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I n  most enginccrinf S ~ I - L I C ~ U ~ ~ S .  stre11gtIi i s  of' more imporiaticc t l lal i  slilfnchs. 
and provided there i s  suflicicnl volurnc o f  metal l o  carry, as stl.:~ill energy, lhc 
kinetic energy rcsultinf f rom a n y  l ikely motions, ihc stilfncssi'ineriia r c l a l i o n s l i i ~ ~  
is not o f  great import.  I311t i t  i s  nccessal-y l o  ensure that nalural i'rccluc~lcies do 
not rcsonnte w i th  a n y  l ikely cyclic dislurhing forces, cxtcr1i:rl or internal. 
although, i n  general, the precise rcl;~lionsliips between the ibrccs ;II-ising dur ins  
operation and the resulting yields are not a dctcl-mining k ~ c t o r  in  dcsizii. 

Machinc too l  structures and gearing ai-c cases whcrc these I-clationships :II-c 
very important, and i n  the remote control o f  11c;rvy slrllclures by  servo motol-s 
this overall s i ruc iu r i~ l  stress/strnin relntionship becomes the dominat ing lactor 
i n  design. Typical extrelnc c:~scs occur i n  naval gunrnoi~ntings, radnl- acri;~l 
strncturcs, and directors, and this article deals w i th  some recent work o n  them. 
The results are of general application, and arc l ikcly t o  he of interest ill otlicl- 
lields. 





S c r v o  theory ,  dca l i t i g  w i l l i  back las l i  :IS a l i x c d  q i i n l i t i t y ,  a n d  : ~ s s i l ~ n i n g  l l ~ u t  
b e y o n d  the  l i m i t s  o f  b:icklasli r hc  s l rcss/s l ra in r c l a l i ons l i i p  bc twccn  l o a d  a n d  
m o t o r  is l i io i -c  o r  less lit1ca1-, indicates means ihr m i n i m i r i n g  t he  clt'ccl of t l icsc 
s t r i ~ c l u ~ - a l  dcfccts b y  i i i o d i f y i n g  l l i c  cc>ti lrol system, as li11- cx :~mple ,  b y  i l l c  we l l  
know11 ' d i v i t l c d  ~rcsc l  ', w h i c h  is, i n  cll'cct, r csc l t i ng  f r o m  a n  ; ~ d j l ~ b l a b l c  n o d a l  
p o i n l  i n  the resi l ient d l - i vc  bc twccn  ino to l -  ;111d i t i o ~ ~ t i t i ~ i g .  I t  :ISSIII~~C:; 1Ii;ll t i l e  
lo~-c l i t<y ie ld ~ r c l a l i o ~ i s l ~ i p  is rcason:~b ly  l ineal-. 

So tnc  ye:~l-s apo, t r ia ls  were s l a r ~ c d  10 l i ~ l t l  o i ~ t  w l i a l  i l l i s  1 -c l :~ t i r~ns l i ip  rea l l y  
was, an t i  \v l la l  i l s  clli 'cls wcrc, i n  v a r i o i ~ s  types of m o i ~ n t i i i g s  ill set-vice. A s  
cx l>c~- ic l l cc  grew. l l i c  m c t l l o d  o f  car1-yi t i2 o ~ ~ l  c i ~ s ,  I o l  p r e s c ~ i l i n g  l l i e  
results, de\ 'c lol>cd in10 t l ic  f o r m  O S  :I ~ i i c c l i a n i c : ~ l  Iiystcl-csis looli, or- a series ol '  
\ ~ ~ c c c s s i v c  1oo17s. 011  l l i c  ~prccisc ;11i;11ogy (11' il 1ii;1g11clic I~ys I c r cs i s  IcsI .  ' I  I ic 
result\ :~t-c \!cry i l l u m i n a t i n g ,  a n d  thei r  ;~ l> l> l i c ;~ t ion  h;ls rcsultccl i n  a I - c v t ~ l ~ i t i o ~ , .  
ill sct - \~ l l  ~>crl'lll-lll:Lllcc. 

