significance of two mean squares wi th  3 and 16 degrees

of freedom , respectively, is 3. 24 at a 95-percent  pro’~iability level .

When the ratio of mean squares is large r than  the t abu la r  I” value ,

the re is a statistically signif icant  indicat ion that the per formance

is chan ging from lot to lot at the confidence interval selected (in this

case 95%).
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From Table B-2 it is seen that there is no significant difference between
lot-to- lot variation and within- lot variat ion at the 95-percent proba-
bility level. This means that , for the syst em , all data point s can be
combined to give a stand ard devia tion f o r  part —to-part deviation.

The study was not designed to separate testing error fro m process
variability; therefore , the standa rd dev iat ion shown include s both
testing error and process var iability. Data on replicate testing would
be required to separate these two sources of variability.

Throughout this report , 95-percent probabilities were selected to deter-
mine significance. The reason this level was selected is because there
are two types of errors that are related. An error of the first kind
(which we have taken at 95 percent) involves the hypothesis that there is
a difference when no actual difference exists. An error of the second
kind involves the hypothesis that there is no difference when a real
difference exists. When the error of the firs- kind has a probability of
95 percent , the error of the second kind has a probability of 90 percent .
This represent s a reasonable balance and is the reason the 95-percent
probability level is normally selected.

From Table B-i it is seen that , in d rawing  a samp le from the  universe
represented by this data , there is a 95-percent probabil i ty that  the
dead-ended gain will lie between 0 . 00746 and 0 . 01064 . This represents
a ra nge of ±17 . 6 percent of the  m ean va lue .

Flo w-Loaded Gain

The data for  flow-loaded gain is shown in Table B-3 . The fo rma t  of
th is  table  is the same as that  used in Table B-i .
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TABLE B-3 . RATE SENSOR FLOW-LOADED GAIN
_ _ _ _ _ _ _ _  

( 10~ X PSID/DEG/SEC)

________  _____  
Lot 

________

_ _ _ _ _ _ _  
A 

_ _ _ _ _ _ _  
C D Total

Sensor 1 4. 95 5. 10 3. 90 5. 10
Sensor 2 5.40 6. 25 5 .15 6 .20
Sensor 3 4. 35 5. 50 4. 00 4. 55

Sensor 4 3. 50 5. 00 3 7 5  5. 15
Sensor 5 5 ,40  5. 30 4. 70 3. 70

23.60  27. 15 21. 50 24. 70 96.95
4.72 5.43 4. 30 4. 94 4. 85
0.65 1 0. 247 0. 359 0. 837 0.615

5 0.81 0. 50 0.60 0.91 0.78
95% C. I. ±2.24 ±1. 38 ±1. 66 ±2. 53 12. 09
Interval 2.5to 6,, 9 4.Oto6 .8 2.6 to 6.0 2.4 to 7.4 2.76 to 6.94

The variances between lots and within lot s were calculated as follows:

Correction Factor = (~ x~)
2/N = 469.9651

Crude Lot SS = Y~ T~
2 /N = C(23. 60) 2 + (27 . 15) 2 +(21. 5) 2 + (24 7) 2 ]/5

= 473.2845

Total SS: ~x12 
— (~x~) 2 /N = 481. 6575 - 469 . 9651 11. 6924

Lot SS = ~~T~
2 /N — (~ x.)

2/N = 473 . 2845 — 469. 9651 = 3. 3194

Within Lot SS: 11.6924- 3.3194 = 8. 3730

The analysis of variance is summarized in Table B-4.
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TABLE B-4 . RATE SENSO R FLOW-LOADED GAIN
ANALYSIS  OF VARIANCE

Source SS df MS Ratio F~~~0 0 5

Lot 3. 3194 3 1. 1065 2 . 11 3.24
Within Lot 8. 3730 16 0. 5233
Total 11. 6924 19 0. 6 154

When comparing the rat io of the mean squares with the U’ value for 3

and 16 degrees of freedom , it is seen that , at the 95-percent confidence
interval, the variance between lot s is not significantly different from that

wi thin lots . As previousl y stated , the data does not perm it the separa -
tion of testing error from samp le-to -samp le varia t ion .

From Table B-3 it is seen that , if a samp le is drawn fro m the universe
represented by this  data , there is a 95-percent probabilit y tha t the

flow -loaded gain would be between 0 . 00276 and 0 . 00694 . This repre-

sents a range of 43 percent of the mean value . There is a 90 -percent
p robability that the flow-loaded gain would lie within a range of ±30
percent . This  indica tes that with the present specification the expected
yield, due to th is  factor, would  be about ~0 percent .

Two of the rate sensors were conside red out of l ine , bot h on the  basis

of the dead-ended gain and on the basis of the flow-loaded ga in . These

two (the fourth samp le in Lot A and the fift h samp le in Lot D) wer e  not

used in any com p leted device . h o wever , they were inc luded in the

statistical anal ysis of the data , because  there  was  no ind ica t ion  of

abnormali ties that would have j us t i f ied  om itt ing them .  With 111( 51’ t w I t

devices omit ted from the data , t he mean  and ~5-pcr ce nt c nf l f ld ( ’n e c

in tervals  would have been 0. 00925 -tO . 00038 (8 . 8 percent ) fu r  the dead-

ended gain an d 0 . 004 t ) t l  ±0 . 00070 (2 9 . 4 per cent ) for  the f l o w - l o a t h e d

gain.
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In any case, the f low-loaded gain shows si gni f icant ly larger var iabi l i ty
than the dead-ended gain .

Flow- Loaded Null Offset

The data for the flow-loaded null offset of the rate sensor is summa-
ri zed in Table B-S . Counterclockwise adjustment s are indicated by
minus  signs in this table .

