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I 

RESEARCH AND DEVELOPMENT  STUDY 
OF A PERISTALTIC ACTION 

MICROINCH ACTUATOR 

By Carlo  LaFiandra 

The  Perkin-Elmer  Corporation 
Norwalk,  Connecticut 

Th 

SUMMARY 

e Perk in-Elmer   Corpora t ion   under took   the   t ask   o f   deve lopin  g microinch 

ac tua tor   t echnology  and   hardware   capable   o f   meet ing   the   s t r ingent   requi re -  

m e n t s   f o r   e i t h e r  a segmented  or  a de fo rmab le   ac t ive -op t i c s   space -qua l i f i ed  

mirror   system.  The  program  object ives  were met. The  Perkin-Elmer  Corporation 

success fu l ly   demons t r a t ed  a w o r k i n g   p e r i s t a l t i c   m i c r o i n c h   a c t u a t o r ,   a n d  

success fu l ly   advanced   ac tua to r   t echno logy .   Th i s   r epor t   desc r ibes   t he   va r ious  

t h e o r i e s   a n d   m o d e l s   e x p l a i n i n g   t h e   b a s i s   o f   o p e r a t i o n   o f   t h e   a c t u a t o r ,   t h e  

a c t u a t o r   i t s e l f ,   a n d   t h e  t es t s  performed. i 
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INTRODUCTION 

Th i s   f i na l   r epor t   o f   t he   r e sea rch   and   deve lopmen t   s tudy   o f  a p e r i s t a l t i c  

a c t i o n   m i c r o i n c h   a c t u a t o r  is be ing   submi t t ed   a t   t he   comple t ion   o f   Con t rac t  No. 

NAS 12-2012  issued by the   E lec t ron ic s   Resea rch   Cen te r   o f   t he   Na t iona l   Aeronau t i c s  

and  Space  Administration. 

A key  element  in  the  development  of a pr imary   mir ror   ac t ive   op t ica l   sys tem 

f o r   a n   o r b i t i n g   a s t r o n o m i c a l   t e l e s c o p e  is  t h e   a c t u a t o r   i t s e l f .  The a c t u a t o r  

dev ice  must provide   the   se rvo-cont ro l led   force   and   d i sp lacement   wi th   the  

n e c e s s a r y   p r e c i s i o n   a n d   r e l i a b i l i t y .  

The developmental   need  for  an  actuator  for  the  Segmented  Optics became 

apparent   in   the   Act ive   Opt ica l   Sys tems  for   Space   S ta t ions   Pro jec t  (NASA 

Contract  NAS 1-5198), and the   ac tua to r   need  i s  p r e s e n t   a l s o   i n   t h e  Deformable 

Active  Optics  work  being  done  currently by Perkin-Elmer  for  Langley  Researeh 

Center   (Contract  No.. NAS 1-7103). Many ideas   fo r   ac tua to r s   had   been   gene ra t ed  

a n d   t e s t e d  by P e r k i n - E l m e r   i n   t h e   l a b o r a t o r y   i n   b o t h   o f   t h e s e  two p r o j e c t s .  

The  most promising  of   these  ideas   had  been  developed  to   the  point   where 

thorough  inves t iga t ion   and   deve lopment  of  1 /50  wavelength  displacement was 

warranted.  

Th i s   con t r ac t   j u s t   comple t ed .d i r ec t ed   t he   Pe rk in -E lmer   Corpora t ion   t o  

deve lop   th rough  ana lys i s   and   eva lua t ion   the   t echnology on f r ac t iona l   wave leng th  

ac tua tors   and   the   necessary   hardware .  The  Advanced A c t u a t o r   P r o j e c t   o b j e c t i v e  

was t o  deve lop   ac tua to r   t echno logy   ( i n   bo th   t heo ry   and   p rac t i ce )   t ha t  would 

meet the   r equ i r emen t s   desc r ibed   he re in   fo r   p rec i s ion ,   r ange ,   e f f i c i ency ,  re- 

sponse t i m e ,  a n d   r e l i a b i l i t y   i n  a space-type  environment.  The p r o j e c t  was 

c e n t e r e d   a r o u n d   t h e   a c t u a t o r   t e c h n i q u e s   t h a t  meet the   requi rements   o f   space  

o p t i c a l   s y s t e m s   o f   t h e   f u t u r e .  

The technique  developed was t h e   p i e z o e l e c t r i c   p e r i s t a l t i c   a c t u a t o r .  The 

pe r i s t a l t i c   ac tua to r   p r inc ip l e* ,   wh ich   shou ld   no t   be   con fused   w i th   t he   " inch  

worm" p r i n c i p l e ,  i s  the r e s u l t   o f   e x t e n s i v e   a n a l y s i s   a n d  some l a b o r a t o r y   t e s t i n g .  
_. * 

Invented by H. J. Robertson of Perkin-Elmer 
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We, a t  Perk in-Elmer ,   had   deve loped   and   tes ted   magnetos t r ic t ive   per i s ta l t ic  

ac tua tors   des igned   for   the   Segmented   Act ive   Opt ics   type  of a p p l i c a t i o n .  The 

p r o b l e m s   a s s o c i a t e d   w i t h   m a g n e t i c   f i e l d   f r i n g i n g   e f f e c t s   i n  a m a g n e t o s t r i c t i v e  

u n i t   a r e   a v o i d e d  by t h e   p i e z o e l e c t r i c   t y p e   o f   u n i t .  

We b e l i e v e   t h a t   t h e   b a s i c   p r i n c i p l e  of p e r i s t a l t i c   a c t i o n   f o r   t h e   a c t u a t o r  

has  advantages  over  the  "inch-worm"  principle  because of the  method of holding 

the  armature.  The p e r i s t a l t i c   a c t u a t o r  uses  mul t ip le   a rea   contac t   be tween  the  

armature and the  s leeve,   whereas ,   the   " inch worm" used   po in t   o r   l i ne   con tac t  

between  the  armature  and  the  sleeve.   If   desired,  i t  i s  t h e o r e t i c a l l y   p o s s i b l e  

t o  o p e r a t e   t h e   p e r i s t a l t i c   a c t u a t o r   i n  an  inch-worm  mode. 

The difference  between  the two p r i n c i p l e s   m a n i f e s t s   i t s e l f  when both  de- 

v i c e s   o p e r a t e   i n   s m a l l  steps wi th   load .  The " inch worm" has   bas i c   t echn ica l  

problems i n  moving with  small   enough  increments when a r e s t r a i n i n g   l o a d  i s  

p r e s e n t .  I t  can  be e r r a t i c  and, when movement t akes   p l ace ,   t he   s t ep  i s  gen- 

e r a l l y   t o o   l a r g e   f o r   u s e   i n   e i t h e r  a  Segmented  or  Deformable  Active  Optics 

mirror   system. We b e l i e v e   t h a t   p a r t  of t h e   r e a s o n   f o r   t h e   e r r a t i c   m o t i o n  i s  

t r a c e a b l e   t o   t h e   p o i n t   c o n t a c t   p r i n c i p l e   u s e d   i n   h o l d i n g   t h e   s t a t i o n a r y   e n d  

of t he   ac tua to r   a rma tu re   t o   t he   s l eeve   and /o r   t he   i nev i t ab le   bend ing   t ha t  

r e s u l t s   i n  inch-worm types of s t r u c t u r e s .  The load i s  t r a n s f e r r e d  from  the 

a r m a t u r e   t o   t h e   s l e e v e   v i a   t h e  two p o i n t   c o n t a c t s   ( o r ,   a t   b e s t ,  two l i n e  

c o n t a c t s ) .  The l o a d   t r a n s f e r  i s  cor respondingly   concent ra ted  and s t r u c t u r a l  

bending   ac t ion   takes   p lace   ins ide   the   device .  The high  loads  are   avoided 

i n   t h e   p e r i s t a l t i c   d e v i c e   s i n c e   t h e   l o a d   t r a n s f e r   f r o m   t h e   a r m a t u r e   t o   t h e  

s leeve   t akes   p lace   over  numerous e l emen t s   (o r   l a rge   a r eas ) .  Thus, the  

p e r i s t a l t i c   a c t u a t o r   d o e s   n o t   h a v e   h i g h   c o n c e n t r a t e d   l o a d s  and the   co r re -  

sponding  bending  in   the  e lements  i s  r e d u c e d   s i g n i f i c a n t l y .  

Perkin-Elmer  invest igated and appl ied   the   mos t   appropr ia te   t echniques  

to   so lve   the   p iezoe lec t r ic   micro inch   ac tua tor   p roblem.  We developed a 

p r a c t i c a l   a c t u a t o r   s o l u t i o n  by conduct ing  thorough  analysis   and  evaluat ion 

i n   c o n j u n c t i o n   w i t h   c a r e f u l l y   i n s t r u c t e d   l a b o r a t o r y  work. The c o n t r a c t  

r a n   f o r  a per iod  of 14 months  and d i d   r e s u l t   i n   t h e   f u r t h e r a n c e  of a c t u a t o r  

technology  along  with  working  hardware.  Both a s p e c t s  of the  development 

achieved  program  objectives.  The hardware  produced  as   a   resul t  of t h i s   c o n t r a c t  
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c o n s i s t e d  of three types   ac tua tors   working   on  essenti a l l y   t h e  same b a s i c   p r i n c i -  

p l e  b u t   m o d i f i e d   s l i g h t l y   t o   h e l p   e s t a b l i s h   v a r i o u s   p e r f o r m a n c e   p a r a m e t e r s .  

Th i s   r epor t   i nc ludes  a c o m p l e t e   d e s c r i p t i o n   o f   t h e   v a r i o u s   a n a l y t i c a l  

mode l s   desc r ib ing   ac tua to r   behav io r   and ,   i n   add i t ion ,  a thorough  descr ip t ion  

of the   hardware   and   the   var ious  tes ts  performed  with i t .  The c o r r e l a t i o n  

be tween   ana ly t i ca l   and   expe r imen ta l   r e su l t s  was demonstrated  and i s  a l s o  

presented .  

DESCRIPTION OF ACTUATOR 

B e f o r e   d i s c u s s i n g   t h e   a c t u a l   c o n s t r u c t i o n   f e a t u r e s   o f   t h e   a c t u a t o r ,  i t  

is a p p r o p r i a t e   t o   b r i e f l y   r e v i e w   t h e   r e q u i r e m e n t s   s i n c e  i t  i s  most  important 

f o r   t h e   r e a d e r   t o   u n d e r s t a n d   t h e   p h y s i c a l   p r o p e r t i e s  of an   Act ive   Opt ics   type  

of a c t u a t o r  and t o   d e f i n e   t e c h n i c a l   d i f f i c u l t i e s   t h a t  must  be  overcome t o  

o b t a i n   t h e s e   c h a r a c t e r i s t i c s .  

Requirements 

A150 Wave d i sp lacemen t   capab i l i t y .  -- The accuracy  to  which a d i f f r a c t i o n -  

l imi t ed   mi r ro r   shou ld   be   f i gu red   i n   o rde r   t o   pu t   95   pe rcen t  of t he  maximum 

p o s s i b l e   e n e r g y   i n t o   t h e   c e n t r a l   d i f f r a c t i o n   r i n g  i s  1/50  wavelength (m). 
I t  h a s   b e e n   f o u n d   p o s s i b l e   t o   a c h i e v e   t h i s   l e v e l   o f   p r e c i s i o n   i n   m o n o l i t h i c  

mir rors   such  as t h e   3 6 - i n c h   s o l i d   f u s e d - q u a r t z   m i r r o r   u s e d   i n   S t r a t o s c o p e  11, 

and to   app roach   t he   va lue   i n   t he  Segmented  Active Optics. This  i s  the   s t and-  

a rd  of   accuracy  that  w i l l  b e   r e q u i r e d   f o r   f u t u r e   o r b i t i n g   a s t r o n o m i c a l  te le-  

scopes  Using  Active Optics. It  i s  n e c e s s a r y   t o   p o s i t i o n   t h e   s e g m e n t s   o r   t o  

deform  the  Surface by f o r c e   a c t u a t o r s   t o  a t  least  t h i s   p r e c i s i o n .  A 1/50 wave- 

length  a t  63284 i s  approximately 0.5 x 10  inch.   Therefore ,   the   actuator   must  

have   cont ro l led   d i sp lacements  of less than   0 .5-micro inch   for   wavelengths   in   the  

v i s i b l e   r e g i o n  o f   t he   spec t rum.   Fo r   u l t r av io l e t   app l i ca t ions ,   pos i t i on ing  

accuracy would  have t o   b e   b e t t e r   t h a n   0 . 1   m i c r o i n c h   t o   a c h i e v e   u l t r a v i o l e t  

d i f f r a c t i o n - l i m i t e d   p e r f o r m a n c e .  

0 -6  

When t h e   a c t u a t o r  i s  used as a p r e c i s i o n   f o r c e   g e n e r a t o r   i n   t h e   P e r k i n -  

Elmer Deformable  Mirror   appl icat ions,   the   displacement   must   be  convert ible  

t o  a p r e c i s i o n  force with  a magnitude  of +2 pounds .   This   force   l eve l ,   in  

t u rn ,   co r re sponds   t o   f1 /2h   o f   d i sp l acemen t   w i th  a th in   deformable   mir ror  

o f   fu sed   qua r t z   1 /2   i nch   t h i ck ,   an   f /D   r a t io   o f  3 ,  and   ac tua to r   spac ing   o f  

5 



3 inches   over  a 30-inch  diameter.  While t h e r e   a r e  many p h y s i c a l   p r i n c i p l e s  

t h a t   c a n   b e   e x p l o i t e d   t o   y i e l d  a p r e c i s e l y   c o n t r o l l e d   f o r c e  of t h e  2-pound 

l e v e l ,   t h e r e   a r e   o t h e r   r e q u i r e m e n t s   ( l i s t e d   b e l o w )   t h a t   f u r t h e r  limit t h e  

cho ice .   Spec i f i ca l ly ,   t he   r equ i r emen t   fo r  a power-off memory 

e l imina tes   magnet ic   ga lvanometer   co i l   approaches .  

Power-off  rqechanical memory. -- The a c t u a t o r   s h o u l d   m a i n t a i n   t h e   l a s t  

c o n t r o l l e d   p o s i t i o n   ( o r   f o r c e )  when t h e  power i s  t u r n e d   o f f .   T h i s   r e q u i r e -  

ment c o r r e s p o n d s   t o  a mechanical memory. T h i s   f e a t u r e  w i l l  pe rmi t   t he  t e l e -  

scope power to   be   t u rned   o f€   w i thou t   hav ing   t he   mi r ro r   f i gu re   degene ra t e  

completely.  Thus, when t h e   o p t i c a l   s y s t e m  i s  r e a c t i v a t e d ,   t h e   c o n t r o l   s y s t e m  

w i l l  b e   a b l e   t o   p r o c e e d   d i r e c t l y   w i t h   f i n e   a l i g n m e n t   o f   t h e   s u r f a c e   r a t h e r  

t h a n   s t a r t i n g   w i t h  a comple te ly   misa l igned   sur face .  

Reve r s ib l e   d i sp l acemen t s .  -- Actua tor   devices   tha t   can   p roduce  a very  small  

d i sp l acemen t   i n   one   d i r ec t ion   f r equen t ly   canno t   p roduce   t h i s   sma l l   d i sp l acemen t  

i n   t h e   o p p o s i t e   d i r e c t i o n .   F u r t h e r m o r e ,   e v e n  when  a device   can  make r e v e r s i b l e  

d isp lacements ,   very   f requent ly   tha t   d i sp lacement   occurs   wi th   excess ive   backlash  

o r   f r o n t l a s h .  