l C;II-ryitig o i l1  c b l i l l ~ i c s \  lest, the  m o u n t i n g  is  l i t -m ly  l o c i  ;It i l ~ c  
i i i i  r e .  I I  r n c a l ~ s  are  pro \ idcc l  I ~ I - , m c ; l s u ~ - i n g  ;111y yiclcl  (11' ~ l i c  I c ~ c l t i n s  
: ~ l - ~ - ; i n g c r n c ~ i ~ s .  ' l  o r q ~ i c s  a1.c t ~ ~ i p l i c c l  c y c l i c : ~ l l ~ ,  ill i ~ i c ~ - c ; ~ \ i ~ i g  : l ~ ~ i p l i l ~ ~ ( l c s  i n  hc~tli 
c l i ~ r c c ~ i ~ ~ t ~ s  10 l l i c  1iio101. sp i~ ic l l c ,  i11ic1 l l i c  ~ I I I ~ I I ~ ~ L I .  yiclci is rcc(~r(lcc!. S i ~ I ? t t - : ~ c t i o ~ ~  
01' l h c  angii1;ll. y ie ld  111 t l ic  I o c L i i ~ g  a ~ - ~ - : ~ ~ i ~ c ~ i i c n l s  gi \ 'cs I l i c  >~ielcl, wh i ch .  \ v l ~ e t ~  
j > l o i ~ c t l  L 1 1 liys~c~-this 10(>1>, c ~ l a h l c s  h a c l i l ; ~ \ l ~ ,  lplaslic y ic l t i .  and i i i a t c r i ; ~ l  
\ i i l l 'ncs\ t o  he c l l2c l i vc ly  scj?a~-;~lccl. 

( l< ;  I s11\ \s  ;l 11111l>c l > c ; \  l l'1.0111 ICS15 tll ' ; lc l~ lL l I  l l~ l>L l l l t i l l gs .  
rcl'c~~-t-ecl 11) ;I> l .  13. ('. I). 1.; :111cl 1.. i l l  t l ic  ; t ~ i l p t - o ~ i ~ i i ; ~ l c  c l i r ~ > ~ ~ o l ~ ~ g i c ; ~ l  OIKI~I- 111. 

clc\igti cl:~tc. '!.l?c ICII.L[II~ ;I( l l i c  111t11or sl>i!icIlc i s  cc>~ i \c r tcc l  i ~ i l o  t l i c  c o r ~ . c \ -  
~ p c ~ ~ i t l i ~ i g  r n o ~ i ~ i t i l ~ y  a i ~ c c l c ~ . a l i o ~ i .  11' l i s  I l ~ c  m o m e n t  111' in tc l - ia  i n  lpo l~nt ls .  1'cct. 
s c c ~ t ~ c l ' .  .111d I\' i<  t l ~ c  I I I  I I I I  I I< lb-l't t r ~  is 1 1  radia l1 per- 
\ c c < ~ ~ i c l ~  : ~ c c c l c r ; ~ ~ i ~ ~ ~ i .  1'101 ~ i t i g  the t.c\111t\ 111 ; l11 t ~ c c c l c ~ - : ~ l i ~ ~ ~ i  yiclcl l x ~ s i i  ~ I I I ~  

t 11~111 it1 I I I - ~ ~ I ~ ~ I I ~ I I ~ I  Icr111\. I I C  l l i c  ~ ~ c ~ ~ l ' ~ ~ ~ - t i i ~ ~ i c c  I I i l C r ~ i t  1) pcs 
0 1 '  1 1 1 ~ > ~ 1 1 i i i 1 i g s  c:~ti lbc c l i ~ . c c ~ l >  c ~ ~ ~ i i p : ~ ~ ~ c c l .  l ' l ic  c ~ : ~ ~ i i l > l c s  i l i o \ v ~ i  ~ o \ ' L I .  :I I ~ ; I I I ~ ~  111' 

l o r i j i ~ c  ; i t  IIIC 11io1o1- i ~ i .  I'oI- the \;IIII~ 11101 t1 i l i 1 i~  ; ~ c c c l c r ~ i l i o ~ ~ .  11l' ;IIX>IIL 
500 : I .  - l. l ic l o o p  \ I I~> \ \ I I  :I[ l . ' i \  IIIC OIII! c x ; ~ t i i l > l ~ ~  \ ~ l i o \ c  c ic i ig t i  ct i ihocl ics 11ic 
rcs1111\ O S  ~ l i c  \ \c~rl ,  clcscri!>ccl 111 111i\ ;11.1icIc. 