TABLE B-S. RATE SENSO R FLOW-LOADED N U L L  OFFSET
(DEGREES PER SECOND)

___________ ________________ _______________ _________________ r I)ial

II ~~~~~~ 
I.)

~~~ ns4 I 1 — 3 2 , 0 - 1 5  4 2 8  — 1 1 . 0

-i~- r I + , ’ r 2 -i -J O . 0 - 13  4 ~
Sensor 3 +7 . 5 +4 9 -2 4  ~~ ) 5

Sen+o r  4 -4-1 7 . 0 ~43 . 12  ~~) ) - . I)

Sen sor 5 -3-8, 0 + 2 )  .2~’ . 4 2 . 0

~io. 50 104 )))) 8 1 . III) l); 2 00 408 . 5)0

x +2 . 10 -÷20. 80 01.111) 32. 41) 211 . 420

2 3 11 80 ( 107 21) 1 2 ( 1. 7) 1 14 ) )) I _ i t  ( 1 ’ 2 _ 1)i~’
+ 19 44 2)4 . 4)) 7 4 , 0 )  38 22 7)4.310

95~ (‘ .1 .  44.  01) 73. 30 8 - . 1)8 l Q~ 10 4 4 . 070

Interval  — 4 1 . ’ I - ’  2) • 1 - 
— ,2. 4 I ’  - - - 1 , 1 - 7 . - , to - ‘~~ . 3 — 7 . 1 . 7 to  ‘138 . 5 —: 1 4 . )4 1 ‘75 . 5

The variances between lot s and within lots were calculated as follows:

Correction Factor = (2~x .) 2 /N = 8343. 6 125

Crude Lot SS: 
~~1T~

2
/N = E(10 . 5) 2 +(1o4) 2 

+ (84) 2 + ( l 6 2 ) 2~ / 5
= 8845.25

Total SS:~~ x.2 — (�~x .) 2 / N = 2 14 9 4 . 7 5 —  8343.61= 13151.14

Lot SS: ~~1T~
2

/ N -  C’~x .) 2 /N 8845 .25 - 8343.6 1 = 501.64 j
Within Lot SS: Tota l SS— Lot SS= 13151. 14- 501 .64 = 12649 . 50
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Th~ analysis of variance is summarized in Table B-6 .

TABLE B-6 . RATE SENSO R FLOW-LOADED NULL OFFSET
ANALYSIS OF VA RIANCE

Source SS df MS Ratio F~~ 0 05

Lot 501 . 64 3 167 .21 0. 21 3.24
Wit hin Lot s 12649 . 50 16 790 . 59

Total 13151.14 19 692.16

There is no significant difference between lot-to-lot variance and
within- lo t  variance at the 95-percent  confidence interval .

There is a wide variability in the null offset. The 95-percent confidence

interval is 34 .6 deg/sec  counterclockwise to 75 . 5 deg/sec  clockwise,

which represents 270 percent of the mean value .

To summarize the data for the hydrofluidic vortex rate sensor: The data

for the dead-ended gain may not be normally dis t r ib uted , al though the
sample size is too small to evaluate th is  factor . It may be that a single -

tailed test should be applied , since the possible value may reach a

max imum value at about 9 . 7, which appears  to skew the curve to the

left . The specification of 0. 0094 ±0 . 00 10 ps id/ deg/ sec  may be too rigid and
could result in a 60-percent  yield . Because aE of the  parts yielded sys-

tems that could be calibrated, the y ield could be increased to 90 percent

by changing the specification to 0. 0090 ±0 . 0013 ps id /deg/ sec .  A fur ther

chan ge t o 0 . 0090 ±0 . 0015 p s i d/ d e g/ s e c  would result in approximately a 95-

percent y ield .

The data on the f low-loaded gain is s ign i f ican t ly more var iab le  than  the

data on the dead-ended gain . Again , the spec i f ica t ion  is  t i ght , and a

yie ld  of about 90 percent  would be expected f rom these spec i f i ca t ions .

It is in teres t ing to note that , using the cu r ren t  spec i f i ca t ions , none of

the 20 rate sensors would have been r ejected on th i s  p a r a m e te r . A
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cha nge in specification to 0. 0048 ±0 . 0021 p sid/ deg/ sec  would be required to
obtain a 95-percent probability of obtaining an acceptable part . How-
eve r , this  may be too wide a range to yield systems capable of being
calibrated. One would be inclined to keep the specification as writ ten
for  th i s  parameter, unless fur ther  evaluation is made with this factor
at levels of 0. 0027 psid/deg/sec.

The flo w-loaded null offset varied widely from a mean value of 20. 4 deg/ sec
clockwise. Because this does not appear to be a problem , the limit s
shou ld probab ly be set wide enough so that few units will  be rejected on
this  basis. The 95 -percent confidence lim it s are 20 . 4 ±55 . 1 de g/sec .
Whether fu ture  builds will have a mean in the clockwise direction is

unknown , but these confidence limits are prob ab ly minimal. One could
probab ly get by with limits of ±75 deg/sec .

Output Cascade Gain

The data for the output cascade gain t i P10 / t \P6 are shown in Table B-7.
TABLE B- ’?. OUTPUT CASCADE GAIN t~P10/ L ~P.~ (PSID/PSID)

I,ot

.; 13 C D 
Total

Sensor 1 55.90 58.06 53. 19 54.59

Sensor 2 54. 54 59 .17 52. 63 52. 63
Sensor 3 47.14 31.31 54.94 51.68

Sensor 4 47. 50 53.33 53.61 54.05

Sensor S 57.05 50.00 56.70 
_______ __________

262.13 251.87 271.07 212.85 997.92

52 .43 50.37 54.21 53.24 52.53
2 22 . 5316 127.1895 2. 6574 1 .7614 36.35

s 4.75 11.2 8 1. 63 1. 33 6.02

95~o C. 1. ±13.2 ±31.3 ±4. 5 -4 .2 12.7

Int erval 3’1~ 2 to 65 . 6 1- ’ . 1 to 81 . 7 4 !I~ 7 to 58. 7 4) l • I to 57 . 3 31~. 8 to 65 . 2

The variances between lots and within lot s were calculated as fo l lows .
(It should be noted that a modified calculat ion was made for de t e rmin ing

the crude lot -to-lot sum of squares. This was re qui red  due to the
miss ing  value in Lot D.)
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Correction Factor = (~~x .) 2
/N = 52412 . 85928

Crude Lot SS: 
~~~