S i n c e  the actuator   must   be  used i n  a s e r v o  loop c o n f i g u r a t i o n ,  i t  i s  de- 

s i r a b l e   t h a t   t h e   a c t u a t o r   b e   b i l a t e r a l   i n   n a t u r e ;  i . e . ,  a p p r o p r i a t e l y   a p p l i e d  

f o r c e s   t o  the a c t u a t o r   c a u s e   t h e   a c t u a t o r   a r m a t u r e   t o   t r a n s l a t e   i n   e i t h e r  

d i r ec t ion .   A l though   s e rvo   sys t ems   have   been   bu i l t   w i th   l ock ing   t ype  of ac tua -  

t o r s ,   such  as locking worms, s e r v o   e x p e r i e n c e   i n d i c a t e s   t h a t   t h i s   t y p e   o f  a 

system i s  more d i f f i c u l t   t o   s t a b i l i z e   b e c a u s e  of the n o n l i n e a r   n a t u r e  of t h e  

servo   load   on  the a c t u a t o r .  The v e r y   s m a l l   d i s p l a c e m e n t   c h a r a c t e r i s t i c   o f   t h e  

a c t u a t o r  as p r e v i o u s l y   d i s c u s s e d  i s  a p o t e n t i a l l y   h e l p f u l   r e q u i r e m e n t  t o  mini- 

m i z e   t h i s   b i l a t e r a l   r e q u i r e m e n t .  

Large  dynamic  range.  -- T h e r e   a r e  two r anges   t ha t  must be  considered.  One 

range i s  t h a t  imposed by in i t i a l   mi sa l ignmen t   o f   t he   mi r ro r   s egmen t s  o r  i n i t i a l  

g ros s   d i s to r t ion   o f   t he   de fo rmab le   mi r ro r   due   t o   t he   r emova l   o f   1 -g   fo rces .  

S ince   e i the r   o f   t hese   ad jus tmen t s   needs   be  made only  once p e r  obse,rvat ion  per iod,  

most  of i t  could   be   done   as  a sepa ra t e   func t ion .   The   o the r   r ange  i s  t h a t   d u e   t o  

thermal   deformation  and  warping  as  well a s   t o   l o n g - t e r m   m a t e r i a l   i n s t a b i l i t y  

o r  creep. 
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Based  on a t y p i c a l   s u p p o r t i n g   s t r u c t u r e   f o r  a 120- inch   mir ror ,   the  maximum 

d i s p l a c e m e n t   d u e   t o   t h e r m a l   c y c l i n g   a l o n e   h a s   b e e n   e s t i m a t e d   t o   b e  0.010 inch.  

The  displacement  would be c o r r e s p o n d i n g l y   h i g h e r   f o r   l a r g e r   s t r u c t u r e s .  

It would   be   des i rab le ,   f rom  the   s tandpoin t   o f   min imiz ing  moving pa r t s   and  

s i m p l i f y i n g   t h e   c o n t r o l   e l e c t r o n i c s ,   t o   b e   a b l e   t o   a c h i e v e  a l a r g e  dynamic 

r a n g e   a n d   p r e c i s e   p o s i t i o n i n g   a b i l i t y   i n   t h e  same a c t u a t o r .  However, t h i s  i s  by 

no  means a r i g i d   r e q u i r e m e n t .  The f u n c t i o n s   o f   c o a r s e   a n d   f i n e   p o s i t i o n i n g  

might   a l so   be   d iv ided   be tween two o r  more a c t u a t o r s   o p e r a t i n g   i n  tandem. 

Low power requirements .  -- It i s  obv ious   t ha t   t he   ave rage  power d r a i n  must 

be  maintained  below  the  cont inuous power l e v e l   a v a i l a b l e   w i t h   e n x d h   s u r p l u s  

to   ope ra t e   o the r   pe r iphe ra l   equ ipmen t   and  s t i l l  a l l o w   f o r   s t a t i s t i c a l l y   p o s s i b l e  

malfunct ions.  Low power d i s s i p a t i o n   i n   t h e   a c t u a t o r  i s  n e c e s s a r y   t o   p r e v e n t  

t h e r m a l   d i s t o r t i o n   o f   t h e   m i r r o r   i t s e l f .   S i n c e   t h e  work t o   b e  done i s  extremely 

small ,  on t h e   o r d e r   o f  1 microwat t   equiva len t  p e r  s t e p ,  i t  i s  d e s i r a b l e   t o   h a v e  

a r e l a t i v e l y   e f f i c i e n t   a c t u a t o r   t o   r e d u c e   t h e   u n d e s i r a b l e   s p u r i o u s   e f f e c t s   t h a t  

a r i s e   a s  a r e s u l t   o f   t h e   a d d i t i o n a l   d i s s i p a t i o n .  A zero-power  requirement, 

du r ing   t he  time no d i s p l a c e m e n t s   o r   f o r c e s   a r e   r e q u i r e d ,  would  be  desirable  

and   would   a l low  the   mir ror   to   main ta in  i t s  l a s t   c o r r e c t e d   c o n f i g u r a t i o n   d u r i n g  

power-off   operat ions  of   the   space  te lescope.  

The a b i l i t y   t o   o p e r a t e   i n  a space  environment .  -- Cons ide ra t ions   o f   t he  

problems  of   cold  welding,   evaporat ion,   change  of   s ta te ,   and  change  of   propert ies  

and  dimensions  with  temperature   change  and  radiat ion bombardment  must be made 

i n   t h e   d e s i g n  of  a n   a c t u a t o r   e x p e c . t e d   t o   o p e r a t e   r e l i a b l y   i n   s p a c e   o v e r  a pe r iod  

of  yea r s .  Hermetic sea ls ,   lubr ica t ion ,   and   spec ia l   t empera ture   o r   p ressure   con-  

t ro l s   should   be   min imized   or   avoided .  

A b i l i t y  " t o  work  Against   an  opposing  force.  -- The forces   oppos ing  

ac tua to r   d i sp l acemen t   i n  a space   env i ronmen t   i n   t he  Segmented Active O p t i c s   c a s e  

a r e   s m a l l   b u t   n o t   z e r o ,   a n d   a r e   d u e   p r i m a r i l y   t o   f r i c t i o n   a n d   i n e r t i a .   F o r  

t h e  Deformable Active O p t i c s   c a s e ,   t h e s e   f o r c e s   a r e   p r i m a r i l y   d u e   t o   m i r r o r  

spr ing  constant .   Al though  the  mirror   segments   might   have a f a i r l y   l a r g e  

i n e r t i a l  mass, l a r g e   f o r c e s   a r e   n o t   n e c e s s a r i l y   r e q u i r e d  t o  d i s p l a c e  them. 
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H o w e v e r , t h e   s m a l l e r   t h e   f o r c e   a v a i l a b l e   a n d   t h e   s h o r t e r   t h e  time i t  i s  a p p l i e d ,  

t he   sma l l e r   t he   sp r ing   cons t an t   r equ i r ed   be tween   mi r ro r   and   ac tua to r  w i l l  be, 

with a consequent   degradat ion of the  system  response time. 

Adequate  response  ' time. -- The requi red   speed  o f  response i s  e s t ima ted  

t o  be a ra te   o f   d i sp lacement  of 3 microinches  per   second  for  a t yp ica l   suppor t -  

i n g   s t r u c t u r e  for a 120-inch  mirror .  For l a rge r   mi r ro r s   t he   r equ i r emen t  would 

be  correspondingly  higher .  

A disp lacement   ra te   o f  3 microinches p e r  second may not  seem t o  be a f a s t  

response.  However, t h e r e   a r e   d e v i c e s   t h a t   P e r k i n - E l m e r   h a s   r e j e c t e d  on t h e   b a s i s  

o f  t h i s   r e q u i r e m e n t .  

Achievements 

The f i r s t  w o r k i n g   p i e z o e l e c t r i c   p e r i s t a l t i c   a c t u a t o r   h a s   a c h i e v e d  a pe r -  

formance of b i d i r e c t i o n a l ,   s e q u e n t i a l ,   c o n t r o l l e d  s teps  from  1/50 t o  1/25 of 

a wavelength of v i s i b l e   l i g h t   u n d e r   v a r y i n g   l o a d   c o n d i t i o n s  of  up t o  1000 grams 

a x i a l l y  and   t rans7:erse ly   appl ied   to   the   ac tua tor .  The ac tua to r   con t ro l   zone  

i s  2 .0  i nches  and, w i th  a s t e p  s i z e  of 1/50 wave (0.5 microinch),  the  dynamic 

con t ro l   r ange  i s  4,000,000 t o  1. 

I n   a d d i t i o n ,   t h e   p i e z o e l e c t r i c   p e r i s t a l t i c   a c t u a t o r   h a s   t h e   f o l l o w i n g  

i n h e r e n t   c h a r a c t e r i s  t i cs  : 

(1) A b i l i t y   t o  make very   smal l  s teps  against   an  opposing 

f o r c e .  

(2 )  Revers ib le   mot ion   wi th   no   backlash .  

( 3 )  No power r e q u i r e d   f o r   h o l d i n g  when no t   runn ing .  

(4 )  Low power  consumption  (essent ia l ly   no power d i s s i -  

p a t e d   i n   a c t u a t o r   i t s e l f ;   o n l y  i n  t h e   c o n t r o l  

e l e c t r o n i c s ) .  
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Three of the 

Fas t   r e sponse  time. 

High mechanical s t a b i l i t y .  

Large  dynamic  range  for  motion  and  speed. 

Simple  and  rugged  construction. 

Cons t ruc t ion   Fea tures  

a c t u a t o r   a s s e m b l i e s   b u i l t  and t e s t e d  are shown i n   F i g u r e s  1, 2, 

and 3 .  These   f i gu res   and   t he   f ron t i sp i ece   pho tograph  show t h e   b a s i c   s i m p l i c i t y  

of  t h e   d e v i c e .  The a c t u a t o r  i s  of  two-p iece   cons t ruc t ion   cons i s t ing   o f   an  

a p p r o p r i a t e l y   f i t t e d   s o l i d  Invar rod  and a c e r a m i c   p i e z o e l e c t r i c   c r y s t a l .  

E s s e n t i a l l y   t h e   d e v i c e  i s  a hollow  ceramic  crystal   which  under  normal  ambient 

cond i t ions   and   no -vo l t age   cond i t ions  i s  i n t e r f e r e n c e   f i t t e d   o n t o   t h e   I n v a r  

s h a f t .   I f   u n d e r   t h i s   c o n d i t i o n   a n   a t t e m p t  i s  made t o  move t h e   I n v a r   s h a f t  

w i t h   r e s p e c t   t o   t h e   p i e z o e l e c t r i c   c r y s t a l ,  a r e s t r a i n i n g   f o r c e   a p p e a r s .  

This fo rce '  'is a funct ion  of  ah& amount of i n t e r f e r e n c e  and the c o e f f i c i e n t  

of f r i c t i o n .  The i n t e r f e r e n c e   f i t   p r o d u c e s   t h e   l o a d   h o l d i n g   c a p a b i l i t y  

under   no-vol tage  condi t ions.  An i n t e r f e r e n c e   f i t   o f  between 50 t o  100 micro- 

inches   appears  optimum. A t  any   g iven   s ec t ion   o f   t he   c rys t a l ,   t he   i n t e r f e rence  

f i t  can   be   r educed   t o   ze ro   w i th   t he   app l i ca t ion  of a s p e c i f i c  minimum vo l t age .  

When t h e   h o l l o w   c r y s t a l   b l a n k  i s  purchased  from  the  manufacturer,  i t  has  

a s i l v e r   c o a t i n g   f u s e d   t o   b o t h   t h e   i n s i d e   a n d   t h e   o u t s i d e   d i a m e t e r .  The i n s i d e  

is r e w o r k e d   d u r i n g   f a b r i c a t i o n   t o   t h e   s p e c i f i e d   d i a m e t e r   a n d ,   i n   t h e   p r o c e s s ,  

t h e   s i l v e r  i s  removed.  This  removes t h e   i n s i d e   e l e c t r o d e   f o r  which the   Inva r  

s h a f t  i s  s u b s t i t u t e d   d u r i n g   o p e r a t i o n .  The o u t s i d e   s i l v e r ,  which i s  approxi-  

mately 0.0007 inch,  is n o t   r e d u c e d   i n   t h i c k n e s s .  Grooves a re   subsequen t ly  

ground  on t h e   o u t s i d e   t o  a d e p t h   s u f f i c i e n t   t o  remove  bands  of  the s i l v e r   e l e c -  

t rode   w i th  a minimum of   c rys t a l   ma te r i a l   r emova l .  The r e a u l t i n g   p i e z o e l e c t r i c  

c r y s t a l  now appears   a8  a ho l low  cy l inde r   w i th   e l ec t rode   r i ngs   on   t he   ou te r  

9 



0 
r-1 

Figure 1. Test Actuator  Assembly No. 1 (10 Electrodes)  
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Figure 2 .  Test  Actuator Assembly No. 2 (16  Electrodes) 
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Figure  3 .  Deep Groove Actuator  



i -  

c i r c u m f e r e n c e   r u n n i n g   t h e   f u l l   l e n g t h .   I n   t h e   f i r s t   a c t u a t o r   f a b r i c a t e d   a n d  

t e s t e d ,   t h e   l e n g t h   i n   t h e   c e n t e r  o f  t h e   c r y s t a l   h a d   t h e   e l e c t r o d e s  removed 

t o   e n a b l e  a moun t ing   f l ange   t o   be   a t t ached .  The a c t u a t o r   d e s i g n  i s  f l e x i b l e  

enough t o   p e r m i t  t h i s  f l a n g e   t o   b e   l o c a t e d  anywhere   a long   t he   l eng th   o f   t he  

c r y s t a l .   T e s t   a c t u a t o r  No. 2 had   no   e l ec t rode   ma te r i a l  removed a n d   t h e  

f lange   could   be   p laced   anywhere   a long  i t s  l eng th .  The i n s i d e   o f   t h e   p i e z o -  

e lec t r ic  c r y s t a l s   a r e  honed t o   b r i n g  them t o   t h e   d e s i r e d   d i a m e t e r   a n d   f i n i s h .  

The o u t s i d e   d i a m e t e r s   o f   t h e   I n v a r   s h a f t s   a r e   l a p p e d   u s i n g   p i t c h   l a p s   a n d  

o p t i c a l   p o l i s h i n g  compound. The f i n i s h   o f   t h e   s h a f t  i s  approximately  1-1/2  to  2 

microinches.  (Measurements  taken were based  on ASA B46.1 - 1962,  Surface 

Texture   and  Surface  Measurement   Specif icat ion.)  