I n  ;1 cli;lsr;llii 01'111~ \!pc 01' 1'11, l .  l c i s c ~ c i s  l I I I I : I I I  b c  
I - c i c ~ i c l  b\  1 I I I  l i i  I I I I I  i11c o r i s i l l  l IIIIIIIIII~ I [?c s;licI l(' 
11;1\c l l l c  l l ; l l l l l~ t l l  l ' l~c<~ltct lc!  l - ~ ~ ~ ~ l ~ ~ ~ \ c l l l ~ c l  l>! l l l c  \I(I~>c 01' lI1;ll Il11c : I>lll \ \ l l e lK~ 
t l i c r ~ ~  c I ~ ~ i l i t i i c  iii I I i c  I c r c l ~ i o ~ i s l i i i  t l i i , tc i i  1 1 0  1rci11 
II;IILI~;I~ V ~ ~ L I L I C I I C >  ;II ~ 1 1 1 .  '1.11~ ~ I ; I ~ ~ : I I I ~  C;III 1~~ ti1;111c {(I ; ~ t i >  s ~ ~ i ~ ; ~ t i l c  \c:~lcs <>l, 
~ c r c l t ~ ~ i ~ ~ i  I i c ! ~  I c c I I  II:I~III-;li l ' r e c ~ ~ ~ c ~ ~ c !  c o t i ~ c , ~  <> l11  ;I< 

l'e1l ~ O \ \ ' S  : 

( 2 z /  ) '  s i i l l ' t~c \ \  i111cviil t i c c c l c v ; ~ ~ l ~ ~ ~ ~  ! l c l ~ l .  ,l,. 1~ i l 1 i~11ch  > ic !d  1x1. 1r:lcIi:111 [>cl- 
\cconcl '  0 / I ( / c )c lc \  ~ c c t ~ t i c l )  S 7  / '. 11' <I\VII \$cigI11 ;~pl>l iccl  ; ih :! 

IO~CI I IC :I[ 1-:1cli~1\ e l l '  g ) t ~ t t i o 1 1  l\ s i \ c \  I ~ t i c l i c \  yiclci. :< l< t-:~c l i ; ~~ i :<  sce1111cl: 
; ~ c c c l c ~ - : ~ ~ i o t ~  y i \ c s  ! 3440 l?/ \ '  I I I ~ I ~ L I I ~ \ .  o r  l 1-;1cli:111 s c c c ~ ~ i ( l ~  ; ~ c c c l c ~ ~ ; ~ t i o t ~  g i \ c >  
l 3440 12:. ] . c .  0 1 tiii1111tcs ol' arc. :~ t i t i  \ \ c  ?c l  1 1 1 ~ .  r o l l o \ \ i ~ ~ g  I ~ c I ; I I ~ ~ I ~ ~ \ I ~ I ~ > ~  
c c ~ i  I .  1Iic t c c c l c ~ ~ i ~ ~ i  ! ic ld  ( ~ ~ ~ I I L I I S  IICI 1-:1di:11i s c c ~ t i d ' ) .  !. 111': g1-;1\i1\ 
\ ielcl  i n  i ~ i c l i c s .  ; ~ t i c l  /: t l ic  I~; I~LI I . ; I~ ~'I-CCIII~IIC! 111  c!.<.Ies s c ~ o ~ i c l  : 

I 87 .1 '  9 1 

l ,l, c) 11.7 !: 

! 9.35 I. 3 -  1 \ 1 

I l i c s c  I-claric~nsli i l>s a]-c p l ~ ~ t r c c l  OIII ill I I<;.? 1.01- I-cad? rcl'cl-cncc Srr111i o n e  t o  
the o1Iie1-. 



.l'lic q u a l i t y  tlesircd i n  the construc- 
t ions under  cons idcrn t ion has been 24 

described as ' stiryputncss ', a n d  1licl.c 
L 22 

sccrns n o  better  w o r d  t o  describc the G 2o 

cap;icity of' a st ruc lurc  t o  reta in i ts  $. 1 8 ~  

intcgl- i ty of l o r m  ~ r n d c r  the ac t ion o f  g ,6 
~ ~ c c c l c r a t i o n  forces. ' Staypulncss'  is, L ,, 
(>S croursc, t l i c  ]ratio or st i lT~icss/inlcr i ;~. g 
; t t~d i t  car1 be dc l incd in the t c n n  o f  F ,o 

na tu ra l  frcclucncy o f  osc i l l a t i o r~  ', o r  T" a 
of  g r ;~v i t y  yield, the extension o f  a 2 
s imple  spr-ing mass systcrn t~ndcr-  i l s  I 1. 