(T 1
2

/N~
) = (262. 13)2 /5 +(25 1.  87) 2/5 +(27 1. 07) 2 /5

+(2 12 . 85) 2 /4 = 52452 . 1964

Total SS:~~~x.2 
— (~ji~x.) 2 /N 53066.7318-5412 . 8593 = 653 .8725

Lot SS: ~~ (T 1
2 /N~) _  (~ii~x .) 2

/ N = 52452 .  1964— 52412. 8593 = 39. 337 1

Within Lot SS: Total SS — Lot SS = 653. 8 5 2 7 — 3 9 . 3371 614.5354

The analysis of variance is summarized in Table B-B.

TABLE B-8 . OUTPUT CASCADE GAIN AP / A P
AN A L Y S I S  OF VARIANCE 10 6

Source SS df MS Ratio F~~ 0 0 5

Lot 39. 3371 3 13. 1124 0. 32 3. 29
Within Lots 614.5354 15 40. 9690
Total 653.8725 18 36. 3262

The fact that the rat io of mean squares is less than 1 is due to the
extremely low value in Lot B. Thus , obvious ly there is no significant
difference in var iance between lot s and withi n lot s.

In the analysis of variance , several basic assumptions are made:

• The various effects are additive.

• The experimental errors must be independent of the main
effects and interactions and of each other.

• The experimental errors must have a common variance .

• The experimenta l errors must be randomly and normally
dis trib uted.
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The F ra t io  is expected to be greater than 1. When this  is not t rue , as
in the present case , one is led to suspect that the model chosen is
incorrect . Th is  may be caused b y fa i lu re  of the assumpt ion  that the
exper imenta l  e r ror , which in our present study is represented by within-
lot variation, is randomly and normally distr ibuted . The assumpt ion
might  fa i l  because the tests were not made in random order . Any
effects of chronological  sequence would increase the wi thin- lo t  es t imate
of var iance, whi le  leaving the be tween-lo t  est imate unaffected.  This
would reduce the variance ratio and mi ght account for the low F ratios
calculated in this  case and in several other cases in this  stud y.

From Table B-7 it is seen that  the output  cascade gain is 52 . 5 ± 12 . 7 at

the 95-percent confidence int e rval . Using the limits set in the specifi-

cation , th is  would give a y ield of sli ghtl y greater  than  90 percent

Because all of the systems were capable of calibration , t his specif ica-
tion is probab ly too t i ght . It should probabl y be changed to 53 ± 13 ,
which  would  g ive  a y ield s l ight ly greater  than 95 percent .

Output Cascade Noise Data

The output  casc~ide noise data is shown in Table B-9 .

T A U t  i :  B -n . OUTPUT CASCADF: NO I SI -  (PSID X l0~ )

- — — __________ — - 
- l 

— ) ,t .,
it t I )

- -+ ,- r ,- - ,’ r 1 1 - - (1 14 3 12

2 ‘0 . 13 14 14

~& -e ~-~.~- 3 34 . 5 33 14
S,’T ,~ - ,’ 1 4 3 . ’) 41
- 4 , , , -  5 3 ) 1  30

- x .  10. . ) 132 . 0 51 . 0 12 300 . 5
x 2 1 .  1 26 . 4 12. 8 12 20.0

-4 2)4.8 I 1-14 .3 44.9 - -- 207 . 4
S 20 . 6 12 .0  6. 7 - — —  14.4

~~~ ( ‘. 1 . 57 .2 j 33.3 21. 3 ~~~~~ 30.9

)e t , ’ t , , I l  I) ) , ) t _ 1I71) 4 (1 ? ~~ ‘t _ t14~ ’7 0 1 - , ) ) . - ’  (- l )~ 
— — —  0 t ’ t l . I1i)01’

-- - --- -~~~~ -- -

I),’ , in 1 1,1+ ,n t ,- rv , ,I  ,~~ t + - )  mllitip led l v  l0~~.

80 



_ _ _ _ _ _ _ _ _ _ _ _  -

The var iances  between lot s and wi th in  lots were calculated as follows:

Crude Lot SS ~~~(T. 2
/ N .)  = ( 105. 5 )4 / 5  +( 132)2 /5 +(51) 2

/4  = 6361. 1

Correction Factor = (~~x .) 2
/N = 6020. 0167

Total SS: ~‘x. 2 
- (~ x .) 2

/N = 8924. 2 5 — 6 0 2 0 . 0 1 6 7  = 2904 . 2333

Lot SS: ‘~ .( T .2 /N .) -  (~~x .) 2
/N = 6361 . 1- 6020. 0167 = 341. 0833

Within Lot SS: Total SS— Lot SS= 2904 . 2 3 3 3 — 3 4 1 . 0 8 3 3 = 2 5 6 3 . 1 5

The analys is of variance is summarized in Table B-b .

TABLE B-b . OUTPUT CASCADE NOISE ANALYSIS
_ _ _ _ _ _ _ _ _  

OF VA RIAN CE 
_ _ _ _ _  _ _ _ _ _ _ _

Source SS df MS Ratio F~~ 0 05
Lot 341. 0833 2 170. 5417 0. 80 3. 89
Within Lot 2563 . 1500 12 213. 5958
Total 2904 .2333 14 207 . 4400

Examination of Table B-b shows there is no significant difference at
the 9~5-percent probability level between the variances between lots and
within lots. -

The 95-percent confidence interval for noise is 0. 0200 ±0 . 0309 , as
show n in Table fl-9 . Therefore , as the specification requirement is

that the noise level be less than 0. 4 , no problems ar e expect ed fro m
this factor . This specification could be tightened by almost  a factor of
10 if noise near the specification limit is a problem , but if no problems
are noted , it would be advisable  to leave the speci f ica t ion for  noise as
w rit ten , and expect no problem s in meet ing it .
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Gain - Output  Cascade ~ P 10 J SP 3 Without Feedback

The data for the gain of the output cascade t’P 10 / t P 3 is summarized

in Table B - l b .

TABLE B - I l . CAUN - OUTPUT C A S C A D EA P  /~~P WITH O [ T
FE I-~DBACK (PSID/PSID) 10 3

l o t
_____________ __________ -

