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A system is daglkd for u e  with acoustic levitaton, 
which a n  prevent roE.tion of a levitated object or 
control its oricntatioo and/or rotation. The acoustic 
W i s n l a d c m n r r y  labout theaxisofthe 
levit.tor, to produce an orienting toque that resists 
srmple romtion In OIY system. a paturbatme . reflector 
is I d  on one side of the axis of the levitator, at a 
locath near tbe levit.ted ob* In .nottsa system, 
the mrin reflector smf.ce t o w  which incoming 
acoustk wava8rC directed is- ycllrved 
r b o u t t h e a x i s o f t h e ~ .  Tbelevitrted&jcctcm 

5tioniug the reflector pmducing thc wmymmetry. 
krrorieatdormruedin8contro~mrnaabyrrpo- 
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CONTROLLED SAMPLE ORIENTATION AND 
ROTATION IN AN ACOUSI'IC LEVITATOR 

ORIGIN OF THE INVENTION 
The invention described herein was made in the per- 

formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 USC 
202) in which the Contractor has elected not to retain 
title. 

BACKGROUND OF THE INVENTION 
A single axis levitator often includes a pair of king 

walls sp.ced along the axis of the levitator. with ollt 
wall generally king flat and v i i  by atransducer 
and the othcr d b e i n g a c o a c a v e  rdlcctor. An object 
tends to be levitated along the anis at locrrtions spaced 
from the concave reflector that arc odd multiples of a 
quarter wavelength of the acoustic magy. The inter- 
fermcebawea! theiacoming pleatwaveapproschine 
the reflector d the curved wave rcaccted tbmfrom 
results in an lyxlustic well or levitation location 
ttrrd on the axis. Aciditid ling-dlapcd levltatian 
locatiom arc produced about the on& location. but 
arcrclativdyweal,andthe~levitatiOnlocatiOnis 
g e n d y  of grratest impommce The levitation forcc is 
strongest along the levitation axis and is typically about 
onetenthas great inapapendicular directioa Thus, in 
a 04 gravity environmart, which exists on the 
Earth's surface, the levitation axis is d y  vertical. 

metric about the levitation axis, them is no angular 
torque tending to orient the sample about the axis 
HOWCV-, in actual single axis lev it at^^^, there is gcn~r -  
ally suftidmt sgymmetry to p d u c c  small angular 
torques which can initially orient the sample at low 
s o d  w lev&. However, when more intense sound 
fields arc etablishal, they generate fluid flows such as 
turbulence or acoustic strcamhg, which can produce 
torqua that rotate the m p k .  Asimilarshatkm exists 
in single mode resoDllllt levitators of cyliadrical, sphai- 
cal and ~ t y p a  wherein the levitating mode 
results in axial symmetry. It would be desirable to con- 
trollably produce orienting torqucs that could c o ~ t c r -  
act swh fluid-flow caused torqu~r to Orient 02 rotate the 
object. 

In an ideal single axis levitation ~ystcm Which is SP- 

SUMMARY OF THE INVENTION 

invention, a single axis or single mode a m x i t ~ ~  * levitator 
is provided which enables control of the orientation 
and/or rotation of a nonsphaical levitated object. The 

energy field nearalocation where an object is levitated, 
which is nonsymmctric with respect to the axis of the 
levitator. Thenonsymmetry resultsin thecreation ofan 
orienting torque 011 the levitating object which resists 
its rotation relative to the acoumc . field. The orientation 
or rotation of the object can be controlled by control- 

tor axis. 
In one levitator, a reflector is positioned a distaace 

from thc levitator axis and oriented to reflect acoustic 
energy generally towards the object location in a man- 
ner nonsymmetric about the levitator axis. In anothcx 

In BCCOtdOIKX with OM embodiment of the prrsent 

acoustic levitatorisconstructedtoprovideanacoustic 

ling rotatim of the norrsymm~tric field about the levita- 

L 
is part of a cylinder c w e d  about an axis of curvature 
which is perpendicular to the levitator axis. 

The novel features of the invention arc set forth with 
particularity in the appended claims. The invention will 

5 be best un- from the following description when 
read in conjunction with the accompanying drawings. 