, ~ 1~ 
o w t i  weight  (or ,  in t l lc  casc o f  a ro t i r ry  

2 ~ 

system, the l inear  yicld, at t l ie  radius 
I g y ~ t i o i ,  due  t o  ;I force cc lu~t l  t o  
o w n  weight  app l icd  tangent ia l ly  at 
that  radius). o r  i n  terms o f  t l ic  ; r n g ~ ~ l a l -  
y ie ld  pc]- unit o f  accclcrat ion. . I - 

A s  I - c ~ ~ I - ~ s  servo pcrforrn:~ncc, the 
na tu ra l  frcclucncy, as s i ~ c h ,  has very 
l i t t l c  inf lucncc : resonance cfTccls arc 2 
n o t  m;ttcrial. I ' h c  serious matter  is the F 
nccclcratic?n yiclcl, a n d  also the amb i -  
g u i t y  o f  the to rq~rc -y ie ld  relat ionship, 

1-0 
hot11 o f  w l i i c l ~  mi ls t  be kept  l o w .  T h i s  

I I -  
imp l ies  a h i g h  n a ~ i ~ r ; t l  f rcc l l~cncy,  but ~ c o ~ c r o , ~ t n e  b 

bclo\v :I cer ta in  f i g i ~ r c  o f  ; ~ c c c l e r a t i o ~ i  I~'I~;, 2 I < r  I.AIIIINSIIII~ ITI I \ \~I  I X K,\I~II<,\I 
y ic l t l ,  iio useful purposc i s  served b) I.'I<I.(.ILJI NI'Y. (;II,\\'II>. YII ILI? .\NI) ,\<'('I I - 
I-aising thc  n ; ~ t r ~ r a l  frccll lcncy h ighcr .  l l<&I l l )N \'llll> 

Accclel -at ion y i c ld  i s  thc i~nj-,ol- lanl 
matter- : natura l  f~ -cc l~ l cncy  i s  perh;tps t l ic  mo\t i;lmili;\t- way o f d c f i r i i n g  i ~ ,  allcl 
s r a v i ~ y  y ie ld  i s  or ten the most convcn icnt  \\,ay o f  mcas~~r in :  i t .  

13:tchl:1sIi i n  hc;~vy gearing cannot us~t;111y h: c o ~ ~ s i d c ~ - c d ,  :IS i n  instr irrncnt 
w o r k .  :IS 21 s u ~ i i  01' IIICCII:III~C;\I ~IC;II~;IIICCS. C'o~is ider i lb lc I'orcc ~ii:r!, he i ~ c c d e d  
l o  ovescomc Sriction, a n d  backl;lsli i s  best defined :IS the ~ i i o l i o n ,  t o  and fl-o, o n  
t i e  i t  i d  i i ~  l S o r - jus t  t i o t i ~ i i t i ; ~ t c  1iio1io1i 0 1 1  the ~ l ~ t p ~ r t  side. 
I t  i s  ;I si l igle clu;\ntity, w i l l l ou t  sign, a n d  i S  the I i l -s t  cycle o f  t i le  i;\;stcresis loi>l, 
i s  o n l y  t a h c t ~  t o  sl igl i t ly mol-c tli:ln the s l o \ v  creep t o l - q t ~ e  i t  c;lri he d c t i ~ i e d  i l v  
shown in t'~<;. 3(rr). I f  the next l o o p  i s  t;iken d o \ v n  t o  ;I gr-cater negativc 101-cluc, 
as p o i n t  i n  f-I<;. 3(h) .  :lncl then c o n t i ~ i u e d  hack t o  the l i i - s l  povi t ivc value, we 
get t l ie d ist ;~ l icc ' o ' ;IS t l ~ c  pl:lstic y ie ld  due t o  t l ~ c  difrcrcnce ill t o r q i ~ c  h c t w ~ x n  
(. a n d  h, a n d  so o n .  T l i c  w l io lc  Ic?op may col l ie o u t  l i ke  FIG;. ?((l), whcl-c 
f r ic t io t i  is re lat ively high, 01.. as i n  \:I(;. 4, where tltc cl-eel-, torclue is t o o  lou, 10 
111e;tsi11-c. 