~~~~~ 5 ,  U 1
________ 

-\ is c 
__________ ______

,- n s, )r  1 1)) . 59 20. 50 19.57 2 0 . 4 9

Son : , ’r 2 21. 15 20 , 80 19.07 20. ~3

Sensor 3 17 . 4 1 1. , 99 20 .75  20 . 00

S, -nsor  4 17 . 7 4  19 . 52 19 . 72 20 . 2))

Sensor 5 20 . 34 15. 31 Id .  59

~ x .  96 . 26 96 . 12 ‘7 . 7 0 81 .52  371. 60

19 . 25 19. 22 19 . 54 2 0 .3 8  19. 56

2 . 6736 3 . 6 6 6 4  0 . 6 552  0 . 1304 1. 7835

S 1. 64 1. 91 0. 111 0 . 3 6  1. 33

I! (‘)~~ t I  ~ 14 

~ 
to 23 13 ~~t ,  I 1 )

2 

~ t 7 1 t o  21 

8

The var iances  between lots and w i t h i n  lot s were  ca lcu la ted  as f o l l ow s

Crude Lot SS=~~~(T 1
2

/~~
.) = 

(96~ 26 ) 2 
+ 

(96 . 12) 2 
+ 

(97 . 70) 2

+ 
(81. 52) 2 

= 7~~71. 4440

Correction Factor = (‘~ x .) 2
/N  7267 . 7137

Total SS ~~~~ - ~~x ) 2
/ N  = 72~~9 . 8162 - 72I~7 . 7137 ~~ 1025

T o t  SS ~~~(T~
2 fN ~) _  c~x ) 2 /N = 7271. -144 0- 7267 . 7137 3. 7303

\‘.‘ithin l o t  SS = Total SS- Lot SS 32 . 1 0 2 5 — 3 . 7303 = 28 . 3722

‘I i’ 3 :ia l ’- sis (~f \‘ ;iI iallC(’ i~-4 S l im  mar izt�d i t )  LI  1)1<’ I ~— 12.
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‘I ’ABLE B- 12 . GAIN -OU T PUT CAS CADE ~ P
AN ALY SIS  OF’ V A R I A N C E  10

Source ~~~~ df MS Ratio F
______________ __________ ______ ________ _______ 

7= 0.  05
Lot 3. 7303 3 1. 2434 0. 66 3. 29
Within Lot 28. 3722 15 1. 8915
Total 32.1025 18 1. 7835

There is one exceptionally low value (number 3 in Lot B) that probably

accounts for a ratio of mean squares less than 1. Thus , the lot-to-lot

variance is not significantly different from the within- lot variance .

A constant rat io is expected between the gain measured for AP 10 / P P 6
and that measured for AP 10 / A P 3. The ratios for  the different  lot s are
compared in Table B-13 .

TAB LE B- 13 . RATIO BETWEEEN GAINS MEASURED FOR
AP 10 /AP 6 AND ~P10 /A P 3

Gain AP 10 /A P 6 Gain  AP 10 / A P 3 Ratio

Lot: A 52 . 43 19 .25  2 . 7 2
B 50 . 37 19 . 2 2  2 . 62

C 54 . 2 1 19 . 54 2 . 77

D 53 . 21 20 . 38 2 . 61

Mean 52 . 56 19 . 60 2 . 6 8

As expected , a constant ratio is obtained between these two values .
However , there  appears to be more var ia b il ity in the ga in t~P 10 / — ~P6
than in the ga in  .t -P

10 / A P 3. The gain in AP 10 / A P 6 is 52 . 6 t1 2 . 7

(24 . 2 percent ), whereas  the ga in  in f P 10 /A1 ’ ,~ is 19 . 60 ~2 . 8 ( 14 . 3 i er

cent) .  The spec i f i ca t ion  for  ga in  t-P 10 / A P 3 ( 19 t 4 )  i~ qu i t e  w id e ’ , and

based on this  fac tor , a yield grea ter  than 95 percen t  is CXIu’(’tI’d .
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Gain - Output  Cascade ~. P 10 /~~P ,
3 wi th  Feedback

The data obtained for  the gain of the output  cascade with f eedback
A P

10
/ t \ P3 ar e summarized in Table B- 14.