BRIEF DESCRJFTION OF THE DRAWINGS 
FIG. 1 is a simplified sectional and elevation view of 

10 a single asis levitator constructed in accordance with 

FIG. lA is a Pmpcctive view of the levitator of FIG. 
1. 

FIG. 2 is a side elevation view of a levitator con- 
structed in accordance with embodiment of the 
inVention. 

FIG. 3 is a perspective vim of a levitator con- 
structed in accordance with another embodiment of the 
in Val ti^. 

FIG. 4 is a perspective vim of a levitator con- 
structed in accordance with another embodiment of the 
invention. 

FIG. 5 is a Perspective view of a levitator con- 
structed in accordance with another embodiment of the 

FIG. 6 is a sectional side v i m  of a cylindrical single 
mode levitator, co- in accordance with another 
embodiment of the invention. 

FIG. 7 is a side elevation view of a spherical single 
3o mode levitator, comtmctd in accordance with another 

FIG. 8 is a pmpcctive view of a square cross-section 

the p n m t  invention. 

25 invention 

embodiment of the invention. 

parauelcpipcdlevitator, constructed in accordance with 
35 another embodiment of the invention. 

FIG. 9 is a perspective vkw of a cylindrical dual 
in accordance with another mode levitator, 

embodiment of the invention. 

DESCRIPTION OF THE PREFERRED 
40 EMBODIMENTS 

FIGS. 1 and lA illustrate a single axis levitator 10 
which levitates an object l2 (or l2b in FIG. lA) at a 
locrrtionalong anaxis 14. Thelevitator includes a main 

rdecting surface 18 facing the object. The levitator 
also includes a transducer 20 such as a piezoelectric 
type driven by au oscillator 22 which vibrates a wall or 
surface 24. The surface 24 is located along the levitator 

45 reflector 1 6 l A  ~n the& 14, and hsving acoustic 

50 axis 14, to apply incoming pcoustic energy travelling 
largely along the asis towards the main reflector; that 9 
whether the aamstlc . energy wave front is planc or 
curved, it is approximately centered on the levitator 
axis 14. In the particulsr levitator of FIG. 1 where the 

55 main refleaor surface 18 is concave and the acoustic 
energy galcrating surface 24 is flak the vibrating sur- 
face 24 creates incoming plane waves indicated at 26, 
which arc reflected off the concave surface 18 to pn>- 
d u n  a curved reflected wave front indicated at 27. 

The incoming wave 26 and the reflected wave 27 
interfere to produce a levitation location at 30. which is 
spaced a distaMx 32 equal to W/4, where the W is the 
wavelength of the acoustic energy created by the trans- 
ducer. Additional levitation points along the anis 14 are 

65 at odd multinks of W/4. with the xcatcst levitation 

60 

-_  

embodiment of the invention, the levitator includes a 
concave main reflecting surface which is nonunifor- 
mally curved about the axis, as by using a surface which 

force being ai the levit& point 30 &SC% to the main 
reflector. In a gravity environment, such as exists on the 
Earth's surface, the object is urged towards the point 
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30, but actually lies a distance below that point. The 
interfering wave fronts not only resist movement of the 
object along the levitation axis 14, but also resist move- 
ment perpendicular to the axis, although the maximum 
levitating force perpendicular to the axis may be one- 
tenth as much as along the axis. When used on the 
Earth’s surface, the axis 14 is generally substantially 
vertical with the main reflector lying above the generat- 
ing surface. 

Single axis levitators such as shown in FIG. 1 have a 
relatively low resonance quality factor Q, which is 
proportional to the ratio of levitation force to power 
output of the transducer. The Q of a single axis levitator 
without side walls and without care being taken to 
maintain resonant conditions, may be about five or less, 
as compared to about one hundred for a resonant cham- 
ber. Where the distance between surfaces 18, 24 is a 
multiple of the half wavelength of the acoustic energy, 
so there is resonance, the Q can be increased to about 
thirty. However, the single axis levitator has the advan- 
tage that there is fret access to the levitation space, and 
the levitator is relatively simple. It may be noted that 
the output of the transducer does not have to be a plane 
wave, but as disclosed in U.S. Pat. No. 4,402,221, the 
lower vibrating surface may be concavely curved as 
shown at 24A in FIG. 2. A single axis levitator may be 
formed as in FIG. 1 but with cylindrical side walls 
indicated at 38, and is then a resonant single axis levita- 
tor but with limited access to the object. 