The a n a l y s i s   o f   t h e   c h a r a c t e r i s t i c s   o f   o p e r a t i o n   o f   t h e   a c t u a t o r  shows 

t h a t   t h e   l o c a t i o n   o f   t h e   m o u n t i n g   f l a n g e i s   i m p o r t a n t   s i n c e  i t  de termines   the  

c h a r a c t e r i s t i c  s t e p  shape   o f   t he   ac tua to r .  The f i r s t  ac tua to r s   w i th   t he   moun t ing  

f l a n g e  i n  t h e   m i d d l e   p r o d u c e d   t h e   c h a r a c t e r i s t i c  s t e p  shape   dep ic t ing  maximum 

disp lacement   occur r ing   dur ing   the   middle  of t h e   s t e p .  The a n a l y s i s  showed t h a t ,  

i f   t h e   f l a n g e  were p l aced   e l sewhere   on   t he   c rys t a l ,   t he  s t e p  shape  would  be 

appropr ia te ly   modi f ied .  To p r o v e   t h i s ,  i t  was f i r s t   n e c e s s a r y   t o   e s t a b l i s h   t h e  

f a c t   t h a t  you  do  indeed  obtain  the same s t e p   c h a r a c t e r i s t i c  by e i the r   moun t ing  

t h e   a c t u a t o r   v i a   t h e   c e n t e r   l o c a t e d   f l a n g e   a n d   m o n i t o r i n g   t h e   I n v a r   s h a f t ,  

o r   moun t ing   t he   ac tua to r  on the   Inva r   sha f t   and   mon i to r ing   t he   f l ange .   Th i s  

i n t e r c h a n g e a b i l i t y  was proven  with  experimentat ion.   That  i s ,  t h e  same ou tpu t  

s t e p  ensued   f rom  the   ac tua to r   i f   t he   moun t ing   and   mon i to r ing   l oca t ions  were 

interchanged.  Once t h i s  was proven ,   an   ana lys i s -based   pred ic t ion  was made 

d e s c r i b i n g   t h e   s t e p   s h a p e  when the  c r y s t a l   e n d  was mon i to red .   The   r e su l t s  of  

t he   expe r imen ta t ion   w i th   t he   ac tua to r   suppor t ed   t he   p red ic t ion .   Th i s   ana lys i s  

a n d   t h e s e   r e s u l t s   a r e   d e s c r i b e d  i n  t h e   a n a l y t i c a l   s e c t i o n   o f   t h i s   r e p o r t .  

Relative motion i s  made to   occu r   be tween   t he   Inva r   sha f t   and   t he   ce ramic  

p i e z o e l e c t r i c   c r y s t a l  by a p p r o p r i a t e l y   p u l s i n g   t h e   o u t e r   b a n d   e l e c t r o d e s   o n   t h e  

c r y s t a l .  The v a r i o u s   a c t u a t o r s   f a b r i c a t e d   h a v e   e i t h e r  10 e l e c t r o d e s   o r   1 6  

e l e c t r o d e s   w i t h   t h e  same c r y s t a l   l e n g t h .   T h e   1 0 - e l e c t r o d e   c r y s t a l   h a s   t h e  

moun t ing   f l ange   i n   t he   midd le ,   wh i l e   t he   16 -e l ec t rode   c rys t a l   has   no   f l ange   and  

a sma l l e r   w id th   e l ec t rode .  The  gap  between  electrodes was main ta ined   cons tan t  

13 



a t  0 . 0 1 5 i n c h   i n   b o t h   i n s t a n c e s .   F o r   t h e   e l e c t r o d e   s p a c i n g  a t r a d e o f f  was made 

b e t w e e n   t h e   f i x e d   l e n g t h   o f   c r y s t a l   o b t a i n e d ,   t h e  maximum  member o f   e l e c t r o d e s  

d e s i r e d ,   t h e  minimum gap   be tween   e l ec t rodes   t o   p reven t   a r c -ove r ,   t he   e l ec t rode  

l e n g t h   r e q u i r e d   t o   e a s i l y  make c o n t a c t ,   t h e   v o l t a g e   n e c e s s a r y   t o   d r i v e   t h e  

c r y s t a l ,   a n d   t h e   d e p o l a r i z a t i o n   v o l t a g e  of  t h e   c r y s t a l .  It i s  f e l t   t h e  PZT-5A 

purchased  f rom  the Clevite Corporat ion i s  s a t i s f a c t o r y   f o r   t h e   c u r r e n t   c o n f i g u r a -  

t i o n .   C o n t a c t   w i t h   t h e   r i n g   e l e c t r o d e s  i s  a c c o m p l i s h e d   i n   e i t h e r   o f  two  ways. 

"F inge r s " ,   he ld   by   an   i n su la to r ,   p re s s   aga ins t   t he   e l ec t rodes  when t h e   a c t u a t o r  

i s  mounted  by t h e   c e n t e r   f l a n g e   o r  wires a r e   p i g t a i l e d  on t h e   e l e c t r o d e s   u s i n g  

conductive  epoxy  adhesive when t h e   a c t u a t o r  i s  r u n   w i t h   t h e   I n v a r   s h a f t  

mounted.   These  techniques  a l leviate   the  problem of  t i e i n g   t h e   i n s u l a t i n g  

b l o c k   t o   t h e   c r y s t a l .  The a c t u a l   d e t a i l s   o f   t h e   e l e c t r i c a l   p u l s i n g   t e c h n i q u e  

used i s  d e s c r i b e d   i n   t h i s   r e p o r t   i n   t h e   e l e c t r i c a l   s e c t i o n .  

Mounting  Technique 

I n   o r d e r  t o  make any   measurements   o f   the   opera t ing   charac te r i s t ics   o f   the  

a c t u a t o r s ,  i t  i s  n e c e s s a r y   t o  mount t h e   d e v i c e   i n  some prescr ibed  manner .  

As t h e   a c t u a t o r s  were manufactured  with a c o l l a r   c e n t r a l l y   l o c a t e d  on the   p iezo-  

e l e c t r i c   e l e m e n t   e x p r e s s l y   f o r   m o u n t i n g ,   t h i s   c o l l a r  was the   p r imary  means 

o f   suppor t .   Co l l ec t ive ly ,   t he re  were t h r e e   d i s t i n c t  methods  used t o  mount 

and   suppor t   t he   ac tua to r .  

The  most widely  used  support   technique was t o   f o r c i b l y  c l amp   the   co l l a r  

a t  th ree   rough ly   equa l ly   spaced   l oca t ions   a round   t he   co l l a r .  The c o l l a r  was 

clamped  against  a h a l f - i n c h   t h i c k  s t e e l  p l a t e   o f f   wh ich   a l so  was mounted 

t h e   a d j u s t a b l e  mount f o r   t h e  Brown & S h a r p e   E l e c t r o n i c   I n d i c a t o r .  The l a r g e  

port ion  of   our   measurements  were t a k e n   i n   t h i s   c o n f i g u r a t i o n .   T h i s   m o u n t i n g  

technique i s  shown i n  F i g u r e  4 ,  

The  second  mounting  technique  used was t o  mount t h e   d e v i c e  by clamping  the 

c o l l a r   a t   o n l y   o n e   l o c a l   a r e a .   D e l i b e r a t e   e f f o r t  was made t o   a s s u r e   t h a t   t h e  

r e s t  o f   t h e   c o l l a r   a n d   a c t u a t o r  was f r e e   t o   d e f l e c t .  The technique i s  shown 

i n   F i g u r e  5. This   mount ing   conf igura t ion  was o f   i n t e r e s t   b e c a u s e  i t  c l e a r l y  

i n d i c a t e d   t h a t   t h e   m o u n t i n g   f l a n g e  was be ing   subs tan t ia l ly   deformed  dur ing   the  

s tep   sequence .  The d a t a   o n   t h i s  i s  p r e s e n t e d   i n   t h e   s e c t i o n   p e r t a i n i n g   t o   d a t a .  
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F i g u r e  4 .  Actuator With Fully Clamped Collar 
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Figure 5 .  Actuator With Local Clamp 
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Figure 6 .  Actuator With Mounted Shaft 
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The th i rd   mount ing   technique  was t o  mount t h e   I n v a r   s h a f t .   T h i s  i s  shown i n  

F i g u r e  6. In   t h i s   con f igu ra t ion ,   d i sp l acemen t   measu remen t s   can   be  made a t  

e i t h e r  end o f   t h e   p i e z o e l e c t r i c   c y l i n d e r   a n d   a t   t h e   m o u n t i n g   c o l l a r .  

DESCRIPTION OF  ELECTRONICS 

The p e r i s t a l t i c   a c t u a t o r  was d e s i g n e d   t o   r e q u i r e   t h e   a p p l i c a t i o n   o f  a 

r e l a t i v e l y   u n i q u e  set  of   vol tage  waveforms.  A s  t h e s e  waveforms were no t  

a v a i l a b l e  f rom  any   ex is t ing   e lec t ronic   hardware ,  i t  was n e c e s s a r y   t o   d e s i g n  

and   cons t ruc t   the   necessary   e lec t ronic   sys tem.   This   e lec t ronic   sys tem  began  

w i t h  a set o f   manua l   swi t ches   and   evo lved   i n to   one   w i th   so l id - s t a t e   d ig i t a l  

l o g i c   a n d   h i g h   v o l t a g e   a m p l i f i e r s .  

The  manual s w i t c h   s y s t e m   a l l o w e d   a n y   a c t u a t o r   e l e c t r o d e   t o   b e   e n e r g i z e d  

o r  d e - e n e r g i z e d   a t  w i l l .  I n   t h i s  manner, i n i t i a l   o b s e r v a t i o n s   o f   t h e   a c t u a t o r  

performance were o b t a i n e d .   O p e r a t i n g   c h a r a c t e r i s t i c s   o f   t h i s   s y s t e m   t h a t  

prompted fu r the r   e l ec t ron ic   deve lopmen t  were: 

(1) Lack of p r e c i s e   s i m u l t a n i e t y   o f   m u l t i p l e   s w i t c h i n g   o p e r a t i o n s  

(2)  Re la t ive ly   s low  swi t ch ing   s equence   r a t e  

( 3 )  Tedium o f   p r o d u c i n g   r e p e t i t i v e   s t e p p i n g   c y c l e s  

The s e c o n d   g e n e r a t i o n   o f   t h e   e l e c t r o n i c   s y s t e m   u t i l i z e d   s o l i d - s t a t e  

e l e c t r o n i c   c o m p o n e n t s .   T h i s   s y s t e m   i n c l u d e d   b o t h   s o l i d - s t a t e   d i g i t a l   l o g i c   a n d  

.h igh   vo l t age   ampl i f i e r s .   Wi th   t h i s   sys t em,   i nves t iga t ions  were performed t o  

de te rmine   the  optimum wave s h a p e   f o r   t h e   v o l t a g e s   a p p l i e d   t o   t h e   p i e z o e l e c t r i c  

e lec t rodes .   The   var ious   waveforms are  shown i n   F i g u r e  7. 

Waveforms B and C a r e   m o d i f i c a t i o n s   o f  waveform A (F igu re  7 ) .  They 

were achieved by p a s s i n g   t h e  waveform A vol tages   th rough R-C low-pass f i l t e r s  

w i t h   r e l a t i v e l y   l o n g   o r   s h o r t  time c o n s t a n t s   b e f o r e   t h e y  were a p p l i e d   t o   t h e  

a c t u a t o r   e l e c t r o d e s .  

Waveforms E and F a r e   a g a i n   m o d i f i c a t i o n s   o f  waveform D. For waveform E, 

waveform D was u s e d   t o   s w i t c h   o n   a n d   o f f   t h e   h i g h   v o l t a g e   t h a t  was modula ted   to  

produce a 1 + COO w t  waveform f o r   t h e   e v e n  numbered e l ec t rodes   and  a 1 - COS w t  

18 



F i g u r e  7 .  Waveforms of V o l t a g e s   A p p l i e d   t o   P i e z o e l e c t r i c   E l e c t r o d e s  

waveform f o r   t h e  odd-numbered e l e c t r o d e s .  Waveform F was o b t a i n e d   i n   t h e  same 

manner a s  waveform E w i t h   t h e   m o d i f i c a t i o n   t h a t   t h e   h i g h   v o l t a g e  waveform was 

d i s t o r t e d  away from t h e   a b o v e   d e s c r i p t i o n  by f e e d i n g   t h e   s i g n a l   t h r o u g h  a non- 

l i n e a r   c i r c u i t .  

The only waveform tha t   p roduced   r e l i ab le   s t epp ing   mo t ion  was obse rved   t o  

be   the   square  wave po ten t i a l s   w i th   each  "on" cycle   overlapping  the  previous  and 

fo l lowing   s equen t i a l  waveforms  by  one-half  the "on" time o f   t h e   s q u a r e  wave, 

waveform D. Th i s  i s  t h e  waveform  used  for a l l  subsequen t   t e s t ing   and   ope ra t ion .  

As a r e s u l t   o f   t h e   s u c c e s s f u l   p e r f o r m a n c e  tes ts  performed  with  the  above 

e l e c t r o n i c   s y s t e m ,   a d d i t i o n a l   f e a t u r e s  were b u i l t   i n t o   t h e   b r e a d b o a r d   s y s t e m .  

These   p rovided   incorpora t ion   of  a b u i l t - i n   c l o c k  i n  p l a c e   o f   a n   e x t e r n a l   s i g n a l  

generator ;   forward  and reverse d i r e c t i o n   l o g i c  i n  p l a c e   o f   r e a r r a n g i n g   o u t p u t  

l eads  to change   d i r ec t ion ;  a t h r e s h o l d   a n d   p o l a r i t y   d e t e c t o r   t o   c o n t r o l   a c t u a t o r  

s t e p   d i r e c t i o n ,   t h e r e b y   a l l o w i n g   c l o s e d - l o o p   o p e r a t i o n .   W i t h   t h i s   e l e c t r o n i c '  

sys tem  the   bu lk   o f   the   exper imenta l   da ta  was obtained.  The block  diagram o f  t h i s  

f i na l   b readboard   e l ec t ron ic   sys t em i s  g i v e n   i n   F i g u r e  8. 
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With   t he   i n t roduc t ion  o f  t h e   1 6 - e l e c t r o d e   a c t u a t o r ,   e x t e n s i v e   m o d i f i c a t i o n  

t o   t h e   e l e c t r o n i c s  became n e c e s s a r y ' a g a i n .  It was e l e c t e d   t o   b u i l d  a complete 

new e l e c t r o n i c   s y s t e m   i n c o r p o r a t i n g  a l l  t h e   f e a t u r e s   t h a t  we f e l t  were necessary  

a n d   d e l e t i n g   t h o s e   f e a t u r e s   t h a t  we deemed to   be   unnecessa ry .   Th i s   sys t em 

was d e s i g n e d   t o   c o n f o r m   t o   t h e   f o l l o w i n g   c h a r a c t e r i s t i c s :  

(1) To be  packaged i n  a d e l i v e r a b l e  form 

( 2 j  To b e  au tonomous   except   for   the   h igh   vo l tage  power supply  and 

displacement   t ransducer .  

( 3 )  To provide  manual   control  of s t e p  d i r e c t i o n   a n d   r a t e  

( 4 )  To accommodate both   10-e lec t rode   and   16-e lec t rode   ac tua tors .  

F o r   t h e   c o n t r o l   l o g i c   p o r t i o n   o f   t h i s  new e l ec t ron ic   sys t em,  two 

compet i t ive   des igns  were developed. The f i r s t   d e s i g n  was based  upon  integrated 

c i r cu i t s ,   and   i nc luded   t he   above   des ign   cha rac t e r i s t i c s   p lus   t he   fo l lowing  

c h a r a c t e r i s t i c s :  

(1) A given s t e p  a lways   beg ins   a t   t he   s t a r t   o f   t he   coun t ing   s equence  

(2)  A s t e p  i n   p r o c e s s  i s  comple ted   before   the   ac tua tor   can   s top   or  

r e v e r s e   d i r e c t i o n .  