T AB I , I -: B- 14 . GAIN - OUTPUT CASC~~DE AP IO / A P 3
WITH FEEDBACK (PSID/PSID)

_____________________ - __________________ —
~~~~~

-—- __________________

11 C D

Sensor 1 10.00 10. 20 9.71 10 .00

Seusoi’ 2 10. 04 10 . 10 9 . 90 10. 47

Sen sor 3 9. 68 8. 97 10. 36 9 . 80

Se t i s O i  4 9 . 75 9 . 76 9 . 66 10. 31

~~-~isor 5 10. 00 10. 10 10. 53

49. 47 49. 13 50. 16 40. 58 1)10 . 34

0 . 89 9. 83 10. 03 10 . 14 0 . 96
2 

0.0276  0.2568 0.1538 0.0910 0 . 1277

S 0. 166 0. 507 0 . 39 0. 30 0. 36

~5~
’o C . 1. 0. 46 1. 11 1, 08 0. 95 0 . 76

Interval  ‘ .43 to I t ) 5-~ 5 . 4 t o  11 . 2 8. 9 t o 11 . 1 52  1 11 . 1 9 , 2 ) )  to  10 . 7

The v a r i a n r s s  between lot s and w i t h i n  lot s were  ca lcula ted  as fo l lows :

Crude Lot SS = ~~.( T. 2
/ N. )  ~~~ 47) 2 

+ 
(49. 13)2 

+ 
(50. 16) 2

L I  t 5 5 5

(40 58) 2
+ = 1887 .0968

Correction Factor = (‘- ‘x .) 2
/N = 1886. 8229

Total SS = - (~~x .) 2
/N = 1889 . 1222 - 1886 . 8229 = 2 . 2 993

Lot SS = ~~.(T . 2
/ N .)  - ~~x.)

2 
IN = 1887 . 0968-  1886 . 8229 0. 2739

Within T ,~ t SS = Total SS — Lot SS = 2 . 299 3 — 0. 2 739 - 2 . 0254

8-I
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The anal ysis of variance is summarized  in Table B-15 .

TABLE B- 15. GAIN - OUTPUT CASCADE ~P 10 / A P 3 WITH
FEEDBACK ANALYSI S OF VA RIANCE

Source SS df MS Ratio F
_____________ _________ _____ _________ _______ 

r’ O. 05
Lot 0 .2739  3 0 . 0913 0 . 68 3. 29
Wi thin Lot 2 . 0254 15 0. 1350
Total 2 . 2993 18 0 . 1277

From Table B-15 it is seen that there  is no si gnificant d i f fe rence  be-
tween the variance between lots and that within lots at the 95-pe rcent
probab ility leve l.

From Table B- 14 it is seen that the 95-percent  confidence in te rva l  for
with feedback is 9 . 96 ±0 . 76 (7 .6 percent) .  The s p e c i f i c a t i o n s

would a l low greater than 95-percent yield based on th is  data . The mean
value of 9 . 2 is sl ightly low and could be increased to 10 . 0 wi thou t
a f fec t ing  the y ield s igni f icant ly.

Gai n - ~i)utput Cascade t\P 10 /1~IP 4

The data for  the output  cascade gain  ~,P 10 / A P 4 is summarized in

Table B -l6 .

The va r i anc ’s be tween lot s and w i t h i n  lot s were ca lcula ted  as fo l lows:

Correction Factor = i~x .) 2 /N = 3572 . 1405

Total SS = ‘~
‘x .~~- C~x.) 2

/N 3603 .0924 -  3572 . 1405 = 30. 95 19

2 2 2
Crude Lot SS = > ~~(T 2

/ N .)  = 
0) 

+ ~~~~~~~ ~~(66 . 05) (57 . 23)

= 3576 . 6353
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TABLE B- 16. GAIN - OUTPUT CASCADE tIP / tI.P
(PSID/PSID) 10 4

A B C 0 
T I , )

Sen sor 1 1 5.38  14 . 29 13. 16 14, 93

Senso r 2 14 . 13 14 . 08 11. 63 12.05

Sensor 3 12 . 00 13 .89  13. 80 15 .15
Sensor 4 10. 70 13 .51 13. 17 15, 15

S,-n ’~or 5 14 .2 9  14 .92 14. 29

66 . 50  70 .69 66 .0 5 57 ,2 8  260 .52
13.30 14.14 13. 2 1 14, 32 13 . 71

S2 3.6114 0 .2735 1. 0038 2 .3009 1, 7 195
s 1.90 0 .52 1. 00 1. 52 1 .3 1
955~ C. I . 5 . 3  1. 4 2 . 8 4 . 8  2 .8

in terva l  8. 0 ) ,  18 . 6 12, 6 to 1 5 . 5 10 . 4 1,, 16 . 0 ‘‘ . 5 15 . 2 1U , ’ )~~‘ 16 . 5

Lot SS ~~~~~~~~~~~~~~~~~~~~~~~ = 3576 . 635 3 — 3 5 7 2 .  1405 = 4.4948

Within Lot SS = Total SS- Lot SS = 30 . 9 5 1 9 - 4 .  4948 = 26. 4571

The analysis  of variance is s u m m a r i z e d  in Table B- 17 .

TABLE B- 17 . GAIN - OUT PUT CASCADE tIP I t \P
ANA LYSIS OF’ VA RIANCE 10 4

Source SS df MS Ratio F
____________ __________ _____ _________ _______ 

cixO._05

Lot 4. 4948 3 1. 4983 0. 85 3. 29

Within Lot 26. 4571 15 1. 7638

Total 30. 9519 18 1. 7196

From Table B— 17 it is seen that at the 95-percent probability level

there is no significant difference in the variance between lots from

that w i t h i n  lots.

From Table B- 16 the 95-percent confidence interval of the gain of the

output cascade ~P10 /~~P4 is 13. 71 2 .8  (20 .4  percent).  The specifica-

lion for t h i s  ga in  is 11 . 8 ±1. 8 (10. 0 — 1 3 . 6) .  R e t a i n in g  t h i s  sp t ’c l f I c a t i o f l
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will result in an ext remely low y ield . A y ield of gr eater than 95 per-
cent can be obtained by changing t h i s  specif icat ion to 13 . 7 ~-3 . 0 . A s al l

of the devices were capable of ca l ib ra t ion , th i s  is considered a reason-
able modif ica t ion .