Due to the theoretical symmetry of the levitator of 
FIG. 1 about the levitation axis 14, there would appear 
to be no angular force urging the object 12 to rotate. 
However, in real single axis levitators, there is generally 
sufficient assymmetry to orient the object at low sound 
field levels. When more intmse sound fields are re- 
quired, flows of the fluid or gas 36 in the levitator, 
generally associated with turbulence or acoustic 
streaming, can produce angular torques that rotate the 
sample. A technique which enabled the production of 
an orienting torque that urged the sample towards a 
particular oiientation with sufficient torque to over- 
come the streaming torque, would enable control of the 
angular orientation of the object. 

In accordance with the present invention, significant 
assymmetry of the acoustic field is established, which 
produces an orienting torque (on nonspherical objects) 
that resists object rotation more than torques associated 
with fluid flow urge object rotation. One approach to 
the production of such assymmetry is the positioning of 
one or more reflectors such as perturbating reflector 40 
at a location spaced from the levitation axis 14, and near 
the height of the levitated object 12, or in other words, 
about as far from the main reflector as the levitation 
location. The perturbating reflector reflects acoustic 
energy from a particular angular orientation “s” (FIG. 
2) relative to a fixed direction “t” about the axis, primar- 
ily towards the levitation axis and generally towards the 
object by facing in the general direction of the levitation 
location. Sound waves reflected from this perturbating 
reflector 40 impinge upon the sample, in essentially the 
same manner as a new sound source located at 40. As 
previously demonstrated by Lord Rayleigh, a non- 
spherical sample will orient itself in a sound field with 
the normal to its largest cross sectional area lying along 
the sound field direction. The restoring torque is stron- 
ger for a larger reflector or for a more focused reflector 
sound field at the sample. As an example, for a sample 
126 in the shape of a short cylinder, the sample will 

4 
orient itself so that the sample axis 42 normal to its 
largest cross sectional area will be directed generally 
towards the reflector 40. It is possible to provide an 
acoustic tmsducer at the location of reflector 40 in- 

Where it is desired to control the orientation of the 
sample, and change the orientation, the reflector 40 can 
be held so it can be rotated about the levitation axis 14. 
In FIG. 1A. a post 44 holds the reflector on a turntable 

lo 46, that is rotated by a motor 48 to enable the sample to 
be rotated to any orientation about the levitation axis. 

FIG. 3 illustrates another apparatus 50 for controlling 
sample rotation, wherein a nonaxisymmetric reflector 
52 is used which surrounds the levitation axis 14, and 
which includes four large reflector walls 53-56 whose 
internal cross section as viewed from the top is a square. 
This particular reflector 52 extends 360’ continuously 
about the levitator axis, but the reflector is not symmet- 

2o ric because there is a reflector surface closer in certain 
angular directions about the axis than at other direc- 
tiOnS. 

FIG. 4 illustrates another single axis levitator appara- 
tus 60 which includes four small reflectors 61-64 spaced 

25 90’ about the levitation axis 14. An actuator 66 coupled 
to each reflector can move it radially to lie close to the 
levitator axis to create substantial assymmetry in the 
acoustic field at that reflector angle S about the axis. 
For example, the reflector 61 can be moved to the posi- 

30 tion 61A. To turn the sample by W, the reflector 64 can 
be advanced to the position 64A while the reflector 61 
is retracted. When rotation of the sample is desired, 
reflectors progressively spaced about the axis can be 
progressively moved radially inward and then with- 

FIG. 5 illustrates another apparatus 70 wherein angu- 
lar symmetry of the sound field about the axis 72 is 
broken by the w of an asymmetric main reflector 74. In 
the particular reflector 74, the reflecting surface 76 is a 