The schemat ic   d iagram  for   th i s   sys tem i s  c o n t a i n e d   i n   F i g u r e  9 .  

The second  cont ro l   log ic   des igned  was p a t t e r n e d   a f t e r   t h e   s y s t e m   u s e d   i n  ' t he   b readboard   e l ec t ron ic s .   Th i s   sys t em i s  b u i l t  up  from d i s c r e t e  components 

and   provides   on ly   the   necessary   func t ions   l i s ted   above .  It was d e c i d e d   t o   u s e  

t h i s   a p p r o a c h  i n  t h e   f i n a l   p a c k a g e   s i n c e  we had   a l r eady   b readboarded   t h i s   t ype  

of  system  and w e  were more f a m i l i a r   w i t h   t h e   d i s c r e t e  component c o n s t r u c t i o n  

t h a n   w i t h   t h e   i n t e g r a t e d   c i r c u i t   c o n s t r u c t i o n .  

The b lock   d i ag ram  o f   t he   f i na l   e l ec t ron ic   sys t em is given i n  F i g u r e  10. 
The complete  schematic  diagram w i l l  b e   s u p p l i e d   u n d e r   s e p a r a t e   c o v e r   t o  ERC. 
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Key f e a t u r e s   o f   t h e   f i n a l   e l e c t r o n i c   s y s t e m   a r e :  

(1) Front   Pane l   Cont ro ls :  

S i n g l e   s w i t c h   f o r   s e l e c t i o n   o f  number o f   e l e c t r o d e s  on 

a c t u a t o r .  

F a s t   o r   s l o w  r i se  time t o   r e d u c e  power supply   loading  when 

v e r y   f a s t  s t e p  r a t e s   a r e   n o t   r e q u i r e d -  

Toggle   switch  for   Forward-off-Reverse  control .  

Four -decade   r ange   swi t ch   fo r   i n t e rna l   c lock   r a t e - -va r i ab le  

from  one s t e p  per second  to   one  thousand  s teps   per   second.  

F i n e   c o n t r o l   f o r   i n t e r n a l   c l o c k - - v a r i e s   c l o c k   r a t e   f r o m   c o a r s e  

c o n t r o l   s e t t i n g   t o   o n e - t e n t h   o f   c o a r s e   c o n t r o l   s e t t i n g - -  

a l lows  a  minimum speed of approximately  one-tenth of one s t e p  

per   second.  

Panel  Connections: 

High v o l t a g e  power supply  connect ions.  

B i a s   s u p p l y   c o n n e c t i o n s - - t o   p r o v i d e   a b i l i t y   t o   e f f e c t i v e l y  

i n c r e a s e   o r   d e c r e a s e   t h e  amount of  t h e   i n t e r f e r e n c e   f i t  between 

t h e   p i e z o e l e c t r i c   s l e e v e   a n d   t h e   I n v a r   s h a f t .  

( 3 )  I n t e r n a l   F e a t u r e s  : 

(a)   Self-contained  . low-vol tage power s u p p l i e s .  

( b )   B u i l t - i n   c o o l i n g   f a n   t o   a l l o w   e x t e n d e d   o p e r a t i o n   a t   t h e   f a s t  

r ise time s e t t i n g   f o r  maximum s t e p   r a t e s .  

Appendix A of t h i s  r e p o r t   c o n t a i n s  a b r i e f   o p e r a t i o n   m a n u a l   f o r   t h e  elec- 

t ron ic s   box .  
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ACTUATOR ANALYTICAL STUDY 

The  analytical work on  the  peristaltic  actuator  is  divided  into  three 
parts. Part 1 concerns  the  calculation  of  surface  displacements  of  the  shaft 

caused  by  shrink-fitting  a  piezoelectric tube on the  shaft,  and  of  the  shrink 

pressure  between  the  tube  and  the  shaft.  Part 2 deals  with  a  study  of  local 

separation  between the  tube  and  the  shaft  when  the  tube  is  electrically  excit- 

ed  by applying  voltage to  any  ring of silver  coating  on it. The  axial  dis- 
placement  of  the  piezoelectric  tube  relative  to  the  shaft  caused  by  the  appli- 
cation  of  voltage in presence  of  friction  is  considered  in  Part 3.  It is  this 
relative  motion  that  is  observed  as  the  output  displacement  of  the  actuator 
either  at  an  end of  the  shaft  if  the  mounting  plate  is  grounded,  or  at  the 

mounting  plate  if the shaft  is  grounded. A number  of  simplifying  assumptions 
have  been  made  and  only  a  linear  static  analysis has been  attempted.  Nonethe- 
less,  the  correlation  between  the  analysis  and  the  experiment  is  good.  The 
mathematical  notations  are  separately  defined  for  each of the  three  parts  and 

should  not  be  interchanged. Any symbol  used  does not necessarily  denote  the 
same  thing in the  three  parts. 

Part 1, Deformation of Actuator  Shaft Due to Shrink  Fit 

A piezoelectric  tube  is  shrink-fitted  on  a  solid  cylindrical  shaft of 
Invar.  This  causes  deformations  in  both  the  shaft  and  the  tube. In general, 
the shrink  pressure  is  nonuniform,  but  will  be  taken  as  approximately  uniform. 
Analytical  solutions of the  problem  are  available  in  Refs. 1 and 2. According 
to  the  author  of  Ref. 2, the  computed  results  of  the  two  solutions  show  close 
correspondence  in  all  except  minor  details.  The  method  of  Ref. 1 is  relatively 
simple  for  computational  purpose  and  will,  therefore, be used  here. 

The deformation of a  shaft  due to a  finite  band  of  uniform  pressure  on  its 
surface  may  be  obtained  by  the  application  of  the  solution  of  a  different  prob- 
lem. This  is  the  problem of deformation of the  shaft  surface  due  to  another 
kind  of  pressure  distribution,  hereafter to be called  the  basic  pressure  load- 

ing  as  shown in Figure ll(a). The pressure  distribution of Figure ll(b) is  the 

same  as  that  of  Figure ll(a) except  that  the  direction of pressure  is  reversed 
and  the  origin  is  shifted  to  the  right  through  a  distance b. Superposition  of 
pressure  distributions of Figures ll(a) and ll(b) yields  the  required  pressure 



PZ 
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t- 
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+ 

Figure 11. Shrink  Pressure as a  Superposition of Two Cases 
of Basic Pressure  Loading 
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uniformly  distributed  over a width b  as shown in Figure ll(c). The following 
equations, all taken from Ref. 1 except  where  otherwise  stated,  are  for  the 
case  of  the  basic  pressure  loading of Figure ll(a). The notation  used in 

these  equations  is as follows: 

r = radial  direction or coordinate 

z = axial  direction or coordinate 

u = radial  displacement 

w = axial  displacement 

E = Young's  modulus 

u = Poisson's  ratio 

a = radius of the  cylinder 

p = step  pressure  due  to  shrink  fit  as shown in Figure ll(c) 

b = width  of  the  pressure  band = length  of  piezoelectric  tube 

i = p i  

Jn 

In 

= Bessel  function  of  the  first  kind  and nth order 

= modified  Bessel  function  of  the  first  kind  and nth order 

The relationship  between Jn and I is  obtained for real t from p.128 of 
Ref. 3 

n 

J (2ifi) = in I~ ( 2 f i )  n 



t t 3  + - + -  + ....I" 
112! 2!3! 3146 

Again from Ref. 1, 

pa(1-v) 
IJ = -  

0 2E 

A t  t h e   s u r f a c e  of t h e   c y l i n d e r ,  

8(l+V) ; 1 u = u  a o n  j=1 (2j-1)m s in   kz  

I (ka)  and I (ka)   can   be   ca lcu la ted  from Eqs. (1- 2) and (1- 3) by sub- 

s t i t u t i n g  
0 1 

k a  
2 2  

t = -  
4 
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Computer proRram t o   c a l c u l a t e   u _   a n d  w _ . - -  

I n p u t :  p, a, u, Az, E 

Calcu la t e :  

u = - pa (1-v) /2E 
0 

u = u X 8(1+v) /ir; uOw = - u X 4(1+V)/[x(l-V)] ou 0 0 

m = - 2 ( 1 - ~ ) ;  z = 0 
0 

j = 23' - 1 '7 
k .  = srj/4a; t = k a /4 2 2  
J o j  

I o = l ;  I = 1 ;  t = l  1 

t + t o t / ( n - l >  2 

Io + Io + t 
Repeat for 
n = 1 ,2  ,...... Q, 

I1 I1 + t / n  

11 - f i 0  11 

R j  = Io/I1 

m = m - k s ~ ( ~ - I ~ ~ / I , ~ )  
j o j  

1 2 3  c = c  = o  

j = 2 j '  - 1 

+ Cl + ( s i n  k z)/m j 
j J 

Cz - cz + l / j m i  
J 

C3 - Z3 + p j a  + G ( 1 - u )  - k j a  R,)Rj] cos  kj  

Repeat for 
j '=1,2,. . . . . Q) 

Repeat for  
J1=1,2,  .....a 

u = u  x c  a ou 1 

wa = llow ('2 +X 3 1 
z + z + A z  
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In practice,  the  above  repeated  calculations  are  to  be  terminated  for  some 
finite  values of n and j'. 

Numerical  Calculations. -- u and w are  obtained  from a computer a a 
program  based  on  the  foregoing  outline. The following  data  are  used: 

a = 0.4375  in, v = 0.26, E = 21 x 10 6 psi, 

dz = 0.05  in, p = po = 65 psi, 

where p = shrink-fit  pressure,  assumed  uniform,  calculated  as  follows: 
0 

By Eq. (3) of Ref. 2, 

u =  r 1 

- - 

radial  displacement of the  inside of the piezoelectric 
cylinder 

(1-10) 

where a = outer  radius  of  the  cylinder, a = inner  radius of  the  cylinder, 

El = Young's  modulus  of the piezoelectric  material, V = Poisson's  ratio for 

the  piezoelectric  material. With a = 0.5005 in., a = 0.4375  in., E = 9.14 x 

10 psi  and v1 = 0.31, we  have 

1 

1 

6 1 1 

0.4375 x PO (1+0.31)+(1-0.31)~ 0.4375 /0.5005 
6 1 - 0.43752/0.50052 c 2 

u =  r 1 9.14 x 10 

= 0.3728 x po  in. 

By Eq. (4) of Ref. 2, 

u = radial  displacement of the  outer surface of  the  shaft 
r2 

- - (1-v)a Po (1-11) 
kE ? 
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where k is to be obtained  from  Figure 2 of Ref. 2 for  the  given  value of b/2a. 
With b = 1 .O in., a = 0.4375  in.,  b/2a = 1/ 2 x 0.437 5 = 1.143. The correspond- 

ing  value of k is  approximately 1.25. 

Now for  compatibility  of  displacements we must  have 

u + u = 6 = specified  radial  shrink; r 1 r2 
therefore, 

(0.3728 + 0.0123) x po = 25  x 10 in. -6 

Therefore, 1 65 psi. 

The computer  calculations  are  given in Table I and  are  plotted  in  Figure 12. 
PO 

The surface  displacements  of  Table I and Figure  12  are for  the  basic 
pressure  loadink of Figure ll(a). The  displacements  due to  a  pressure  band  of 
width h = 1 in. can be obtained a s  previously  explained  and as shown  in 
Figure 11. Figure 13 gives  plots of radial and  axial  surface  displacements 

due  to  this  pressure  band. 

If the  central  relief  is  taken  into  consideration,  the  shrink  fit  pressure 
may  be  approximated  by  two  uniform  pressure  bands  as  shown  below.  The  surface 

displacements for each  band  may  be  calculated  exactly  as  above  and  superposed 
to  obtain  the  resultant  distribution.  However , po may  have t o  be  recalculated 
because  b = 0.422 in. is  different now. b/2  a = 0.422/(2 x 0.4375) = 0.4822. 
For  this  value  of b/2a, k 1.3 from  Figure  2 of Ref. 2. This  is  not  much 
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different  from k as previously  used.  Therefore,  p  will  not  change  signifi- 
cantly. The surface  displacement  plots for  this  case  are  given in Figure 14. 

0 

Conclusion. -- As shown  in Figure 14, the  maximum  radially  inward  dis- 
placement of the  outer  surface  of  the  shaft  is  approximately  1  microinch. The 
radially  outward  displacement of the  inner  surface of the  piezoelectric  tube 
must  then be approximately 24 microinches so as to  make up a  total of 25 
microinches of radial  interference  between  the  tube  and  the  shaft.  Consequent- 

ly, the  shaft  may be assumed  to be rigid in comparison  with  the  tube. 

The  piezoelectric  tube  is  a  thin  walled  shell  of  anisotropic  material 
whose  dimensions  are  changed  when  it  is  subjected to an electric  voltage. Its 
mean  radius  and  length  are  increased and  the wall  thickness  is  reduced.  This 

causes  a  reduction in the  shrink  pressure  between the shell  and  the  shaft. If 
the  voltage is applied  over  the  entire  surface  of  the  shell,  the  pressure 
reduction  takes  place  all  over  its  inner  surface. If the  voltage  is  restrict- 
ed  to one  or  more  conducting  rings of silver  coating  on  the  shell,  the  reduc- 

tion  in  pressure  is  confined  to  the  inner  surface  in  the  regions  of  the  rings. 

The  voltage on any  ring  required  to  null  the  shrink  pressure  may  be  denoted 
by Vo. Any  increase  in  voltage  over V causes the ring  surface to  lift  and 

separate  from  the  shaft  locally.  This  separation,  which  is  due  to  the  radial 

piezoelectric  growth of a  ring,  'will  be  considered  in  this  section. The axial 
displacement of the  shell  is  ignored  here,  but  will  be  considered  later  in 
Part 3. 

0 

Equations  of  elastic  thin  shell  theory  from Ref. 4 will  be  used  here. 
The  anisotropic  nature of the  piezoelectric  material  is  ignored  and  the  shell 
is assumed  to be isotropic.  Figure  15  shows  the  geometry  and  the  loading  of 
the  shell. The pressure  over  the  width (a-b) of  a  ring  is  assumed to be uni- 

form  and  its  direction is opposite  to  that  of  the  shrink  pressure,which  is 
not  shown in the  figure. The notation  used  in  the  analysis  is  as  follows: 

R = mean  radius  of  the  shell (in.) 

t = wall  thickness of the  shell (in.) 
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z (or r) 

Figure 15. Geometry of P i e z o e l e c t r i c  Tube Treated  as  a Thin S h e l l  
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2,4 = length of the  shell (in.) 

p = intensity of band  pressure (psi) 

a = distance  of  the  right  edge  of  the  pressure  band  from  the 

middle  cross section of  the  shell (in.) 

b = distance  of  the  left  edge  of  the  pressure  band  from  the 

middle  cross  section of  the  shell (in.) 

w = w(x) = radial  displacement (in.) 

E = Young's  modulus  of  elasticity (psi) 

v = Poisson's ratio 

D = flexural  rigidity = Et /12(1-y )(lb in.) 3 2 
0 

2 = Z(x) = applied  radial  load  (psi) 

From Ref. 4,  the  differential  equation  governing  the  radial  displacement  of 
the  shell  is 

4 

dx 
- d w + 4 p 4 w = L  

4 DO 

where 
4 Et 3(1-v2> p =-  - 

4R Do R t  2 - 2 2  

General  solution  of Eq. (2-1)  is 

w = e  Bx (cl cos Bx + C sin Bx) 
2 .  