- l l ~ c  largest l o o p  dcl incs a n  arc;l o f  :~mh igu i t !~  i n  the tot-cluc,'yiclcl i-clationship, 
i d  I i t  i t i r  i s  I 11;~s t l ic s:~nic \:illidity :IS ;11iy O I ~ C I -  11oilil, dcpcnd- 
i n g  o n  t l ic cl ircct ion l ' rom \vl i ich i t  hils bcen apl~r-o;~chcci. l l i c r - c  are :l sul-pr-ik,i~iy 
n i rmhcr  01' places ill a cotnposi le s l r -~rc i l r~-c  wllcl-c stnall yiclds m a y  o c c i ~ ~ ' ,  il' 
design i s  no l  c;lr.efully w;~tc l icd.  I ' l i c  t r i ~ e  il i:~tc~-i;l l stil1'1icss l i ne  \\,ill l i e  s o n c -  
w1ict.c between the upper l ine  of  t l ic  loop,  wh ich gives still'ness plus f r - i c ~ i o ~ l ,  
;~nd i l i c  lower- Iir,c, ~ , l ~ i e l i  is s i i l l ? i cs  r i i i l ~ i r  SI-ic~iori. A r i  ;~pl-,roxitn;~ic S! ~ITIICSS 
l ine  i s  SIIOM,II ciottcd ill I:I<;S. 3(( . ) ,  ((1) :ind 4. 

T l t c  dilli-rcncc in cliat-acler- o f  the loops bctwccn w o r m  and  spilt- gear ing i s  
vcr-y notice;lblc. 'T1i;tt between loops I )  and  F ( t ' ~ ( ; .  I )  i s  start l ing, and  t l ic 
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ditTcrcncc in rcf lected i n  i h c  relat ive 
scrvo pcr lbrrnat ice.  D i s  a m ixed  
s p ~ ~ r  a n d  w o r m  gear drive, wi l l1 
I-ather a l o w  stiffness. l ' h c  l o o p  F i s  
f r o m  ;I s i l i l i la r  structure, b u t  a n  a l l  i 

l spuI--gcas d r i v e  was used a n d  pa r t i -  
c u l a r  ; ~ t t c n l i o n  was p a i d  t o  stifrricss I l 
i n  the design. B o t h  s t ruc t~ r rcs  arc 
 sound ;tbout X tons, I -otat ing weight. c l  

I l i c  poss ib i l i t y  o f  sett ing, in a 
\ t r ~ i c t ~ r r e  of I l l i s  S ~ L C ,  :I II;I!LII.~I~ 

1'1-ecl~~cncy OF osc i l la t ion  i n  (I-aining, 
w i t h  t l ic  d r i v i n g  m o t o r  locked, o f  I 

hctwecn 20 a n d  30 cs. is o f  sonic 
i1itcrc51. 1 . i  - 

! ', 

~ i r y  to v i t  m ig l i t  he B, , (  m.i:,ri, 

cxpcctcd or1 first co~~sidcr: r t ion,  the 
f r i c t i o n  of the w o r m  gcal- o f  
~ i i o ~ i n t i n g  I )  is o f  no benefit it1 

i m p r o i  i n g  scrvo stabi l i ty .  T h e  I 

cncrgy  loss p c r  cycle a1 l o w  nmp l i -  
t ~ i d c s  o f  m o t o r  osc i l la t ion  is sccn 10 
be ncs l i s ih l y  small ,  a n d  the 11-ictioli 6 
losses o c c u r  m o s t  i~ndcs i r i rb ly -  - 
on ly  ;l( lligll (orclucs. 'rllc lligll- 1 1 ( ,  4 1 '~1 ,1( , \1  ! l rs l l l t ls ls  1 1 1 0 1 ~  W l l l R I  1 1 1 1  

c l l ic iency l o o p  E olr the ot l ier  h;lnd, I I I I I I I I  1s loo I.O\V 1 0  MI .\sun! 

s l ~ o w s  r i i ~ ~ c l i  grcotcr  cncr-g). loss per- 
cyclc :I[ lo\v ;lmplitudcs: P rc - lu :~d ing  scar mcsl!cs and  he;\rings z ivcs ;I ui:. 
ful l ' r i c t i o~ ia l  d;u i ip ing e l k e t  at sti iall arnj>litudcs w i t h o u t  lo\vcr ing t l ic  <)\,crall 
c l l ic icncy apprcc i ;~b ly  :it h i g h  tol-ql lcs. 