N u l l  Offset of t~P4 Input

The data for the nul l  offset  of tsP 4 input is summarized in Table B-18.

TABLE B- 18. N U L L  OFFSET OF tIP4 INPUT (PSID)

__________________ ______________ — - l - I a !
A I)  C I)

~~~~~~~ ‘ t  1 -0 , 1150 -0 . 132 -0 . 090 +0 . 058

Sensor 2 — 0 . 1375  —0 . 108 -0 . 200 —0 . 188
S,’i,,~or 1 —0.  1851) —0 , 030 —0 . 178 —0 , 24

Sensor 4 —0 . 025 ’) -0 . 1113 -0 . 268 —0 , 290

Sensor 5 — 0 . 0880 — 0 ,  243 —0 , 115

- — 0 , :5)1 05 — 0 ,  696 —0 . 55 1 — 0 . 6 6 5  —2 , 7” 2 5
—0 . 1161 —0 . 1592 —0. 1702 — 0 . 1663 —0 . 147

2 
0 . 0038 0. 0064 0 . 0050 0. 024 1 0 . 0079

0. 062 0, 050 0. 071 0. 16 0 . 089
(‘.1. 0. 112 0, 222 0. h ’ S  0 . 509 0. 177

I + i t , - r v a l  -11~~0 )1! to — 0.288 + 0 • 083 to  — 5  161 -‘1) , 027 to -5 , 367 +0 )4 ~ —0~ U 75 s) • 041 I,, —5~

The variances between lots and wi th in  lot s were calculated as fol lows:

Correct ion Factor = (~~x .) 2 /N = 0.410424

Total SS = ~ x.2 - (~x.) 2 
/N = 0. 5527 - 0 .4 104 = 0. 1423

Crude Lot SS = = (0. 5805)
2 (0 696)2 ~(O . 851)

2

4 = 0. 419676

Lot SS = ~~.( T .2 /N .) -  (~~x .) 2 /N  = 0 . 4 1 9 6 7 6 — 0 . 410424 0 . 009252

Within Lot SS = Total SS- Lot SS 0. 1423- 0.009252 = 0. 133048

The analy sis  of variance is summarized in Table B-Ui .
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TABLE B-19. NULL OFFSET OF tIP INPUT
ANA LY SIS OF VA RIA~~CE

Source SS df MS Ratio F
______________ __________ _____ _________ _______ 

a=O. 05
Lots 0. 009252 3 0. 003084 0. 35 3. 29
Within Lots 0. 133048 15 0 . 008868
Total 0.142300 18 0.007900

The data in Table B-19 shows that the Lot-to -lot variation is not signifi-

cantly greater than the within-lot  variation. The extremely small ratio

of these two variances is prob ab ly due in part to the fact that the largest

and smallest values fell  in the same lot ( Lot D). It may also indicate

that the variation is not comp letely random .

From Table B-18 the 95-percent confidence interval is seen to be

-0. 147 ±0 . 188 . A null offset requirement of ±0. 4 would give a greater than

95-percent yield .

Rate Ampl i f ie r  Gain

The data for the gain of the rat e ampl i f ier  is summarized in Table B-20 .

TABLE B-20 . RATE AMPLIFIER GAIN (PSID/PSID)

— —  ______________ 

1 o 
~~_ ____________________ ( t a t

A 11 C’ I)

Sensor 1 4, 50 4. 35 4 . 2 7  4 .09

Sensor 2 4 . 4 4  4 1)) 4. 14 4 . 2 4

Sensor 3 4 . 6 7  4.50 4.13 4.03

Sensor 4 4.311 4.21 4.38 4 3)3

5,-tiso r F, 4. 33 4.43 4 . 4 2

2 2 . 3 2  21. 68 2 1 . 3 4  16 . 74  52. 0) )

x 4 . 4 6  1. 33 4 , 2 7  4 . 1!) 4 . 3 2
2 0 .01733 0. 01828 0 , 0 1 7 7 7  0 . 02470 0 . 026611

s 0 .1316 0 . 1352 0 . 1330 0 , 1 7 2  0 . 16:1 1

os -:, t - .i. 0.37 0.37 0.37 0. 50 0. 34

In t e rv a l  4 ( 1’ ’  to  4 . 83 3~ ‘0 t o  4 . , I  5~~~~ 
t + ~ 4 ( 14 )~ 05 i -1 . 0) ) :~ 1’)) I , ,  4 5-
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The variances bet ween lots and w i t h i n  lots were calculated as follows:

Correction Factor = (~~x~)2 /N = 354. 5856

Crude Lot SS =~~ .(T. 2 /N .)  (22 . 32) 2 
~~(2 1.68) 2 (21 34) 2 

~~(16 . 74) 2

= 354. 77 6 98

Total SS= ~~•
2 

- (~~x .) 2
/N  = 355. 0646— 354. 5856 = 0. 4790

Lot SS = 1~i~ (T. 2 / N . ) —  (?Jx .)2 / N =  354 . 7 7 6 9 8 —  354. 5856 = 0.19138

Within Lot SS = Total SS- Lot SS 0. 4 7 9 0 - 0 .19138 = 0.28762

The analysis of variance is summarized in Table B-2 1.

TABLE B-2 1. RATE AMPLIFIER GAIN ANALYSIS
OF VA RIANCE

Source SS dl MS Ratio

Lots 0. 19138 3 0. 0638 3.32 3.29

Within Lots 0 . 28762 15 0.0192

Total 0~ 47900 18 0. 0266

The data shown in Table B-21 indica te s that t he re  is a sit .~n i f i c a n t  dif-
fe rence between the lot -to-lot var ia t ion  and the w i t h i n - l o t  \ - a r i a t i , ) n  I t

the 95-percent probability level . This d i f fe rence  in v a r i a b i l i ty  could  be
due to tes t ing  e rrors from lot-to-lot, process  v a r i a b le s  f rom l o t - t o - l ~t1 ,
or a combinat i on of the two .

The 95-pe rcen t  conf idence  i n t e r va l  of the  rate a m p l i f i e r  g a i n  is seen I t