+ e - Bx (C3 cos  px + C sin px) + F(x), 4 (2-3)  

where F(x) is a particular  solution  of Eq. (2-1). For the  three  branches  of 

the  deflection  curve,  represented  by i = I, 2, and 3, respectively,  the  ex- 

ternal  radial  load  and  the  particular  solutions  are 

i = 1, -,4 < x < b, 2 = 0 ,  F(x) = 0 7 

i = 3, a < x  5 A, Z = 0 ,  F(x) = 0 J 
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The  general  solution  for  the  three  branches  of  the  deflection  curve  may  then 

be  written  as 

+ e-’x (CSi  cos fix + C  sin @x) + n pR2 Et 
4i 

(275) 

where  n = 0 for i = 1 and 3, and  n = 1 for i = 2. 

Three  successive  differentiations of Eq. (2-5) with  respect  to x give 

the  following: 

- dwi 
dx li 2i li 1 

- p  kc3i - c4i) cos Bx + (c 3i + c4i) sin px 

+ c2i) cos  @x + (C - C 1 sin Bx 

3 (2-6) 

The 1 

eva h a  ted 

1111 ” 

-28  e (Chi cos Bx - C  sin Bx) 2 -$x 
31 

(277) 

2 constants C j = 1,  2,  3, 4, i = 1,  2, 3  in Eq. (2:s) can  be 

by applying  the  boundary  conditions  and  conditions of continuity. 
ji’ 

Bending  moment Mx and  shear  force  Qx  are  zero at both ends, which  are free. 
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dxJ 

Deflections of branches  1 and  2 are  equal  at x = b,  and  those of branches 

2 and 3 are equal  at x = a. 

(5) w1 = w2 at x = b 

(6) w2 = w3 at  x = a 

Slopes of  branches  1  and 2 are equal  at x = b, and  those of branches 2 and 

3 are equal  at  x = a. 

dw  dw 

dx dx 
(7) 1 - - - a t x = b  

dw2 dw 

dx dx 
(8) - = - 3 a t x = a  

Bending  moments  for  branches  1  and 2 are  equal  at X = b,  and  those for 

branches 2 and 3 are equal  at  x = a. 

"1 ( 9 )  - = - d w  2 

2 a t x = b  
dx dx 

d 2 w d2w, 

dx - dx2 
(10) _L_ - - 2 a t x = a  

Shear  forces for branches  1  and  2  are  equal  at x = b,  and  those  for 

branches 2 and 3 are  equal  at  x = a. 

d w  3 

3 
(12) w2 - a t  x = a. 

dx  dx 
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Substitution of these 1 2  conditions in Eqs. (275) through ( 2 - 8 )  yields 
the  following 12 equations. 

e-”(C21 COS B.4 + C sin pa) 
11 

- e BR (C41 cos p.4 + C31 sin pa) = 0 

e (‘23 
P A  cos p.e - C13 sin P A )  

- e-” . ( c ~ ~  cos $1 - C33 sin $1) = 0 

( 2 7 9 )  

(2-10) 

e Bb (Cll cos pb + CPl sin pb) + e-pb(C31 cos pb + C sin pb) 
41 

= e Bb (C12 COS $b + C22 sin pb) + e-pb(C32 cos pb 

+ CG2 sin pb) + pR /Et 2 

e  Pa  (C12 cos pa + C  sin pa) + e  -$a (C32 cos Pa + C42 sin pa) 22 

Pa = e  cos pa + ,C23 sin pa) + e -Pa (c33 cos Pa (‘1 3 

( 2 ~ 1 3 )  

(27 14) 

+ c43 sin pa) - p ~ ~ / ~ t  
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e Bb [(Cll + C21) cos pb + ( C  21 - C 11 ) sin pb] 

- e  -pb [(c - C ) cos pb + (C31 + C41 ) sin pb ] 
= epb [(C12 + C ) cos pb + ( C  - C ) sin pb ] 

- e [ (C32 - C ) cos pb + ( C  + C ) sin pb 

31 41 

(2-15) 
22 22 1 2  

- Bb 
42  32  4 2  

e [ (c12 + c ~ ~ >  cos pa + ( C  - c sin pa Pa 

22 1 2  1 
- e  [kc3, - c 42 ) cos pa + ( C  + c sin pa -Pa 

32 42 
(27 16) 

= epa L C l 3  + c ~ ~ >  cos pa + ( c ~ ~  - c 13 sin pa 1 
- e [ ( c ~ ~  - C 4 3 )  cos pa + (C + c ) sin pa -Pa 

33 43 I 
C O S  pb - CI1 sin pb) - e - Bb (c41 cos Bb 

- Cgl sin pb) = e ( C 2 2  cos fib - cl2 sin pb) Bb 
(2 -17)  

- e (C42 cos pb - C32 sin pb) - Bb 

e Pa ( c ~ ~  cos  pa - C12 sin pa) - e (c42 cos pa - C32 sin pa) 

Pa cos pa - C sin pa) - e = e  cos pa - C sin pa) 

-Pa 

(2-18) 
-Pa 

(‘23 13 (c43 33 

e Bb [(C21 - Cl1) C O S  pb - (Cl1 + C 2 1  ) sin pb 1 
+ e [(‘31 41 

= e [ (C22 - C 1 2 )  cos Bb - 

+ e  [ (C32 + C4*) cos Bb + (C42 - C 32 sin Bb ] 

- Bb 

Bb 

- Bb 

+ C ) cos pb + (C - C ) sin pb 
41 31 3 

(C12 + c22> sin Bb 3 (2719) 
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Now, introduce  the  following  functions: 

f (x) = epX cos px 

f2(x) = e-pX cos px 

f (x) = epX  sin  ~x 

f (x) = e-pX sin px 

1 

3 

4 

(2r21) 

( 2- 22) 

(2123) 

( 27 24) 

(2.25) 

(2-26) 

(2-27) 

4 3  

,. 



al ‘ 1 2  + a3 ‘ 2 2  + a2  ‘32 + a4 ‘ 4 2  - a1 ‘13 - O”3 ‘23 

2 - a C - a4 C 4 3  = - pR /Et 2 33 

(2: 28) 

- a 3 C 1 2 + a  c + a  c - a  c + a  c - a  c 
1 22 4 32 2 42 3 13 1 23 

( 2 - 3 2 )  
- a  c + a  c = o  

4 33 2 43 

(27  34)  
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Simultaneous  eolut ion of Eqs. (2123) through  (2-34)   yields   the  required  expres-  

sions f o r   t h e   1 2   c o n s t a n t s  C j = 1, 2, 3, 4, i = 1, 2, 3. They a r e  a s  

fo l lows:  
ji 

A22 A13 - A12  A23 pR 2 - 
‘11 - All A22 - A12 A21 E t  ’ 

A23 - A21 A13 pR 2 - - 
‘21 All   A22 - A12 Aql E t  ’ 

where 

(2-35) 

(2-36) 

1 (2-37) 

(2-41) 

(2-42) 

(2-43) 

(2744) 

(2-45) 

( 2 7 6 )  
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(2-47) 

R 15/32 in., t 5 1/16  in. 

2~ =. 0.956  in., p - 65 psi  as  per  Part  1. 
E = 8.1 x 10 psi, v 5 0.31 6 

width of a ring  0.077  in. 

This  value  of ring width  includes half of  the  gaps  on  both  sides  of  the  ring. 
Rings  are  numbered 1 through 10 starting  from  the  left  end of the  shell. 

TABLE I1 

PIEZOELECTRIC SHELL DEFLECTIONS 

AT MIDPOINTS OF CONDUCTING RINGS 

Ring a b 
No.  (in.)  (in.) - 

1 

2 

3 

4 

5 

6 

7 

8 

9 
10 

-0.3935 

-0.3165 

-0.2395 
-0.16  25 

-0.0855 

0.1625 

0.2395 

0.3165 

0.3935 
0.4705 

-0.4705 

-0.3935 

-0.3165 

-0.2395 

-0.1625 

0.0855 

0.1625 

0.2395 
0.3165 

0.3935 

W 
0 

(in x 10 ) -6 

16.83 

8.96 

8.29 

8.24 

8.08 
8.08 
8.24 

8.29 
8.96 
16.83 

With  this  information  and  some  from  Part 1, the  mechanics  of  separation 

of the  piezoelectric  shell  from  the  shaft  in  the region of an  electrically 

excited  ring  may  be  explained.  Recall  from  Part 1 that  the  shrink  pressure  is 
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65 psi  outward  and  the  corresponding  deflection  of  the  piezoelectric  shell  is 

approximately 24 microinches. This  is plotted in Figure 16(a). Table 11 gives 
the deflections at the midpoint  of the rings  due  to a narr0.w  band of 65 psi  of 
pressure in the  inward  direction,  the  band  width in each  case  being  equal to 

that  of  the  ring. Thesepreaeures anddeflections for a typical ring are plotted 

in Figure 16(b). Superposition of the corresponding  plots of Figurer 16(.) 
and 16(b) yields the pressure  and  deflection  plots of Figure 16(c). The 

Axial Distance  Axial  Distance 

Axial  Distance 

Ll 

W 

Axial  Distance Axia 1 Distance 



I 

pressure in'the region  of  the  ring has now become zero which  signifies  the 

beginning of local  separation. In practice,  the  pressure  reduction in.the 

region  of  the  ring is accomplished by exciting  the  ring  electrically. Let Vo 

denote  the  voltage  required to nullify  the 65-psi pressure  on  the  ring. w 

is the deflection  corresponding to  this  pressure.  Then if n denotes the 
deflection  of the  shell  per volt, 

0 

W 
v = -  0 
o n  (2748) 

From Ref.  5, 

or 
n = - = - d  A R R  

V t 31 

From Ref. 6, 

d31 = 171 x 10 meters/volt = 0.673 x 10 in./volt -12 -8 

Therefore, 

v can  be  calculated  for  each  ring  by  using Eq. (2-48)  and Table  11.  The 

results  are  summarized  in  Table  111.  The  separation  voltage is fairly  constant 
0 

TABLE I11 

SEPARATION  VOLTAGES 

Ring 
No. 

1,lO *,9 3,8 

Separation 
Voltage 333 177 164 

4,7 

16 3 

5,6 

160 

except for  the  two extreme  rings.  This is based on a static  analysis in which 

the voltage  is  applied  to  rings  one  at a time. In practice,  the  voltage  is 

applied to more  than  one  ring  at a time  as  shown  later  in  Part 3.  This  will 

change  the  separation  voltages. In general,  the  larger  the  width  over  which 

the  voltage is applied,  the  larger  is  the  separation  voltage. In the extreme 

case,  when  the  voltage is applied to  the  entire  surface of the  shell,  the 
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separation  voltage  is  the  largest,  because  the  separation  is  required to  occur 

over  the  entire  inner  surface.  This  extreme  voltage is approximately ( 2 4  x 

inches)/(5.05 x inches/volt) = 475 volts. At the  opposite  extreme, 
when  the  ring is very  narrow,  the  separation  is  required  over  a  very  small 

area and  the  corresponding  voltage is also  small.  Uniform  pressure  distribu- 
tions  have  been  assumed  in  these  calculations  for  simplicity. 

The  analysis  of  Part 2 was initiated  with  a  view  to  extending it to cal- 
culate  the  axial  displacement  of  the  piezoelectric  shell.  Since  a  simpler,  but 

no less  usefu1,mathematical  model was found,  the  extension  of  the  analysis  was 
dispensed  with.  The new mathematical  model  is  considered in Part 3, which 
thoroughly  explains  the  experimentally  observed  behavior  of  the  actuator. 

Part 3, Relative  Axial  Displacement 
Between  the  Shaft  and  the  Piezoelectric  Cylinder 

~ "" ~ ~. ~.~ ~ 

The  axial  displacement  of the actuator  shaft  relative  to  the  mounting 
plate  is  caused  by  the  axial  displacement  of  the  piezoelectric  cylinder,  which 

is  shrink-fitted  on  the  shaft.  The  axial  displacement  of  the  cylinder  is, 
in  general,  not  confined  to  the  narrow  ring to which the  voltage is applied, 
but  takes  place  throughout  the  length  of  the  cylinder,  and  depends  on  many 
contributing  factors. An analysis  incorporating  all the factors  is  highly 
involved  and  prohibitively  expensive.  Therefore,  only  a  simplified  analysis 
based on  a  number  of  assumptions  has  been  attempted.  The  analysis  directly 
ignores (1) the dynamic  nature  of the  problem, ( 2 )  anisotropy  of the cylinder, 

(3) damping and hysteresis, (4) fringing  of  the  electric  field,  and (5) any 
nonlinearity  that  may  exist. It only  indirectly  considers  the  effect  of 
friction.  Linear  elastic  equations  are  used.  The  shrink  pressure  between  the 
shaft  and  the  cylinder  is  assumed  to be uniform (see  Part 1). The  reduction 
in  this  pressure  caused  by  the  application of voltage to  any  ring  is  also 
assumed  to  be  uniform  and  to  be  confined  to  a  narrow  band  whose  width  equals 
that  of  the  ring  (see  Part 2 ) .  The  shaft  is  assumed  to  be  rigid in comparison 
to  the  cylinder. This assumption has been  verified  by  calculations  (see 
Part 1). The  analysis  is  focused on the  axial  displacement of the  middle 
cross  section  of  the  cylinder  relative  to  the  shaft,  which is assumed to be 

grounded,  and  the  mounting  plate  at  the  mid-cross  section is set  free  to  move 
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axially. The analytical  displacement of the  mid-cross  section is, therefore, 

in a  direction  opposite  to  that in which  the  shaft  would  move if it were free 

and  the  mounting  plate were grounded. 

The  analytical  model  is  shown  in  Figure 17. The  compliances k, and k2 in 
the  figure do not  represent  any  springs,  but  only  simulate  the  axial  displace- 

ments  of  the  two ends. The dotted  line  represents  the  stationary  cross  section 

in the  electrically  excited  ring  which  expands  axially  because  of  the  piezo- 

electric  effect.  The  notation  used in the  analysis  is  as  follows: 

- 

= length  of  the  cylinder (in.) 
R = inner  radius  of  the  cylinder (in.) 
R = outer  radius of the  cylinder (in.) 
x = axial  coordinate (in.) 

a = distance of the  left  edge of the  electrically 

1 

2 

excited  ring  from  the  left  end  of  the  cylinder (in.) 

b = distance  of  the  right  edge of the electrically 

excited  ring  from  the  right  end  of  the cylinder(in.) 

c = width  of  the  electrically  excited  ring (in.) 

d = distance  of  the  stationary  cross  section 

from the  left  end  of  the  cylinder (in.) 
d = distance of the  mid-cross  section of the 
0 

ring  from  the  left  end of the  cylinder (in .) 
5 = distance  of  the  stationary  cross  section 

from  the  left  edge of the  ring (in.) 

klJk2 = equivalent  compliances  at  the  left  and  right 
ends,  respectively (in. /lb.) 

a: = coefficient of axial  expansion  due to 

piezoelectric  effect (in.  /in. /vel t) 
V = voltage applied-to the ring (volt) 
E = average  Young's  modulus (Psi) 

A = area  of cross section of the  cylinder (in.2) 

u = axial  displacement (in.) 

u = axial  displacement  at  x = a/2 
A = total  axial  expansion of the ring (in. 1 
6, = net  axial  displacement  due to  one  complete  pulse  train (in.) 