40 portion of a cylinder whose axis of curvature such as 80 
is perpendicular to the levitator axis 72. Incoming 
acoustic energy is nonuniformally reflected so that re- 
flected energy intensity is nonuniform about said axis. 
The interference between the incoming and reflected 

45 ssound waves will lead to a force field whose intensity 
varies about the levitation axis. The more asymmetric is 
the shape of the main reflector 74, the stronger will be 
the retarding torque. A motor 82 is shown coupled to 
the main reflector 74 to enable rotation of the reflector 

50 and therefore of the sample. Although a largely cylin- 
drical surface can be used, a variety of main reflector 
surfaces can be used, where the surface is nonsymmetri- 
cally curved about the axis 72; that is, some imaginary 

55 circles such as 71 which are coaxial with the axis 72 and 
which include some points 73, 75 on the reflector sur- 
face, also include other points 77.78 spaced forward or 
rearward of the reflector surface. 

FIG. 6 illustrates another levitator 80 which includes 
60 walls forming a resonant cylindrical chamber 82 that 

substantially completely surrounds the object 84. The 
acoustic energy from a transducer 86 is of a single levi- 
tation mode which is axisymmetric with respect to the 
cylindrical axis 88. Such a levitator can have a high Q 

65 such as 100, but there is more limited access to the 
levitated object. As described in U.S. Pat. No. 
4,573,356, such a resonant mode is obtained by applying 
acoustic energy of a wavelength L o i n  where 

5 stead of the reflector. 

35 drawn. 
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Thus, the invention provides a method and apparatus 

for controlling rotation of a nonspherical sample or 
object that is levitated in a single axis acoustic levitator. 
or in a single mode resonant levitator of cylindrical or 

(1 + 1.29 V,) 
vc 

2a 
= [La8 + & U / / f ) p p  

whm a is the radius of the h is the length of 5 Spherical Jhape O r  Square CrowtiOU. n e  1eVimOr is 
the cylinder, V, is the volume-of the sample (wh& the 
sample volume is less than about 20% of c h b e r  vol- 
ume), and V, is the chamber volume. The presence of a 
nonsymwtrical perturbatln ' g reflector 90 results in ori- 
enting the object. A similar symmaric condition occuls 
in single mode levitsting in a spherical chamber, as 
shown in FIG. 7, where point 92 is the center of the 
chamber. A similrr patprt#hng . reflcctorWavoids 
object rotation with respat to an axis % S y m m c t n c  ' t o  
the Chunber. 

FIG. 8 illustrate a single-mode levitator 102 with a 
chamber 101 of panllelcpiped shape having equal di- 
mensions in the X a d  Y (widthanddepth) directions to 
provide a square - alonganaxis103extad- 
ing along the kngth of the chamber. A transducer 104 
excites the chamber in a 22n mode wherein the wave- 
length L a  is given by: 

where x is the cllamberlength in the x and Y dimen- 
sions. 2 is the chamber length in the z dimulsim n 
equals one or more, and V,and Vcam rrspectively the 
object volume and the chamber volume. what n= 1, 
levitation is at the cmter of-the chamber. The square 
cr- 'on for these modes produces an essentially 

f o r a  k l d  around the axis and around the 
object 1oG in the XY plane. similar to the c y l i d l i d  
case of FIG. 6. A perturbatm ' g reflector 108 avoids 
object romtion. 

A m  * g refleaor can be useful to avoid object 
rotation in a variety of resonant levitstors where more 
than one mort is excited simultanamsly, but the acom- 
tic fidd is symmetric about an axk Such symmetry can 
rcsult in uncontrolled rotation in the absenct of such a 
rrileaor. FIG. 9 illpph.tes such a levitator 114 which 
include a cylindrbl chamber Il2and a traDsdrwr 114 
that is excited by an odhto f  116at two f f a p n c k  

chamber, each d r i v c n a t a d i f f ~ t  OIW oftheficquen- 
Cies can be used to produce greater leviation presslgc 

