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A revo luti on a ry prec i s i on po l i s h-
ing met h od call ed magn etorh eo-
l ogical finishing (MRF) has been

devel oped to overcome many of the fun-
d a m ental limitati ons of trad i ti onal po l-
ishing tech n i qu e s . MRF is a determ i n i s ti c
su b a pertu re process that has a dem on-
s tra ted abi l i ty to finish sph erical and
plano su rf aces to an acc u racy of bet ter
than 30 nm peak to va ll ey and su rf ace mi-
c roro u ghness less than 1 nm on opti c a l
gl a s s e s ,s i n gle crys t a l s , and glass cera m i c s .
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The MRF process uses magn etorh eo-
l ogical (MR) fluid as a polishing too l . To
c a rry out the polishing opera ti on , a work-
p i ece is install ed at a fixed distance from a
s ph erical wh eel that ro t a tes abo ut its hori-
zontal axis. An el ectrom a gn et loc a ted be-
l ow the wh eel su rf ace gen era tes a grad i en t
m a gn etic field in the gap bet ween the
wh eel and the work p i ece . An MR fluid is
del ivered to the ro t a ting wh eel , p u ll ed
a gainst the wh eel su rf ace by the magn eti c
f i eld grad i en t , acqu i res the wh eel vel oc i ty,Schematic of the magnetorheological finishing unit.
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60 mm, d i a m eter 80 mm, and cen ter
t h i ckness 8 mm. The produ cti on line re-
qu i red to polish the convex side of t h i s
l ens with CNC po ly u rethane po l i s h i n g
b a s ed equ i pm ent should consist of a gen-
era ting machine and two (see Ta ble 1) or
t h ree polishing mach i n e s . The re a s on for
this com bi n a ti on is that the polishing to
ach i eve a final qu a l i ty requ i rem ent of 1 / 4
f ri n ge takes approx i m a tely three ti m e s

l on ger than the gen era ti n g. Th erefore , on e
gen era tor is paired with mu l tiple po l i s h-
ers to maintain constant thro u gh p ut .

It is clear from Ta ble 1 that this ap-
proach is more cost ef fective for larger
vo lume batch sizes than for more com-
m on batch sizes of tens of u n i t s . The diffi-
c u l ty with re s pect to small batches stem s
f rom two basic con d i ti on s .F i rs t , wh en us-
ing CNC tech n o l ogy for lower prec i s i on
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Table 2. CNC optics manufacturing line for producing 1/4 fringe p-v optics incorporating MRF.

Figure 1. Comparison of a CNC polyurethane polishing line versus MRF-based production line for pre-
cision optics in various quantities.

devel ops high stresses wh en it con t acts the
work p i ece , and becomes a su b a pertu re
polishing too l . The rem oval ra te of t h e
polishing tool correl a tes with the vi s co s i ty
of the MR flu i d , wh i ch is con tro ll ed in situ
to +/- 1%. A soph i s ti c a ted com p uter pro-
gram determines a sch edule for va ryi n g
the po s i ti on of the ro t a ting work p i ece
t h ro u gh the polishing zon e .

The ex treme stabi l i ty of the po l i s h i n g
too l , co u p l ed with nearly infinite com p l i-
a n ce to an asph eric work p i ece , m a kes the
MRF tech n o l ogy a bre a k t h ro u gh in deter-
m i n i s tic polishing of prec i s i on sph ere s ,
flats and asph ere s .

De s p i te the fact that QED Tech n o l o-
gies (Roch e s ter, New York) has dep l oyed
m ore than 50 MRF machines on to factory
f l oors all over the worl d , m a ny peop l e
con ti nue to assoc i a te MRF exclu s ively
with polishing asph eric lenses or ultra pre-
cise ph o to l i t h ogra phy len s e s . While these
a re the two most com m on uses of M R F,
t h ey are hardly the on ly on e s .

In many of the worl d ’s optics shops to-
d ay, the most com m on produ cti on re-
qu i rem ents are for low and med ium vo l-
umes (batches of 1-50 com pon ents) wi t h
f i g u re requ i rem ents bet ween 1 and 1/10
f ri n ge peak to va ll ey (p - v ). Al t h o u gh
m odern com p uter nu m eri c a lly con tro ll ed
(C N C ) optics produ cti on lines can meet
these requ i rem en t s , doing so typ i c a lly en-
tails rel a tively ti m e - con suming and com-
p l ex machine setups requ i ring ex peri-
en ced opera tors and ded i c a ted too l i n g.
For a typical small batch job, it can take
h o u rs to prep a re the equ i pm ent nece s s a ry
to perform a few minutes of produ cti on
work .

Coupling adva n ced CNC optics man-
u f actu ring equ i pm ent with the flex i bi l i ty
and simplicity of MRF tech n o l ogy pro-
vi des a com pelling altern a tive for norm a l
optics produ cti on . O n ce the MRF sys tem
is integra ted into the CNC line, s m a ll - ,
m ed ium- and large - b a tch lens produ cti on
can be accom p l i s h ed with minimal set - u p
and ded i c a ted too l i n g. MRF also en a bles a
host of o t h er opportu n i ti e s , i n cluding the
a bi l i ty to fabri c a te asph ere s , u l tra h i gh
prec i s i on opti c s , thin waferl i ke su b s tra te s ,
and even rectangular optics su ch as
prisms and cyl i n ders .

Normal optics production
MRF of fers trem en dous adva n t a ges for
n ormal optics produ cti on . For ex a m p l e ,
con s i der a con c ave - convex len s , rad ius 

Table 1.Typical CNC optics manufacturing line for producing 1/4 fringe p-v optics.