0 
(in.) 
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k2 
i n / l b  

F i g u r e 1 7 .   A n a l y t i c a l  Model f o r   t h e  Axial Displacement of 
t h e   P i e z o e l e c t r i c   C y l i n d e r  
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f =  

€ =  

n =  

P =  

factor  defining  the  location  of  the 
stationary  cross  section;  lies in the 

range:  -1/2 s f 1/2. 

axial  strain (in.  /in.) 

coefficient  that  determines  the  concavity of 

the  compliances (k and k ) curves 1 2 
effective  axial  compressive  force on the 

piezoelectric  cylinder (1b.I 

The  axial  expansion  of  a  ring  due  to  the  application  of  voltage  is  not 

free,  but  is  restrained  because of friction  and  continuity of the  piezoelectric 

material.  This  results  in  compression  of  the  material  and  axial  displacement 

of  varying  magnitude  everywhere. A typical  linearized  displacement  curve  may 

be  as  shown in Figure 18. In terms  of  the  effective  axial  compressive  force 
P, which  is  to be determined  later,  the  unit  strains in the ring and in the 

parts of the  cylinder  to  the  left  and  to  the  right of the ring  are  as  follows: 

” du - = - -  (contraction), o s x s a dx AE 7 
- du = 6 = av-- P 
dx AE 

(expansion), a 5 x s a + c 

du € = - -  
dx - AE 
” P (contraction), a + c I; x J 

I’ (3-2) 

Integration of Eq. (3-1)  yields  the  following: 

u = - E X + C  O S x S a  P 

u = a V x - ~ x + c   a r x s a + c  P 
2’ 

P 
AE 3’ 

u = - -  X + C  a + c S x s A  ( 3 - 4 )  

c c2, c3  and P can  be  evaluated  by  applying  the  boundary  conditions  and 1’ 
conditions of continuous  displacement. 

At X = 0, u = -k P; therefore,  c = -k P; therefore, 1 1 

o s x ~ a  
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I 

lil 

_c Posi t ive   Displacement  - Negative  Displacement 

X 

Figure 18. Typical   Linearized Curve for the  Axial  Displacement 
of the   cy l inder  



A t  x = a,  u i n  Eq. (3-3)  equals u i n  Eq. ( 3 - 5 ) ;   t h e r e f o r e  

aVa - - & a + c  - - -  - AE a - klP P 

Therefore ,  - klP - aVa c 2  - - 
Therefore ,  

u = a V ( x - a ) - ~ x - k l P , . a S x S a + c  P 

A t  x = 4, u = k P; t he re fo re ,  c = k2P + - pa , . t h e r e f o r e ,  

u = -  ( A  - x) + k2P, a + c S x  5; a 
2 3 AE 

P 
AE 

A t  X = a + C ,  u i n  Eq. (3-6)  equals  u i n  Eq. ( 3 ~ 7 ) ;   t h e r e f o r e  

a V ( a + c - a )   - ~ ( a + c )  - k P = -  P P 
1 AE ( A  - a - c )  + kpP 

or 9 

AE avc P =  a + B ( k l  + k2> 

E l imina t ing  P from  Eqs. (3 -5 ) ,  (3-6)  and  (3-7) by us ing  Eq. (3r8) ,  we have 

the  fol lowing  displacement   equat ions.  

a s x s a + c :  

u = av  ((a + b) + AE(kl + k7)) x - AE k, c 

R + AE (kl + k2> - 
a + c S x S J :  

Since u = o a t  x = d, we have,  from  Eq. (3-101, 

[ ( a  + b) + AE (kl  + k2)] d - AE klc 

A + AE (kl  + k2> 
- a =  0) 

(3-9) 

( 3 ~ 1 0 )  

(3-11) 



or, 
a.4 + AE [(a + c)  kl + ak2] 

d =  (a + b) + AE (kl + k2) 

Therefore, 

(a  + AE k , ) c  
5 = d - a =  L 

(a  + b) + AE (kl + k2) 

Spec ia l   cases .  -- 
(1) Both ends  are  f ixed.  

a 
a + b  

< = -  C .  

+U 

(3-12) 

(3-  13) 

( 2 )  Both ends  are free. 

X 

k = k2 = OD. 1 
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0 

(3) Left end f i x e d ,   r i g h t  end free. 

kl = 0, k2 = =. 

4 = 0. 

+U 

C 

&”--- d -  
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(4) Left end free, right  end fixed. 

kl = OD, k2 = 0 .  

6 = c .  

- b 4  

(5) Left  end fixed, right  end  partially fixed and partially free. 

k = 0, k = k = finite. 

a 

1 2 

5 = (a + b) + AEk c '  

+U 

dm"*"" 
cAEk 

0 X 

ca 
a + AEk OY 

h 
I b -  

-u 

5 7  



(6) Left end  partially  fixed  and  partially  free,  right  end fixes: 
k = k = finite, k = 0 .  1 2 

a + AEk ' = (a + b) + AEk C 

+u 

m- bc 
&+AEk - 

c 
0 
I"-- 

CAEk 
c(a + AEk 

av - R+AEk 

s) a -& c 
~ b ,  

-U 

(7) Both  ends  partially  fixed  and  partially  free. 

k and k are  both  nonzero  and  finite.  This  is  the  most  general 

case. 
1 2 

cAEK. 
x = 0 :  u = -av 1 

a a + m(kl + k2> 
a + cAEk, 

x = a: u = -av 1 
a A + AE(kl + k2> 

X = d: Ud = 0' 

c(b + AEk2) 
x = a + c :  u =  

b a + m(kl + k2> 
a V  

cAEk, 



+U 

Axial  Expansion of the  Electr ical ly   Exci ted Ring 

(3-14) 

Approximate Determination of d 

Eq. (3-12)  gives  the  location of the  s ta t ionary  cross   sect ion  in   the 

exci ted  r ing  in  terms of kl and k2. These  compliances a re   ye t  unknown and 

can, in  general ,   take any values. It is  necessary  to   es tabl ish  their   useful  

range of values  pertinent  to  the problem  under consideration. The approxi- 

mate determination of d, undertaken  here, i s  a f i rs t  s tep toward this   goal .  

d depends on the  posit ion do of the  excited  ring, which i s  given by 

d = a + c/2. (3-15) 
0 
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Let  d  be  assumed t o  be a l i n e a r   f u n c t i o n  of  d 
0 

where 8 and 8, are c o n s t a n t s .  By symmetry, 

d = ,4/2 a t  do = A/2. 

Theref  ore 

$, = ,4/2 - p2 a /2 .  

S u b s t i t u t i o n   f o r  8, i n  Eq. (3-16) y i e l d s  

(3-16) 

(3-17) 

Now i n t roduce  a parameter f s u c h   t h a t  

d = d + f c  a t  d = c/2, 
0 0 

where  the  range of  f should be -1/2 s f 5: 1/2  i n  o r d e r   t h a t   t h e   s t a t i o n a r y  

c ros s   s ec t ion   r ema in   w i th in   t he   exc i t ed   r i ng .  Then  from Eq. (3-17) 

S u b s t i t u t e   t h i s   e x p r e s s i o n   f o r  p i n t o  Eq. (3-17) .  Then 2 

d = $ +  '1+.- 2fc" (do-,4/2). (3-18a) 
L c-a- 

Thus  d i s  obta ined  i n  terms of the  parameter  f  whose range of va lues  i s  known, 

Knowing d Eq. (3-12) can  be  used  in   the  determinat ion k  and k2. 1 

It may b e   n o t e d   t h a t ,   i f  d i s  taken as a p a r a b o l i c   f u n c t i o n  of  d such as 
0 

d = $3 + $4 do , L 

t he  same reasoning as above w i l l  g i v e  

R -c 
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Approximate Determination of k and k 1- 2 

do = a + c12 

Like d, kl  and  k2 a l s o  depend on the  posit ion do of the  excited  r ing.  

1 Let k  be assumed t o  be a second-degree  function of do, given by 

where h h2,  and h w i l l  be  determined in terms of the known parameter f and 

a new parameter  n. The concavity of the  compliance  curve  depends on n.  For 

example, i f  n = - the curve is  a s t r a i g h t   l i n e .   I f  n > 2 , the  curvature i s  1 1 

3 

2 '  1 

downward  and, i f  n < 2 , the curvature i s  upward. The quantity m i n  the  f igure 

will a l so  be  obtained i n  terms of f  and n.  

By symmetry of k and k2 with  respect  to d = a/2,  if kl = g(do),  then 1 0 

k2 = g(A-d 0 where g denotes a function.  Therefore, by Eq. (3-19), 

(3-20) 

L e t  us now proceed t o  determine h 1, kg,  and h i n  terms of m and  n and 3 
m i n  terms of f and n, so that k and  k are eventually known i n  terms of 1 2 
f and n. 
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When an end r ing i s  excited,  the axial displacement of the  other end is 

negligible  provided  that   the  cylinder i s  no t   sho r t .  Consequently, we may take 

kl t 0 a t  do = A-c/2. 

Therefore,  from Eq. (3-19) 

Al + h2 (A-C/2) + h3 (!-c/2) 2 = 0 

Also , 
kl = E ma a t  do = c/2. 

Therefore,  by Eq. (3-19) 

A1 + A2 c/2 + A C / 4  = m. 2 
3 

And, 
k = n -  1 ma a t  do = a/2. AE 

So, E q .  (3-19) gives 

A + h2 J / 2  -f- h3 R 14 = nm. 2 
1 

Solve Eqs .  (3.a), (3.b),  and (3.c) simultaneously  for h 1 J  '2, and b3* 

h2 = c+(4n-3) a 
(R-c) 

2 

2 (1-2n) 

(R-1 
A3 - - 2 



Upon substitution of  these expressions  for A's, E q s .  (3-19)  and  (3-20) become 

kl = [ (L-c/2)(~-2nc) + [c+(4n-3)ABo 

+ 2(1-2n)do2 J m 
(1-1 

+ 2(1-2n) do 21  +m 
(1-1 

(3-21) 

(3-22) 

from Eq. (3-12) by using 

tion for m. 

It now  remains to obtain m in terms of f  and  n.  Eliminate k and k 
, 1  2 

Eqs .  (3-21)  and  (3-22)  and  solve  the  resulting equa- 

(a+b)d+ mRd 2 
(a-c) 

= aA+ A 

[,t2+2nc(c-21) + 4(1-2n)do(do-1) 1 

[ a [A2+2nc(c-2A) + 4(1-2n)do(do-a)] 

+ c {(d-c/2) (A-2nc) + [c+(4n-3)1] do -. 

Therefore, 

(3-23) 

6 3  



Since ,  by Eq. (3-18),  d  depends on f ,  m i s  o b t a i n a b l e   i n  terms of  f  and n .  

Therefore  k and k i n  E q s .  (3-19)   and  (3-20)   are   obtainable   in  terms of the  

parameters f  and n. f c o n t r o l s   t h e   l o c a t i o n  of t h e   s t a t i o n a r y   c r o s s   s e c t i o n  

i n   t h e   e x c i t e d   r i n g  and f a l l s   i n   t h e   r a n g e  -1 /2  s f 5 1 / 2 .  The cu rva tu re  of 

the  compliance  curves  given by Eqs.  (3-19)  and  (3-20)  depends  on  n.  These 

c u r v e s   a r e   s t r a i g h t   l i n e s   i f  n = 1 / 2 .  The usefu l   range  of n may approximately 

be taken  as  0.2 s n s 0.8.  

1 2 

The equat ions  of the   foregoing   ana lys i s  w i l l  be u s e d   l a t e r   f o r   n u m e r i c a l  

ca l cu la t ions .   Be fo re  making the   numer ica l   ca lcu la t ions ,  w e  s h a l l   a t t e m p t   t o  

exp la in  some impor t an t   f ea tu re s  of t he   ac tua to r   mo t ion .  

A Q u a l i t a t i v e   D i s c u s s i o n  of Actuator  Motion 

The p i e z o e l e c t r i c   c y l i n d e r   h a s  10 conduct ing  r ings,  5 on e i t h e r   s i d e  of 

the  mounting  plate  which i s  i n   t h e   m i d d l e .  When vo l t age  i s  a p p l i e d   t o  any 

r ing,   for   example No. 4 ,  t he   ma te r i a l  moves away on both  s ides   f rom a s t a -  

t i o n a r y   c r o s s   s e c t i o n   i n   t h e   r i n g .  The displacements  ua and  u of t h e   l e f t  

and r igh t   ends  of the  cyl inder   depend,  among o the r   t h ings ,  on the   d i s t ances  

of the two ends  f rom  the  exci ted  r ing.  The l a r g e r   t h i s   d i s t a n c e  is, the 

smal le r  i s  the  end  displacement .  The displacement  of the   mid-cross   sec t ion  

i s  denoted by u 

r 

m' 

Let umi denote   the   ax ia l   d i sp lacement  of the   mid-cross   sec t ion  due t o  

t h e   e x c i t a t i o n  of the i t h   r i n g .  On t h i s   b a s i s ,   t h e   d i s p l a c e m e n t   i n   F i g u r e  

18 i s  u m4 * 
By s y m n e t r y ,   t h e   f o l l o w i n g   r e l a t i o n s   h o l d   i n   t h e   s t a t i c   c a s e   f o r  

a g iven   vo l t age .  

I ( 3 - 2 4 )  



T h e s e   r e l a t i o n s  w i l l  b e   a p p l i e d   t o   c a l c u l a t e  a t  any i n s t a n t   t h e   a x i a l   d i s -  

placement 6 of the   mid-cross   sec t ion   due   to   the   appl ied  electric p u l s e   t r a i n  

which i s  as shown i n   F i g u r e  19. Pulse  i n  each   r ing  acts f o r  a time i n t e r v a l  

2 A t. When the  (i + 1) t h   r i n g  is  exc i ted ,   the   pu lse  on the  (i - 1) t h   r i n g  

i s  t aken   o f f .  The displacement  of the  mid-cross   sect ion,   due t o  the  expansion 

of a r i n g   t h a t  i s  being  exci ted,  w i l l  be i d e n t i f i e d   w i t h  a p o s i t i v e   s i g n   i n  

f r o n t  of i t  and, that due   t o   t he   con t r ac t ion  of a r i n g  on  which  the  voltage 

i s  being  taken  off ,  w i l l  be i d e n t i f i e d   w i t h  a n e g a t i v e   s i g n   i n   f r o n t .  A t  any 

i n s t a n t ,   t h e   v o l t a g e   a c t s  on two adjacent   r ings ,   the   over lap   be ing  on time 

i n t e r v a l  A t. Th i s   i nc ludes   r i ngs  5 and 6 and r i n g s  10  and 1. Table IV 
g ives   t he   cons t ruc t ion  of t he   ax ia l   d i sp l acemen t  6 of the   mid-cross   sec t ion  

of t he   cy l inde r  as a func t ion  of  time f o r   t h e   p u l s e   t r a i n s  of F igure  18. 