Espcriclici. 01' m;lny types o f  d r i 1 . c ~  shows clearly that the character 01' 11-,c 
\ t i l l i i c s s i ~ ~ c r t i a  rc la t ions l i ip  domin;~tcs i l i c  scr-vo pc r l i ) sma~ lcc .  I f  the ' sla!;. 
l x l tnc \s  ' i s  l o w  the noi,iin:~l power  of  11ie d l - i \ i n g  1110tor c;inn(>l be ell'ccti\.cly 
L I ~ .  a n d  re l incments in the scrvo con[ ] -o l  zcar give o n l y  very l i m i t e d  hcncfits. 
W i t h  ;I l i i s h  I I ~ L I ~ I  I'recluclicy, on the o ther  hand, :I good  perfor-m;lnce is 
l x ~ s \ i l ? l c  wi l l1 r c l a l i \ c l y  s i t t i l ~ le  c i rc~r i t i -y ,  a n d  rl ic fcrll bel lcl i t  o f  i m p r o \ ~ . d  
~ ~ c r S ~ ~ r r n ; r n c e  i s  ohta incd from any I-efillcments of' the si.r\o c o n t r o l  system. 

. A \  a n  c x ; ~ m p l e  o l 'w l i a t  o i ic  mig111 ;lit11 ; ~ t ,  l r;~cli;!n 1x1. S~COIICI~ is q o i l c  ;I lii;:l1 

accclcr ; t t io~i  (01- a m o u n t i n g  o f  any s i x .  O n c  m i ~ i u t c  y ic ld  as a rcsult of th is 
acceleration w o i ~ l t l  be a XI-y small  NI-or. O n e  n i i nu tc  y ic ld  per- rad ian  per 
~ c c o n d ,  is 9 c/s (sec F r c , .  2 )  Tl ic re  II~;I)- he l i t t le  11eed 1 0  11-y 10 g o  higliel-, ;\lid 
t l icrc w i l l  proh;rbly he some d i l l i cu l l y  in I-cacliit)g th is l i s ~ ~ r c  i n  ~ i i o ~ ~ ~ i ! i ~ i g s  01' 
a n )  si/c. Dir-cctors can he, ;~nd have been. niat lc w i t h  m u c h  higher l igures. 

A Y  I l i l t  appro;lcIi t o  I dcsign. any perfot-niat icc 131-ogrammc w i l l  give ;I 
p r o ~ r > i m n i c  of acceleration. - Ihc  re lnt ionshi l> hctween the r c c l l ~ i ~ - c d  acccler;ltiori 
a n d  the m a x i m t l m  tolcr;lblc y ic ld  w i l l  g ive a n  acceleration y ic ld  ( n l i n ~ ~ t c s  01' 
LIT-c ~pcr r - ;~di : in,~scco~)d~).  I n s p c c t i o ~ i  o f  Flc;s. I o r  2 \\,ill g i \ 'c  i he  c o r r c s p o ~ i c l i ~ i g  
~ i a t ~ ~ r a l  1.1-cilllcncy a n d  grav i ty  y ic ld .  If t l ic weight o f  the rot ; l t ing S~I-L ICIU~C i s  
assumed t o  bo ; lppl icd ;IS ;I ~ O ~ C I L I C  at t l ic  i - x d i ~ ~ s  01' gys;ltioli, \\lit11 the dr i \ , i l ig  
t i io tor  locked. a n  estimate can he made o f  t l lc  resu l t ing  lineal- y ie ld  at {Itat 
r ; ld i~ is .  Some large s t~-~Ic Iurcs .  s ~ ~ c l i  ;IS s \ v i ~ i g  bridges, \r,o~rlcl p i -ohahly collal-,sc 
completely under  thcse condi t ions,  hut pi-oportionalil). can he mailrt; l incd, i.e. 
i f  I ; ; / r t l i  o f  the r o t a t i n g  weight bc :~pp l i c t l  tangcnt i ;~ l ly  ;I[ t l ic  radius ol 'gyr-nt ion,  
e i t l i c r  clurir lg ;I test 01- :IS a n  cstirnalc. i l tc  resul t ing litreal- y ic l t l  ri iust be m u l t i -  



p l i e d  b y  11 i o  g ive  t l i c  g rn i ' i t y  y ie ld,  f r o m  w l i i c h  the  nat~11-:11 f r c q t ~ c n c y ,  01. 