118 of thc chamber, but does not prevent object drift 

tion along the plane rZa but does not prevent object 
drift along this plaac. The two modes hold the object 
~ t h e c o m b i n c d ~  location l22, but do not 

. 

that produce two rcsoIulpt wavelengths Lla, and h l .  
Two oscillaton coopledtotheoppositecnd!5ofthe 

The wavelength Lla, produces levitation along the axis 

along this axis, The wavclakgtb h l  produc.cs 1Cvit.- 

&nstructed to produce an asymmetry in the acoustic 
field about the levitation axis, to control orientation of 
the object. In one approach, one or more reflectors an 
asymmetrically positioned about the levitation axis to 

10 create asymmetric reflection of acoustic energy near the 
location where the object is levitated. In another ap- 
proach, the main reflector of the levitator is made asym- 
metric. The amount of orienting torque increases as the 
orienting reflector surface area increases, or as the 

15 arymmetry of the main reflector iacrarses. Usually, 
qxrhcnts determine the required size and position of 
the orienting reflector or nonsymmctry of the main 
reflector which enable control of sample orientation, 
and the is generally no benefit in using a larger orient- 

20 ing reflector or greater asymmetry in the main reflector. 
Although particular embodiments of the invention 

have kcn described and illustrated herein, it is recog- 
nized that modifications and variations may rcadiiy 
cccw to those skilied in the art, and consequently, it is 

25 intended that the clrrims be interpreted to cover such 
modifications and equivalents. 

wllatisclaimedb: 
1. In a w e  axis acoustic levitator which has a main 

reflector lying on a prrdetcrrmned ' axis, and means for 
30 applying incoming acoustic mergy towards said main 

reflector for rdkction tk&om to levitate an object 
at a location spaced from said main reflector and near 
said axis, the improvement of means for controlling 
object rota- C0m-g: 

35 

40 

45 

50 

55 

prevent object rotation. A pemubtm ' g n n e c t o r 1 u  
avoids object rotation. The equations for Llm and Lm, 
(wha t  n can equal 1 or more to utablii one or more 
levitation planes) arc give by: 

60 
Lla)=3.410 

-=2d/n 

where a is the radius of the chamber. d is the length of 65 
the chamber, and n is at least 1. The cylindrical chamber 
may be described as having a length d and having a 
width and depth that am both equal to 2a. 

anacousticperturbatlo. greflector which is nonsym- 
metric about said axis, and which is located a dis- 
tance from said axis and oriented to reflect acoustic 
energy primarily towards said axis, to make the 
acouaic fkid mmymm&c about said axis and 

turbatiag reflector. 
tlufcby resist object rotation relative to said per-- 

2. The impvanult described in claim 1. including: 
meanocoupledtoJpidpaturb.hng . rrfkctor for mov- 

i n g i t t o d i f f ~ t t p a b o u t ~ a x i s ,  whereby 
to enable controlled object orklltation and rota- 
tion. 

3. The improvement d e s c r i i  in claim 1 whuein: 
said maiu reflector is concave, and said means for 

applying acoustic energy includes a wall spaced 
along said axis from said main reflector, and means 
for vibrating said wall along said axk 

4. n e  improvawnt desciibcd in claim 1 whmin: 
said perturbatm . g reflector is located about 8s far from 

said mean reflector, as measured along said axis, as 
said object levitation locrtion. and said patulht- 
ing rrflector has a surface that substantially facs 
said object levitation location. 

5. A single axis levitator comprising: 
a main reflector lying on a predetermined axis and 

having a reflector surface facing in a first direction 
substantially along said axis, 

meam for applying incoming acoustic energy sub- 
stantially oppoSite to said first direction toward 
said reflector surface; 

said reflector surface being nonsymmetrically curved 
about said axis to reflect incoming acoustic energy 
so the reflected energy intensity is nonuniform 
about said axis. 
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6. The levitator described in claim 5 wherein: 
said reflector surface is largely part of a cylinder 

whose cylindrical axis is spaced in said first direc- 
tion from said reflector surface and which is sub- 
stantially perpendicular to said predetermined axis. 