6' i s  the   d i sp l acemen t   j u s t   be fo re  and 6 i s  t h e   d i s p l a c e m e n t   j u s t   a f t e r   t h e  

i n d i c a t e d  time. Eq. (3-24)  has  been  used i n   t h i s   c o n s t r u c t i o n .   R e v e r s i n g  

t h e   s i g n  of 6 gives   the   d i sp lacement  of t h e   a c t u a t o r   s h a f t   r e l a t i v e   t o   t h e  

mounting p l a t e .  A p l o t  of the   shaf t   d i sp lacement   based  on Table I V  is given  

i n   F i g u r e   2 0 ( a ) .   T h i s   p l o t   c l e a r l y   e x p l a i n s   t h e  main f e a t u r e s  of t he   ac tua to r  

motion, i n   p a r t i c u l a r ,   t h e  jumps occurr ing   in   the   mot ion  when t h e   e l e c t r i c  

pu l se   c ros ses   ove r   f rom  the   l e f t   s ide  of t h e   m o u n t i n g   p l a t e   t o   t h e   r i g h t .  

Ca lcu la t ions  of Table I V  can   be   genera l ized   for   an   ac tua tor  of N r i n g s  

as fol lows.   For  any loca t ion   a long   t he   ax ia l   d i r ec t ion ,   t he   ax i a l   d i sp l ace -  

ment i s  

(j = u i + u  i+l a t  t / A t  = IiN + i 

f o r  i L: 1, 2, ... . ., N - 1 ;  

J 

6 = u i + u  (i+l) -N a t  t / A t  = ( t k 1 ) N  , 
f o r  i = N .  

(3-25) 

J 

where rl I 0,  1,2,3,4,5, . . . . . , and  ui denotes   the   ax ia l   d i sp lacement  a t  the  

g i v e n   l o c a t i o n  due t o  t h e   e x c i t a t i o n  of t h e   i t h   r i n g .  
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Figure 19. Electric  Pulse  Trains  in  the  Actuator 
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6' + Um8 - um6 - - 4 U m 3  + Um4> 
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m9  m7 
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6 ' + u  - u  = - ( U m 2 + U  ) = o  

6 '  + um2 - u = u   - t u  

6' + Um3 - u = U  

6 '  + u m 4  - U  = u  + u  

m l   m 9  m9 

m 1 0   m l   m 2  

m l   m 2  + U m 3  
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L e t  us  now r e t u r n   t o   F i g u r e   2 0 ( a ) .   T h i s   f i g u r e   g i v e s   o n l y   t h e   o s c i l l a t o r y  

p a r t  o f   the   ax ia l   d i sp lacement .  The ne t   d i sp lacement  of t h e   o s c i l l a t o r y   p a r t  

f o r  one  complete   pulse   t ra in  i s  zero.  Ne s h a l l   s u p e r p o s e   t h e   i d e a l   d i s p l a c e -  

ment p r o f i l e  o n   t h e   o s c i l l a t o r y   p r o f i l e   t o   o b t a i n   t h e   a c t u a l   ( r e s u l t a n t )  

p r o f i l e .  The i d e a l   p r o f i l e   f o r  one comple t e   pu l se   t r a in  i s  shown i n   F i g u r e  

21(a).   There i s  no m o t i o n   u n t i l   t h e   p u l s e   c r o s s e s   t h e   l o c a t i o n  of the  mount- 

i n g   p l a t e .  When the   pu lse   c rossover   occurs ,   the   idea l   d i sp lacement   t akes  

p l a c e   i n  two s teps  of approximately  equal  magnitudes A ' .  We s h a l l  assume A '  

t o  be of such a magnitude  that   the  sum of A '  and Iu + u 1 equa l s  A as  

shown i n   F i g u r e  21, where A i s  the   ax ia l   expans ion  of t h e   e x c i t e d   r i n g  6 as  

g iven  by Eq.  (3-14). The n e t   a x i a l   d i s p l a c e m e n t  6 of the   ac tua to r   due   t o  

one comple t e   pu l se   t r a in  i s  given by 

m4  m5 

0 

6, = 2[A (3-26) 

C o r r e l a t i o n  Between  Analysis  and  Experiment 

The equa t ions  of t he   ana lys i s   deve loped   ea r l i e r   can   be   u sed   t o   ca l cu la t e  

t h e   a x i a l   d i s p l a c e m e n t   p r o f i l e  of t h e   a c t u a t o r .  We s h a l l   h e r e   d i s c u s s  how t o  

make c a l c u l a t i o n s   f o r   t h e   t e n - r i n g   a c t u a t o r   g i v e n   t h e   f o l l o w i n g   d a t a .  

4 = 1 i n . ,  R1 =. 7/16 i n . ,  R2 - 1 / 2  i n .  

c 0.077 i n .  , E - 8.1 x lo6 p s i ,  V = 250 v o l t s  

f = 0.40, n = 0.50 

A = r[ (R 2-R12) = 'I( [ (1/2) -( 7/16) ] = 0.1841 i n .  2 2 2 
2 

From Ref. 5, 
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Displacement  Profiles Based on  Static  Analysis 



Therefore, a =  8 -  

From page 45, 

dgl = 0.673 x in . /vol t ;   therefore ,  

a 0 . 6 7 3 ~ 1 0 - ~  
1/16 

It i s  required  to  calculate  the  axial   displacement u of the  middle m i  
cross   sect ion due to   the   exc i ta t ion  of ten  rings  ' taken one by one 

(i = 1,2, .. . . ., 9, 10). By v i r t u e  of Eqs.  (3-24), we need t o  make calcu- 

la t ions   for   the   f i r s t   f ive   r ings   on ly  (i = 1,2,3,4,5). The calculat ion may 

be  carried  out  in  the  following  order  for any value of i. 

(1)  a = ( i -1)xc  in   Figure 1 7  

(2)  b = L - (a+c) from Figure 1 7  

(3)  do from Eq. (3-15) 

(4)  d from Eq. (3-18a)  or Eq. (3-18b) 

(5) m from Eq. (3-23) 
(6)  kl and k2 from Eqs.  (3-21) and (3-22),  respectively 

(7)  U m i  from Eq. (3-11) for x = j / 2  

(Note that   th is   equat ion i s  used  because  a+c < L/2 

f o r  i = 1,2,3,4,5.) 

(8) Use Table I V  or Eqs.  (3-24) and (3-25) to  construct  the 

the   o sc i l l a to ry   p ro f i l e  of Figure  2l(b) 

(9) A from Eq. (3-14) 
(10)  Construct  the  resultant  profile of Figure  21(c) 

Figure 22 compares the  experimental and analytical  displacement  profiles 

f o r  which the above  procedure and numerical  data were  used in   t he  computer- 

based  calculations. The experimental   prof i le   c lear ly  shows the dynamic nature 

of loading i n   t h e  form of peaks  soon a f t e r   i n i t i a t i o n  of each  pulse.  These 

peaks  are  quite  prominent when the  electric  pulse  crosses  over from one s ide  of 

the mounting p la te  to  the  other.  On the whole, the  agreement  between  the two 

p ro f i l e s  i s  good. 
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Figure 22. Comparison of Experimental and Theoretical  Displacement  Profiles 



ACTUATOR TESTS 

Vartous  tests were performed  on  the  actuators. All of  the  results, 
along  with  samples of the  gathered  data,are  included  herein. To insure  that 
the  data  obtained  on  actuator performanceare traceable  to a fixed  standard, it 
was decidedto calibrate  the  Brown & Sharpe  electronic  dial  indicator 

against an interferometer  using  the  wavelength of light as a reference 
standard. 

Brown & Sharpe  Calibration 

The  measurement  and  evaluation of the  performance  characteristics  of 
the peristaltic  actuator  require  the  ability  to  measure  and  record  linear 

displacements in the range from  one-tenth  of  one-millionth  of  an  inch to 
several  tens  of  millionths  of an inch.  The  basic  instrument we have  used  to 
fulfill  this  requirement  is  the  Brown & Sharpe  Electronic  Indicator, 

Model  991,with  gage  head  Model  981.  This  instrument  has  four  ranges of 

sensitivity  varying  from plus-and-minus one-thousandth of an  inch  full  scale 
to one-millionth  of an inch  least  scale  division. This instrument also has 
analog  voltage  output  proportional to measured  displacement  capability, 
which  allows  the  recording  of  the  measured  displacements  on a standard  chart 
recorder. 

Logically,  the  calibration  of  the  electronic  indicator  was a prime 
task  to  be  accomplished. Two techniques  were  used  to  calibrate  the  indicator. 

The first  technique  utilized a differential  micrometer, Model No. DS505, 
manufactured by  the  Starrett  Company  and  distributed  by  the Laneing Reeearch 
Corporation. . This micrometer  produces an axial motion of  one  and  one- 

quarter  thousandths  of an inch  per  revolution  of  the  thimble. Each division 
around  the  thimble is therefore  fifty  millionths of an  inch  and  each  vernier 
division  is  equal to five  millionths  of an inch. Two electronic  indicators 
were calibrated by  the above  method.  The  results  of  these  calibrations are . 

given  in  Table V. 
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TABLE V 

CALIBRATION  RESULTS 

Unit  Scale  Indicated  Travel  Micrometer  Travel  Correction  Factor 
(inch)  (inch)  (inch) 

1 k0 .OOl 0.002 

1 +O. 0003 0.0006 

1 +0.0001 0.0002 

1 +O . 0000 3 0.00006 

2 +0.001 0.002 

0.00213 

0.000615 

0.000225 

0.000070 

0.00 186 

2 k0.0003 0.0006 0.00053 

2 +o. 0001 0.0002 0.000207 

2 f O .  00003 0.00006 0.00006 2 

1.07 

1.03 

1.13 

1.17 

0.93 

0.89 

1.03 

1.03 

The data in Table V indicate  an  observed  maximum  error of 17 percent 
and  an  average  error of approximately  10  percent.  Unit  two  was  selected  for 

subsequent  use.  The  second  technique  utilized  the  existing  peristaltic 

actuator  to  generate  controlled  motions  on  the  millionth of an  inch  scale. 

These  motions  were  measured  simultaneously be  the Brown & Sharpe  electronic 

indicator  and  a  laser-illuminated  interferometer.  ,The  layout  used  is  shown 

in  Figures 23 and 24. 

The laser  used was  a  Perkin-Elmer  Model 5000 with  beam  expander, 
operating  at 6328A. A sample of  the  data  obtained  is  shown in Figure 25. 

Analyzing this data  gives  the  following  results: 

0 

Forward  direction:  five  fringes on the  interferometer  equals 62.5 x 

inches and measures 55.2 x 10 inches on the  Brown & Sharpe  indicator. -6 

Correction  factor  is  1.13 
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Figure 23. Actuator  Calibration With Interferometer 



Figure 24. Photograph of Actuator  Calibration  Setup 

76 



6 3 2 a ~  
H e - N e  
Laser 

Brown 
& 

Sharpe 
Electronic  
Indicator 

I 

Figure 2 5 .  Calibration Data for  the Brown ti Sharpe Electronic  
Indicator 



Reverse  direction:  four  and  one-half  fringes  on the  interferometer 

equals 56.3 x 10  inches and measures 52.8 x inches  on  the  Brown 

& Sharpe  indicator. Correction fgct~r is 1.07. 

-6 

Therefore the average  error  on  the +30 x inch  scale for  the  unit so tested 

is 10%. 
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Test  Results 

The following  mounting  configurations and measuring locations were utilized. 

13 

Configuration A 

Configuration B 

Configuration C 

I .. 
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Actuator: Ten Electrode - Shallow Groove 

Data:  Motion a s  a Function of Measuring  Location 

Mounting Configuration: A 

Data Point:   Variable  

Drive  Voltage: 250 Vo l t s  

Bias  Voltage: 0 Volts  

Roll and Sect ion Number: 0371 - 133 - Data Points  1 - 8 
0371 - 134 - Data Points  9 - 13 

Purpose: TO Demonstrate S t e p  Shape i s  not  a Function of Measuring 
P o s i t i o n  on Shaft  

Data Point  1 

Data Point  2 
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Data P o i n t  3 

Data P o i n t  4 

Data Po in t  5 

81 



Data  Point 6 

Data P o i n t  7 

Data Po in t  8 
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For Data Poin t s  9 Thru  13 Each E lec t rode  i s  Indiv idua l ly   Exci ted  T h r e e  Times 

Data  Point 9 

Data  Point 10 

Data   Point  11 
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Data P o i n t  1 2  

Data Point 13 
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Actuator: Ten Electrode - Shallow Groove 

Data:  Motion a s  a Function  of  Measuring  Location 

Mounting Configuration: B 

Data Point:   Variable  

Drive  Voltage: 250 Vo l t s  

Bias   Voltage:  0 Vol t s  

Rol l  and Sect ion Number: 0371 - 136A - Data Points  1 to 4 

Purpose: To Demonstrate  that  Interchaning Mounting Location  does  not 
e f fect   the   Actuator  Output 

Data Point 1 

Data Point 2 

35 
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Data P o i n t  3 

Data P o i n t  4 
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Actuator:  Ten  Electrode - Shallow  Groove 
Data: Motion  as  a  Function of Measuring  Location 

Mounting  Configuration:  C 

Data Point:  Variable 

Drive  Voltage: 250 Volts 

Bias  Voltage: 0 Volts 
Roll and  Section  Number: 0371 - 137A - Data Points 1 to 5 
Purpose: To Demonstrate  the  Necessity of Rigidly  Mounting  the  Actuator 

Data Point 1 

Data Point 2 
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Data P o i n t  3 

Data Poin t  4 

Data Point 5 
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Actuator:  Ten Electrode - Shallow Groove 

Data:   Step  S ize   as  a Function of  Drive Voltage 

Mounting  Configuration: A 

Data Point:  6 

Drive Voltage:   Variable  

Bias   Vol tage:  0 Vo l t s  

Roll  and  Section Number: 0371-139 

Purpose: To Demonstrate that Decreasing Voltage Decreases 
Actuator  Step  Size 

Drive  Voltage:  300  Volts 

Drive Voltage:  275  Volts 
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Drive  Voltage: 250 Vo l t s  

Drive  Voltage:  225  Vol t s  

Drive  Voltage: 200 Vol t s  
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Actua tor :  Ten E lec t rode  - Shallow Groove r 

Data: S t e p  S i z e   a s  a Funct ion  o f  Bias   Voltage - = Increase I n t e r f e r e n c e  
+ = Decrease I n t e r f e r e n c e  

Mounting  Configuration: A 

Data P o i n t :  6 

Drive  Voltage: 300 Vol t s  

Bias   Vol tage :   Var iab le  

Rol l   and   Sec t ion  Number: 0371-139 

Purpose: TO D e m o n s t r a t e   t h a t   t h e   I n t e r f e r e n c e   F i t  Affects 
Ac tua to r   S t ep   S i ze  

Bias   Vol tage :  -400 Vol t s  

Bias   Voltage:  -200 Vol t s  
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Bias Vol tage :  0 Vo l t s  

Bias   Vol tage :  +ZOO V o l t s  

Bias   Vol tage :  +400 Vol t s  
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Actuator: Ten Electrode - Shallow Groove 

Data:  Step  Size  as a Function  of  Axial Load 

Mounting Configuration: A 

Data  Point: 6 

Drive  Voltage: 300 Volts 

Bias  Voltage: -100 Volts 

Roll and Section Number: 0371 - 140 - Load Up To 688 Grams 

0115 - 131 - Load 800 and  1,000 Grams 
Purpose: To Demonstrate that   the  Actuator Could Work Against 

a t  Least a 1000-gram Load 

Axial Load:  0 Grams 

Axial Load : 115 Grams 
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Axial Load: 230 G r a m s  

A x i a l  Load: 345 G r a m s  

Axial Load: 458 G r a m s  
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Axial Load: 573 Grams 

Axial Load: 688 Grams 

Axial Load: 800 Grams 
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A x i a l  Load : 1000 Grams 
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Actua to r :  Ten Elec t rode  - Shallow  Groove 

Data:   Step  Size as a Funct ion of  Transverse Load 

Mounting  Configuration: A 

Data P o i n t :  6 

Drive  Voltage: 250 V o l t s  

Bias   Vol tage :  0 V o l t s  

Ro l l   and   Sec t ion  Number: 0371-141 

Purpose: To Demonstrate   that   Loads up t o  1000 grams  Applied  Perpendicular ly  
t o   t h e   D i r e c t i o n   o f   T r a v e l  Have N e g l i g i b l e  Effect on  Performance. 