' st;rypl l i~icss ' of the st ructure,  c a n  b e  ob ta ined  o n  i n s p c c t i o ~ i  f r o m  1'1~;s. I or 2.  
1Hystc1-csis loops  takcn  i h c  o the r  w a y  I-ound, b y  l o c k i n g  t l l c  m o t o r  and 

a p p l y i r l g  to]-clue t o  the m o u n t i n g ,  d i l f c r  i n  shape Srom the  n o r m a l  ones t o  an 
c x ~ c l i t  d c p c n d i ~ i g  on the  c l i ic icncq o f  the  gc ;~ r i ng  a n d  thc n a t u r e  o f ( h c  s l ruc tu re .  
I . i t t l c  WOI-k h;rs bccn d o n e  o n  th is  as I-csults do n o (  sccm i o  J i ~ s t i f y  t l i e  i~ict.c;~scd 
d i l l i c u l t y  o l ' d o i n g  tests th is  w;ly. By l i l t i n g  s t ra in  g : r~~gcs  o n  t l i c  m o t o r  c o u p l i n g  
slial't ancl clcct l- ical mcans o f  m c ; l s u r i ~ l g  the  ovc r ;~ l l  y i c l i i  be tween n i o i o r  a n d  
r n o u l l t i ~ ~ g  ; l ~ i < f  t i l I < i ~ i g  the  t w o  c ~ l ~ : ~ ~ i t i t i c s  t o  t l ie  p l i ~ ( c s  o f  ;I c ; i t I i ~dc - r ;~y  tube, 
I i y s t c r c s i ~  loolx I lavc  hcen ta l i cn  i ~ n d c r  d y n a m i c  c o n d i t i o n s  o f  n o r m a l  w o r k i n g .  
I l ~ c  cli;111gcs i n  the s l i ~ ~ p e  or t l i c  lt)ol, a r c  in lc rcs t ing ,  p a r t i c ~ ~ l a r l y  i n  a case s t l ch  
;IS I )  o f  I:!(;. I, when  i n p u t  frccluencics inal tc  ~ n ~ ~ l t i p l c s  o f ~ r n y  r i ; r t ~ ~ ~ - a l  li.cqi~c.ncic\ 
i n  t l ie  system, b u t  l ierc, ag;\in, the I-csults d i d  n o t  sec111 10 j l ~ s l i l j /  rnoc.11 f11r111c1. 
e 1 o 1  I ' l i c  tn;iin t h i n g  is l o  k c c p  the l o o p  na r row ,  as i n  /;OS PI(;. l- I'ot- csa~ i i l > l c .  
i c e  t e e  is  i t t l  or I 0 1  S c l ~ i g c s  I s ~ c .  1 -h is  is  i t  111;1ttc1 of' goocl 
c ~ ~ g i ~ l e c r i n g  t l c s i g ~ ~ .  

I l l c  r:lnsc o S  d c s i g ~ i s  i l r vo l vcd  i n  i n o u ~ ~ t i n g s ,  directors, r: tdu~- ~~eri; i. ls. etc.,  is 
s o  w i d e  tI1;1t i t  i s  n o t  possible t o  s h o w  typ ica l  c o n s t l - ~ ~ c t i o n s ,  h u t  the  I ' o l l o w i n ~  
c l c ~ i i e ~ i t i ~ r y  p r i l l c ip lcs  sceln 10 bc  :I LISC~LII g u i d e  w l i c r c  p r e c i s i o ~ i  SCI-vo c o ~ i t ~ - o I  
i s  r c i l u i r c d  :- 

( I )  7 l i c  r i rd ius o f  t l i c  t r a i ~ i i n y  r ; ~ c k  s h o ~ ~ l d  h e  ; \bout  equa l  to, p ~ - e k r a b l y  
Inl-gel- than,  t l ie  r ; ~ t l i ~ ~ s  of g y ~ - a t i o n  o f  t he  rot ; t t ing niass, w i t h  a d i rec t  
C O I ~ I ~ C C L ~ O I I  I0 the r o t ; ~ t i ~ i s  II~;ISSCS at, 01- i ~ b o ~ ~ l ,  t l i i l t  r a d i i ~ s .  