7. The levitator described in claim 5 wherein: 
said reflector surface is concave and said means for 

applying acoustic energy includes a substantially 
flat wall spaced along said axis from said first wall 
and means for vibrating said wall along said axis. 

8. In a single mode resonant acoustic levitator for 
levitating an object, wherein the levitator includes walls 
that are substantially symmetric about an axis, with at 
least some walls spaced from said axis, and means for 
applying acoustic energy of a frequency which levitates 
the object against movement in all directions, the im- 
provement of means for controlling object rotation, 
comprising: 
an acoustic perturbating reflector which is nonsym- 

metric about said axis, and which is located a dis- 
tance from said axis that is less than said walls 
which are spaced from said axis, and oriented to 
reflect acoustic energy primarily towards said axis, 
to make the acoustic field nonsymmetric about said 
axis and thereby resist object rotation relative to 
said perturbating reflector. 

9. The improvement described in claim 8 wherein: 
said levitator walls are cylindrical. 
10. The improvement described in claim 8 wherein: 
said levitator walls are spherical. 
11. The improvement described in claim 8 wherein: 
said levitator walls are of parallelepiped form with at 

U. In an acoustic levitator which includes walls 
forming a chamber which has a width, depth, and 
length with the width and length being equal, which 
includes an imaginary axis extending along said length, 
and which includes means for establishing a resonant 
acoustic energy field in said chamber which urges livi- 
tation of an object on said axis, with said acoustic en- 
ergy field being substantially symmetric about said axis, 

least two dimensions being equal. 

8 

the improvement comprising: 45 
an acoustic perturbating reflector which is nonsym- 

metric about said axis, and which is located a dis- 
tance from said axis and oriented to reflect acoustic 
energy primarily towards said object on said axis, 
to make the acoustic field nonsymmetric about said 
axis and thereby resist object rotation relative to 
said perturbating reflector. 

13. The improvement described in claim 12 wherein: 
said chamber is of square cross-section along said 55 
axis, and said means for establishing includes a 
transducer coupled to said chamber and producing 
acoustic energy of a wavelength LZZn substantially 
as given by: 

60 

where x is the chamber width and depth, z is the 
chamber length, n equals 1 or more, and Vs and Vc 
are respectively the object volume and the cham- 
ber volume. 

14. The improvement described in claim 12 wherein: 
said chamber is of cylindrical shape, with said axis 

being the axis of the cylindrical shape, and said 
means for establishing applies acoustic energy of 
two wavelengths LQIJ,, and Llm to said chamber, 
substantially as given by: 

L1m=3.410 

h = 2 d / n  

where d is the length of said chamber along said 
axis. a is the radius of the chamber, and n equals at 
least 1. 

15. The improvement described in claim 12, includ- 

means coupled to said perturbating reflector for mov- 
ing it to different positions about said axis, whereby 
to enable controlled object orientation and rota- 
tion. 

16. A method for controlling the orientation and 
30 rotation of a levitated object, which is being levitated 

by an acoustic energy field in a single axis levitator 
wherein incoming acoustic energy is directed generally 
along a predetermined axis towards a main reflector 
surface and is reflected from the surface generally along 

directing acoustic energy nonsymmetrically about 
said axis, generally towards said object, from a 
location spaced from said axis and from said reflec- 
tor surface. 

lo 

15 

20 

ing: 
25 

35 said axis, comprising: 

40 17. The method described in claim 16 wherein: 
said step of directing includes establishing a pertur- 

18. The method described in claim 17, including: 
moving said ucrturbating reflector about said axis, 

bating reflector at said location. 

wh&eby toreorient 0; rotate the levitated object. 
19. A method for levitating an object comprising: 
directing acoustic energy generally along an axis 

toward a wall surface; 
reflecting said acoustic energy from said wall surface 

in directions angled from the directions along 
which said acoustic energy was travelling as it 
reached said wall surface, including reflecting said 
acoustic energy in directions unsymmetric about 
said axis. 

20. The method described in claim 19 wherein 
said step of reflecting includes establishing said wall 

surface so it is curved about a second axis that is 
perpendicular to said first mentioned axis. * * * * *  

65 