Transverse  Lpad: 0 Grams 

Transverse  Load: 250 Grams 
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Transverse Load: 500 Grams 

Transverse Load: 750 Grams 

Transverse Load: 1,000 Grams 
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Actuator:  Ten Electrode - Shallow Groove 

Deta:   Step  Size  as  a Function o f  Stepping  Rate 

Mounting  Configuration: A 

Data Po int :  6 

Drive Voltage:  +300  Volts 

I Bias Voltage:  +lo0 V o l t s  
R o l l  and Sec t ion  Number: 0371-125 

Purpose: To Demsonstrate  the  Correlation  Between  Frequency of 

A p p l i e d  Voltage  (Step  Rate) and S t e p  S i z e  

Step  Rate: 0 . 6  Steps/Second 

S t e p  Rate: 2 Steps/Second 
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Actua to r :  Ten Elec t rode  - Deep Groove 

Data:  Motion a s  a Funct ion of Measuring  Location 

Mounting  Configuration: B 

Data P o i n t :   V a r i a b l e  

Drive  Voltage:  400  Volts 

Bias   Vol tage :  0 V o l t s  

R o l l  and  Sect ion Number: 0371-144 ' 

Purpose: To Demonstrate  the  Step  Shape of  t h e  D e e p  Groove 

Conf igura t ion  

102 

Data P o i n t  1 

Data  Point 2 



Data Point 3 

Data Point 4 
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Actua to r :  Ten El-ectrode - Deep Groove 

Data:  Motion a s  a Function  of  Measuring  Location 

Mounting  Configuration: C 

Data Po in t :   Var i ab le  

Drive  Voltage: 400 V o l t s  

Bias   Vol tage :  0 Vol t& 

R o l l  and Sec t ion  Number: 0371 - 145A 

purpose: To Demonstrate  the  Necessity o f  Rigidly  Mounting 

the   Actua tor  

Data P o i n t  1 

Data P o i n t  2 

104 



Data  Point  3 

Data  Point 4 

Data P o i n t  5 
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Actua to r :  Ten Elec t rode  - Deep Groove 

Data:   Step  Size as a Function  of  Drive  Voltage 

Mounting  Configurat ion:  B 

Data P o i n t :  4 

Drive  Voltage:   Variable  

Bias  Voltage: 0 V o l t s  

Ro l l   and   Sec t ion  Number:  0371-144 
Purpose: To Demonstrate How the   S tep   S ize   Decrease   wi th  

Decreasing  Voltage 

Drive  Voltage:  460  Volts 

Drive  Voltage: 440 V o l t s  
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Drive  Voltage:  420 Vol ts  

Drive  Voltage:  400 Vol ts  

Drive  Voltage: 380 Vol t s  
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Drive  Voltage: 360 Volts  

Drive  Voltage:  340 Volts  
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Actuator:  Sixteen  Electrode - Shallow  Groove 
Data: Step  Size as a  Function of Bias Voltage 

Mounting  Configuration: B 
Data  Point: 4 

Drive  Voltage: 400 volts 

Bias  Voltage:  Variable 

R o l l  and Section  Number: 2294 - 104 - Data  Points 1 - 5 

Purpose: To Demonstrate  Actuator  Motion as a Function of Bias 

Voltage  Noting that Reducing  the  Interference Fit Changes 
Actuator  Motion 

Bias Voltage: -250 Volts 

Bias Voltage: -200 Volts 
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Bias Voltage:  -100  Volts 

Bias  Voltage: 0 Vo l t s  
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Actuator:  Sixteen  Electrode - Shallow  Groove 
Data:  Step  Size  as  a  Function of Drive  Voltage 

Mounting  Configuration:  B 

Data  Point: 4 

Drive Voltage: Variable 

Bias Voltage: -200 Volts 

Roll and Section  Number: 2 2 9 4  - 105A 
Purpose: To Demonstrate  Actuator  Mation 

at Various  Voltage  Levels 

Drive  Voltage: 400 Volts 

Drive  Voltage: 450 Volts 
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Drive Voltage: 500 Volts 
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Actua to r :   S ix t een   E lec t rode  - Shallow  Groove 

Data: S t e p   S i z e   a s  a Funct ion of Stepping  Rate  

Mounting  Configuration: B 

Data   Point :  4 
Drive  Voltage:  450  Volts 

Bias  Voltage: 200 Volts 

Ro l l  and Sec t ion  Number: 2294 - 105B - Data P o i n t s  1 - 4 

Purpose; To Demonstrate   that   Step  Size  Decreases  as s t e p p i n g  

Ra te   Inc reases  

S t e p  R a t e :  0 . 5  step/ser:ond 

S tep   Rate :  1 s tep/second 
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Step  Rate: 10 s t e p s / s e c  

S t e p  Rate: 100 s t e p s / s e c  
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CONCLUSIONS 

The Perkin-Elmer Corporation has successfully  advanced  the  state  of 

actuator  technology  and, as  a result,  produced working peristaltic  microinch 
actuators.  The  actuators  consistently work against a 1000-gram load in steps 
of  h/50  and,  under no load, in steps  of h/25. The other  various  design  goals 

such  as  frequency  response, no-voltage load holding capability,  reversible 

motion, low power  consumption,  and  the  ability  to  operate in  a space environ- 

ment have all  been  achieved. 

The analytical work performed  closely  represents  the  experimental  results. 
The  progress made so far  has  shown  that,  even  though a good  level  of  success 
has been  achieved,  there  still remain some  unanswered  questions. 

Questions concerning  the  basic  nature of the  device are very  pertinent. 
Variation in items  such  as  surface  finish,  interference  fit,  and  step  shape 
are of  concern. How  do these  parameters,  varied  singularly  or  in  combination, 

affect  overall  performance of the  actuator? 

Questions concerning  step  size  are of importance.  Optical  systems opera- 

ting  in  the  ultraviolet  region  require an actuator  stepping  performance  of  at 
least  five  times  better  than  that  already  achieved. At the  present  time,  it 

is  felt  that  sufficient  questions  exist  to  warrant  further  study  on  advanced 
actuators . 
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APPENDIX A 

ADVANCED - - ACTUATOR EIXCTRONIC DRIVE SYSTEM OPERATIONS  PROCEDURE 

The a c t u a t o r   e l e c t r o n i c   d r i v e   s y s t e m  i s  conta ined  i n  a s ing le   package   r e -  

q u i r i n g   o n l y   t h e   a d d i t i o n  of  a h igh   vo l tage  power supp ly   fo r   ope ra t ion .  The 

sys t em  ac t s   a s   an   e l ec t ron ic   swi t ch   be tween   t he   h igh   vo l t age  power supply and 

t h e   e l e c t r o d e s  of t h e   a c t u a t o r .  Power f o r   t h e   i n t e r n a l   o p e r a t i o n   o f   t h e   d e v i c e  

i s  provided by se l f -conta ined  power suppl ies   energ ized  by a l i ne   co rd   fo r   con -  

nec t ion   t o   110-vo l t ,  60-HZ l i n e s .  

The f r o n t  pane l  c a r r i e s   t h e   s y s t e m   c o n t r o l s  and i n d i c a t o r   l i g h t s .  The i n -  

d i c a t o r   l i g h t   a t   t h e   l o w e r   l e f t   i n d i c a t e s  when the  system i s  connec ted   t o   t he  

110-vo l t   l i nes  a d  turned  on.   Immediately  to   the  r ight  of t h e   l i g h t  i s  t h e  

POWER ON-OFF swi tch ,   se rv ing  i t s  ind ica t ed   func t ion .  

Across   the   upper   por t ion  of t h e   f r o n t   p a n e l   a r e  16 i n d i c a t o r   l i g h t s .   T h e s e  

l i g h t s   a r e   c o n n e c t e d   i n   s u c h  a  manner a s   t o   i n d i c a t e   t h e   p r e s e n c e   o f   v o l t a g e  

app l i ed   t o   t he   co r re spond ing   e l ec t rode  on t h e   a c t u a t o r .  A s  t h e   i n d i c a t o r  lamps 

have  a minimum o p e r a t i n g   v o l t a g e ,   t h e i r   o p e r a t i o n  may not be r e l i a b l e   a t   v o l t a g e  

l e v e l s   b e l m   a b o u t  150 - ? o l t s .  

The r ema in ing   f i ve   con t ro l s   on   t he   f ron t   pane l   a f f ec t   t he   ope ra t ion  of t h e  

a c t u a t o r   i n   t h e   f o l l o w i n g   w a y s :  

The ACTUATOR RINGS s w i t c h   s e l e c t s   t h e   a p p r o p r i a t e   e l e c t r o n i c   o u t p u t   f o r  

u s e   w i t h   a c t u a t o r s   u t i l i z i n g   e i t h e r  10 or  16 e lec t rodes   as   marked .  

The RISE TIME swi tch  allows two modes of opera t ion ,   one   wi th  a r e l a t i v e l y  

slow output   vol tage  waveform  r ise   t ime  and,   hence,  a  reduced maximum s tepping  

r a t e ,  and  a  second s e t t i n g   w i t h  a r e l a t i v e l y   f a s t   r i s e - t i m e   a l l o w i n g   t h e   h i g h e r  

s t e p - r a t e s   t o  be s a t i s f a c t o r i l y   p r o d u c e d .   I n   t h e  slow s e t t i n g ,  up t o  100 s t e p s  

pe r   s econd   a r e   ava i l ab le .  I n  t h e   f a s t   s e t t i n g ,  up t o  1000 s teps   per   second  a re  

a v a i l a b l e .  In t h e   f a s t   s e t t i n g   t h e   e l e c t r o n i c   s y s t e m   d r a w s   c o n s i d e r a b l y  more 

cur ren t   f rom  the   h igh   vo l tage  power supp ly   and   t h i s  must  be t a k e n   i n t o   a c c o u n t  

to   p revent   over loading  of t h e  power supply .  

A - 1  



The use   and   e f fec t   o f   the  FORWARD-OFF-REVERSE swi tch  i s  s e l f   e x p l a n a t o r y .  

It c o n t r o l s   t h e   d i r e c t i o n  of propagat ion  of t h e   p u l s e   t r a i n   a l o n g   t h e   a c t u a t o r  

l eng th   and ,   t he re fo re ,   t he   d i r ec t ion   o f   t he   p roduced   s t ep   mo t ion .  

The s t e p p i n g   r a t e  is  c o n t r o l l e d  by  two STEP/SEC c o n t r o l s .  The f i r s t  i s  t h e  

COARSE c o n t r o l ,  a f o u r - p o s i t i o n   r o t a r y   s w i t c h   t h a t   g i v e s   s t e p p i n g   r a t e s   a s  

l abe led .   These   s t epp ing   r a t e s   a r e   p roduced   w i th   t he  FINE r a t e   c o n t r o l   i n   t h e  

f u l l   c l o c k w i s e   p o s i t i o n .  The FINE r a t e   c o n t r o l  i s  a v a r i a b l e   c o n t r o l   t h a t   c a n  

s l o w   t h e   s t e p p i n g   r a t e  by a s  much a s  a f ac to r   o f   10 .   Th i s   con t ro l   a r r angemen t  

g i v e s  a con t inuous ly   va r i ab le   s t epp ing   r a t e   r ang ing   f rom  1 /10   s t ep   pe r   s econd  

up t o  1000 s t eps   pe r   s econd .  The e l e c t r o n i c   s y s t e m  i s  so d e s i g n e d   t h a t   t h e  

s t e p p i n g   r a t e  i s  independent  of  whether a 10 -e l ec t rode   o r   16 -e l ec t rode   ac tua to r  

i s  be ing   opera ted .  

The r e a r   p a n e l   c a r r i e s   t h e   1 1 0 - v o l t   a c   l i n e   c o r d   1 / 2 - a m p e r e   f u s e ,   a c t u a t o r  

cab le   connec to r ,  and t h r e e   b i n d i n g   p o s t s .  The t h r e e   b i n d i n g   p o s t s   a r e   s t a c k e d  

v e r t i c a l l y ,   w i t h   t h e   u p p e r   p o s t   c o n n e c t e d   t o   t h e   s h a f t  o f  t h e   a c t u a t o r ,   t h e  

cen te r   pos t   t o   t he   sys t em  g round ,  and the   lower   pos t   to   the   input   connec t ion   for  

t he   h igh   vo l t age  power supply .   This  power supply i s  connected  between  the  center  

and   l ower   b ind ing   pos t s   w i th   t he   pos i t i ve   po la r i ty   connec ted   t o   t he   l ower   pos t .  

I f   t h e   a c t u a t o r  i s  t o  be  operated  with no b i a s   v o l t a g e   a p p l i e d  t o  t he   de -  

v ice ,   the   upper   b inding   pos t  is  c o n n e c t e d   t o   t h e   c e n t e r   b i n d i n g   p o s t .   T h i s  

e l e c t r i c a l l y   g r o u n d s   t h e   a c t u a t o r   s h a f t .   I f  i t  i s  d e s i r e d   t o   o p e r a t e   t h e   a c t u a -  

t o r   w i t h  a b i a s ,   a n   a d d i t i o n a l   h i g h   v o l t a g e  power supply is connected  between 

the  upper  two b i d i n g   p o s t s .  The po la r i ty   connec ted   t o   t he   uppe r   b ind ing   pos t  

w i l l  be t h e   p o l a r i t y   o f   t h e   s h a f t   r e l a t i v e   t o   t h e   e l e c t r o d e s .   I f   t h e   u p p e r   p o s t  

i s  made n e g a t i v e ,   t h e   c r y s t a l  w i l l  expand  and t h e   i n t e r f e r e n c e   f i t  w i l l  be r e -  

duced. The converse is  t r u e   i f   t h e   u p p e r   p o s t  is  made p o s i t i v e .  

The connec to r   fo r   t he   cab le   be tween   t he   e l ec t ron ic   d r ive   sys t em and t h e  

actuator  has  each  pin  numbered.  Those  numbered 1 through 16 a r e  used   for   the  

c o n n e c t i o n s   t o   t h e   a c t u a t o r   e l e c t r o d e s .  The number  of t h e   p i n   c o r r e s p o n d s   t o  

t h e  number  of t he   f ron t   pane l   i nd ica to r   l i gh t ,   coun t ing   f rom  the  l e f t  end, and 

t h e   u m b e r  of t h e   e l e c t r o d e   o n   t h e  actuator in  progression  f rom one end t o   t h e  

o t h e r .   P i n  number 17  is  u s e d   f o r   t h e  return c o n n e c t i o n   f r o m   t h e   a c t u a t o r   s h a f t .  
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