( 2 )  ' i c ;~ r  wl iccls s l iou l i j  hi. as large i n  d i ; tmcte~-  as poss ib le  a n d  p i n i o n s  a \  
smal l  :is possible. so as t o  y i vc  the i i i i n i m ~ ~ ~ n  n i ~ m h c ~  o f  sear mesl ics. 

( 3 )  1-\\ \0 scp:~r-ale t r ; r i r r i n ~  d l - i i cs .  ; ~ ~ - ~ - ; ~ n g c d  so as t o  s i v c  a IXII-C t l ~ r ~ i i i l y  
couple,  i m a n y  :ldvanl;tsch (>\,er ;I single !p in ion dr ive.  p a ~ . l i c u l ; ~ r l y  
\vlierc, as w i t h  some large ro l l e r  paths, p rec is ion  ccntrin: is  11o1 p i ~ s s i h l c .  

( 4 )  Strc lc t t~r- i l l  d i s t o r t i o ~ i s .  r ; ~ t h c ~ -  tIi;in ' back lash  ' o r  t o r s i ona l  ) ic lds.  111:1> 

b e  the d o m i n a t i n g  f i ~ c t o r .  a n d  a n y  i ~ n b o l a ~ r c c d  coup les  ;\I-ising 1'1-on, 
fol-ccs ; lpp l icd i n  o n e  p l a ~ i c  a n d  i.csisted b y  stl-csscb i n  a11otlic.r pI;t11e, 
niil.;t be c;~refu l ly  w;l tched. 

( 5 )  N o r m a l  sccur iny ar l-angcnicnrs sueli as keys. \ p l i ~ i c s  o r  l i t t cd  holr\ XI-<, 

iisu:illy clrlitc inadccl i laic ai the heavy end  S c g I I s o t i i ~  

I't,riii ill' ~ w c l ~ ~ a t l e d  secur ing  art-anscri ient i s  c~,c~all\ riccess;~r:~. h o t h  t o r  
sccul- ing gc~11- wl icc ls  I(, s l ia f ts  a r id  for. I i o l d i ~ l y  searboxes  ill place. I l l c r ~ ~  
c I s ~ i e l i  ~ o i ~ r t r i ~ c t i ~ r i s  ;~v;\il;rhle, some  o f  t h e m  b c i n y  modc l -n iLc i l  
\ersii>rrs o f  t i le  \vctlgi. ;~ r - r ;~ngerne~ i ts  r ~ s c d  b y  . l ; ~ ~ n c s  W ; ~ r t  a i i d  h is  c c ~ ~ l -  
t c ~ i i p o r ; ~ r i c s .  

(6) (~;c;~rs. e o c ~ p l i ~ l ~ ~ s ,  ; \ l id t l ic  bc;t~-ings \vI i icI i  s ~ p ~ o r t  : ~ t i d  p o s i t i o ~ l  t l lc  111;1ss 
C 

s l i o i ~ l c l  he d e s ~ s ~ i c c l  o n  a r cs i l i c~ i cc  basis ra the r  t h a n  l o a d  c i i r r ! ing 
capaci ty .  

I I1c ~ i ~ t t c r s  d c i ~ l t  w i i l i  ;it-c 01 a11 c l e t i i c t i t ~ ~  I ~ I ~ L I I - ,  b u l  t l i c  res111tr :II-c 
i r i i por t ; r~ i t  ancl of w ide  npp l i ca t i o i i .  T h e  design 01' a lmos t  a n y  rn :~c l i inc~-y  01- 

j7ieec 01' t i i ~ ' c l i ; ~ ~ i i s ~ i ~  C;III LISLI;III~ be s i ~ h s t ; ~ ~ i t i i t l l y  i v c  fro111 1 1 1 ~  c \ i d c ~ i c e  
s h o w n  b y  :I hgstet-esis l o o p  test 21s descl-ibcd. 

I; igi~rc\ 01' n i l t u ~ m l  f~-cc lucncy o h l a i n c t l  li-om t l y ~ i ; ~ m i c  tests c 1 1  coni l7 lc lcd 
rnoun l i ngs  sho\v rca.;(,nnbly c l o x  agrcerncl i t  ~ v i t l i  those T~rc~n, st;rt',c h y s t c ~ - c ~ i s  
loops .  
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