In ’  4 . 32 tO . 34 (7 . Ii percent) .  A l t h o u g h  th e  va r i a l t i l i  I v  i s  qu t I e  low , t he
rate  g a i n  of 3. 4 fO . 5 set in th e  specificatioii is tuu  lu tv  m d  would  h a v e
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resulted in a 100-percent rejection of this lot . Changing the specifica-
tion to 4 . 3 ±0 . 5 would result in a y ield greater than 95 percent .

Rate Ampli f ie r  Nul l  Offset

The da ta for the rate amplifier null offset is summarized in Table B-22 .

TABLE B-22 . RATE AMPLIFIER NULL OFFSET (PSID AT OUTPUT )

Total
A B C 0

Sensor 1 1) . 30 +1 . 40 1 . 40 0 . 20

Sensor 2 0. 2 .7 0 ,2 0  0. 35 0 . 10

Sensor 3 0 ,6 5  0 .35  0 .15 0 . 30
Setis, ’r 4 ) . .3 t (  0. 25 ( ) ~ 30 0 . 35

Sensor S 0 . 2 5  0. 30 0 . 10

‘‘x. 1, 75 1.50 1.30 0. 95 5 .50
0 . 35 0 .30  0 . 2 6  0. 24 0. 289

S
2 0 .02 ) 375 0.00625 0 .01675 0. 01229 0. 01544

s 0. 170 0 .079  0.129 0. 110 0. 124
C . 1. 0. 47 0.22 0.36 0. 35 0. 26

tnt erval  —0 . 12 to + 0 . 82 5 . Ott )e 5. 72 —0 . 10 to  4-0 . 7 2 —0 . i i  to +0 . 59 +0 .03 to ~O .55

The variances betweeen lots and wi th in  lot s were calculated as follows:

Correct ion Factor = (‘~ x.) 2
/N = 1. 5921

Crude Lot SS =~~ .(T. 2
/ N .) = 

(1.~~~ 2 ~~~~~~ 
+ 

~~. 30) 2 (0 95) 2

= 1. 626125

Totai SS = ‘~x. 2 - (~~x .) 2 /N = 1 .87- 1. 5921 0. 2 7 9

Lot SS = ~~(T. 2 /N. )  - (~ ‘x.) 2 /N = 1.626125 - 1. 5921 = 0. 03402

Within Lot SS = ‘~otal SS - Lot SS = 0 .2 7 7 9  - 0. 03402 = 0 . 24388

The ana lysis  of var iance is summar i zed  in Table  B -23 .
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TAB LE B-23 . RATE A M P L I F I E R  N I LL OFFSET
ANA LYSIS OF V A R I A N C I ’

Source~~~~ SS dl MS Ratio F~~~0 0 5

Lot 0.03402 3 0.01134 0. 70 3. 29

Within Lot 0. 24388 15 0. 01626

Total 0. 27790 18 0. 01540

Table B-23 shows that at the 95-percent probability level there is no
significant difference between the lot-to-lot variability and the within-
lot variability. A gain, the fac t that the ratio of mean squares is less
than 1 may mean that the results are not completely random .

The data in Table B-22 indicate s that the 95-percent confidence interval
of the rate amp li f ier  nul l  offset is 0. 289 ±0 . 26 . Therefore , th~ speci-

f icat ion of ±0 . 5 would give approximately a 95-percent  y ield .

PID Gain

The data for PID gain is summarized in Table B -24 .

TABLE B-24 . PID A M P L I F I E R  GAIN (PSID/PSID)

\ 11 
-~~ 

D

S,- n~ or 1 3. 33 2 ,98  3 . 14 3. 2

5, - t i s o t  2 3.26 3. 16 3. 2- 1 3. ( i s

Sei tsor  3 3. 37 2 . ‘ 1 ) 1  :m , 3: 3 , 3s
5t’nsor 4 3 . S7 :t . 36 3. SS 3 . 00

Sensor 5 3. tO) 3 , 39 3 , 24

x 17 . 33 15 . 88 1” . 77 1 3 . 0 1  02 , 77

3 . (7 3 . 15  3, 31 3 , 2 7  3 3 0
2 0 . 04 3 ) 13  0 . 03723 0 . 02 :31) 0 , ( ta  2”  0. o-I ~;- m ”

0.219 0.190 0. 1 0 . 2 3  0 ,2 1 6

- , 5-+ -” (‘ . 1 . o . ;i 0 .~~ ; 0 , 44 0 . 7 7  0 . 4

I n t e r v a l  2 .8 t o  -I . US 2 . 04 t +  :; . ~:‘ .! .~~~~
‘ 7 , , :1 , + U t , ,  4 1 ) 1 )  ‘ C ,
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‘I ’he var iances  between lots and within lots were calculated as follows:

Correct ion Factor = (~~x .) 2 /N = 207 . 37226

Crude Lot SS = ~~ (T. 2 /N .)  = 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

= 207 . 59618

Total SS = ‘~x. 2 
— (~~x .)2 /N = 208. 2087 - 207 .37226 0. 8364

Lot SS ~I~.(T
2 /N .)  — (5I~x .) 2 /N = 207 . 59618— 207 . 37226 = 0. 2239

Within Lot SS= Total SS — Lot SS = 0. 8 3 6 4 - 0 . 2 2 3 9 = 0 . 6125

The analysis of variance is summarized in Tab le B-25.

TABLE B-25 . PID AMPLIFIER GAIN ANA LYSIS
OF VARIANCE

Source SS df MS Ratio

Lots 0. 2239 3 0. 07463 1. 83 3 .2 9

Within Lot 0. 6125 15 0 . 04083

Total 0 . 8364 18 0. 04647

From Table B -25 it is seen that there is no s igni f icant  d i f fe rence  be-

tween the variable wi th in  lot s and the variance between lot s at the 95-

percent prob ability leve l .

The data in Table B-24 show s that the 35-percent  confidence interval for

the PID ga in  is 3. 30 ±0 . 45 . ‘I’he spec i f ica t ion  of 3. 4 .10 . 5 is rea sonable ,

and f rom the universe represented by this  data , a yield of approxi-

m atel y 95 percent  would  he obtained .
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PID Null Offset

The data for PID nul l  offset  is summarized in Table B-26.

TABLE B-26 . PID A M P L I F I E R  N U L L  OFFSET (PSID AT OUTPUT)

13 
! t a L

S,.’rn , or 1 -‘-0 . 10 1) , m o -I) . 20 —0 . 2 7
Sensor 2 — 0 , 2 5  V ) ) , ) t )  0 . 17 5 , 30

Sensor 3 —0 .2S - — —  0 - ‘ ( . 1))
Sensor 4 -0 . I I !  -0.05 ~-o~ L I !

Senso r S — — —  — . —  — 0 ,  1 ‘ — —  —

-0 . 50 - 0 . 2 0  ‘0 . 15 ~-0 . 75 0 , 20
— 0 . 127 ~U . 100 -0 . 03 - 0 , 1:177 0 . 0 133
0.02750 0.05000 0.020 77 0,01062 0.03788

s 0 . i~~; 0 .2 53  0 . 144 0 . 103 0 . 189
C ’ C l .  0,53 3.60  0,40 0. 33 0.4 0

Interval  - ( 1 , 517 ~ ,+ - ( ( 4 ) ) - 1 , 75 to - ; , so - 5  17 to P 5 . 4.3 -5 . 14 t , ,  ‘() . F ,2 - 1 - • 3 -U~ 42

The lot-to- lot variance and between- lot variance were calculated in
the following manner :

Correction Factor = (?x .) 2 /N 0. 0026667

Total SS = ‘~‘x . 2 
- (~~x .) 2

/N  = 0. 5050- 0. 0026667 = 0 . 5 0 2 3 3

Crude Lot SS =~~ .(T . 2 /N. )  
(_ 0 . 50) 2 

~~(_ 0 . 20) 2 
~~(0. 15) 2 

+ (0
4
75~~

= 0 . 2276

Lot SS = ‘~T .( T .
2

/ N . ) -  C’Tx .) 2 / N  = 0 . 2 2 7 6 - 0 . 0026667 = 0 . 22493

Within Lot SS = Total SS - Lot SS 0 . 50233- 0 . 2 2 4 93  = 0 . 277- 1

Tab le H — 2 7  s u m m a r i z e s  the  a n a ly s i s  of va r i ance.
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TABLE B-27 . PID AMPLIFIER NULL OFFSET
ANA LYSIS OF VA RIANCE

Source SS dl _ MS Rat io Fa ...0 05
- : Lot 0 . 22493 3 0. 07498 2 .97 3. 59

Within Lot 0. 2774 11 0. 02522
Total 0. 50233 14 0.03588

From Table B -27  it is seen that there is no s ignif icant  d i f ference  be-

tween the lo t-to -lo t  var iance and the wi th in- lo t  variance . The data

appears  to be normal .

Table B-26 shows that the 95-percent  confidence interva l for  the PID

nul l  o f fse t  is 0 . 01 ±0. 40 deg / sec . The specif icat ion of ±0. 5 deg/sec

w i l l  a l low a greater  than 95-percent  yield in the universe  represented

by this data.

The ex t r eme ly wide range shown in Lot B is due to the size of the

sample and not to any s ignif icant  change in variabil i ty.  The value in

the S tuden t  t table ad jus t s  the s tandard devia t ion for  sample size when

dea l ing  w i t h  smal l  samples.  The value at a 95-percent  probabi l i ty

leve l i s 1. 96 when the samp le size reaches in f i n i t y .  However , for a

sample  of 5, thi s value increases to 2 . 776 , and for a sample of 2,

this  value increases  to 12 . 706 . For t h i s  reason , a sample of 2 does

not give a ve ry reliable e s t ima te  of c o n f i d e n c e  i n t e rva l s .

T h r o u g h o u t  t h i s  report , p r o l e e t e d  y i e lds  hav e  been based onl y on the

raw data fo r  the p a r a m e ter s  si- e,v n . ~~~+ t f l t ’  decrease  in y ie ld  ts  to he

ex pect ed due to c a t a s t r o p h i c  f a i l u r e s ;  i . e., dropp ing  a par t  on the  f loor ,

L os ing  a par t  in  process , or g r i n d i n g  a su r face  too t h i n . In a d d i t i o n  to

these  f a i l u r e s , son~e par t s w i l l  be sc rapped  due to p rope r t i e s  not
c- - : I i t ;  t ed  in t h i s  s ta t i s t  lea I st udy; t . e • , I i nca  r it y , c u r v e  shape , etc .
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On the  basis  of overa l l  cons ide ra t ions , a y i e l d  of 80 to 85 percent  is
indicated by this stud y.

Due to the fact  t ha t  the  c u r r e n t  p rocess  has a reasonable  y ield of part s
w i t h i n  spec i f i ca t ion , no f r a c t i o n a l  fac tor ia l  or f ac to r i a l  e xp e r i m e n t s
were  carr ied  out . In the event that  the process gets out of control  when
large r product ion  is under way, p lanned exper iment s of th is  type may
be needed to set l imi t s  on var ious  process  var iables .

E M J ~~~~~
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