# of Units 500 100 10

Setup Time (min) Cycle Time (min) Total Time (min)

Generating Machine 20 3 1500 300 30

Polisher #1 180 9 2250 450 90

Polisher #2 60 9 2250 450 0

Total Job Elapsed Time (min) 2510 710 290

AverageTime per Lens 5.0 7.1 29.0

# of Units 500 100 10

Setup Time (min) Cycle Time (min) Total Time (min)

Generating Machine 20 3 1500 300 30

Polisher #1 30 3 1500 300 30

MRF 30 3 1500 300 30

Total Job Elapsed Time (min) 1580 380 110

AverageTime per Lens 3.2 3.8 11.0

Normal Optics Production Time With and Without MRF

CNC polyurethane polishing 

MRF

Batch Size (# of Surfaces)



opti c s ,s etup can be very qu i ck (on the or-
der of a half h o u r ) . However, it can take
t h ree or four hours to set up a po l i s h i n g
m achine to polish a lens to 1/4 fri n ge or
bet ter using CNC po ly u rethane po l i s h i n g.
The most ti m e - con suming setup on the
po l i s h er is to bring a lens from 1 fri n ge to
1/4 fri n ge ,p a rti c u l a rly for thin len s e s . Sec-
on d , c ycl e - time is com prom i s ed sign i f i-
c a n t ly wh en working to high prec i s i on ,
s i n ce to avoid process instabi l i ti e s , less 
a ggre s s ive polishing para m eters must be 
a pp l i ed for pre s su re and vel oc i ty. This 
re sults in high er unit cost for lower 
vo lu m e s .

Com p a re the example in Ta ble 2,
wh i ch is similar to the example in Ta ble 1
except that  one of the two CNC po l i s h ers
has been rep l aced with one MRF ma-
ch i n e . The po ten tial for this com bi n a ti on
m ay not be immed i a tely obvi o u s , but the
determ i n i s tic MRF tech n o l ogy actu a lly
rel a xes and all evi a tes many of the requ i re-
m ents of the previous polishing steps in
the proce s s .

No ti ce the po ly u rethane polishing set -
up time has been redu ced from three
h o u rs to 1/2 hour, because it is far easier
to set up a CNC po ly u rethane po l i s h i n g
m achine to produ ce two - f ri n ge p-v opti c s
than to produ ce 1/4 fri n ge opti c s . Fu r-
t h erm ore , the CNC po ly u rethane po l i s h-
ing time has been redu ced to three min-
utes because high er speeds and pre s su re s
a re perm i s s i ble wh en producing two -
f ri n ge opti c s . And why is it accept a ble to
s et up the CNC po ly u rethane po l i s h er to
produ ce on ly two - f ri n ge optics wh en 1/4
f ri n ge optics are requ i red in the end? Be-
cause the MRF sys tem at the end of t h e
line is easily capable of correcting a typ i c a l

t wo - f ri n ge p-v gl obal error to 1/4 fri n ge in
a matter of m i nu te s ( F i g u re 2). An opera-
tor would interferom etri c a lly measu re the
l ens after po ly u rethane po l i s h i n g, a n d
feed the data map into the MRF sys tem
over a net work con n ecti on . At this poi n t ,
the MRF machine would go to work . In
f act , the CNC po l i s h er can be stabl e
en o u gh that the error on each lens is qu i te
repe a t a bl e ;t h erefore , depending on the fi-
nal figure requ i rem en t , m etro l ogy may be
perform ed on every fifth or tenth lens pri-
or to MRF.

F i g u re 1 is a com p a ri s on of these two
produ cti on-line scen a ri o s . The gra ph
s h ows that wh en MRF is used , s en s i tivi ty
to vo lume diminishes sign i f i c a n t ly, and in
a ll cases, the cycle time is bet ter with MRF.
This is due to dec re a s ed setup time and
c ycle time for each polishing step.

Th ere are many ad d i ti onal hidden co s t
adva n t a ge s . The skill level of the opera tor
on the CNC po ly u rethane po l i s h er can be
s i gn i f i c a n t ly lower because of the rel a xed
f i g u re requ i rem en t . None of the steps re-
qu i re soph i s ti c a ted ded i c a ted too l i n g, s o
tooling inven tory and costs are low, a n d
the sys tem of fers trem en dous flex i bi l i ty
f rom job to job. In fact , m odern CNC
po ly u rethane polishing machines inclu de
an integra ted tool correcti on capabi l i ty to
e a s i ly en a ble rad ius correcti on and faster
m achine setu p. In an indu s try that has
come to accept poor yi elds and ever-
ch a n ging produ cti on sch edu l e s , the MRF
s ys tem improves yi elds dra m a ti c a lly, pro-
viding stabl e , pred i ct a ble manu f actu ri n g
f l ow. This model pre s ents a com pell i n g
case for using MRF in normal opti c s
s h ops for normal opti c s . However, t h e
MRF line can do far more than produ ce
n ormal opti c s .

Magnetorheological finishing
M R F, a determ i n i s tic su b a pertu re finish-
ing proce s s , has significant fundamen t a l
adva n t a ges over CNC po ly u rethane po l-
i s h i n g. It uses a magn etorh eo l ogical po l-
ishing fluid to preferen ti a lly polish based
on dwell ti m e . Work p i ece su rf ace errors
a re ch a racteri zed and deconvo lved wi t h
an interferom etri c a lly determ i n ed re-
m oval functi on to cre a te dwell - time in-
s tru cti ons for the proce s s . The rem ova l
f u n cti on is ex trem ely stable because re-
m oval ra te correl a tes with fluid vi s co s i ty,
wh i ch is con ti nu o u s ly mon i tored and
con tro ll ed to 61 % . The MRF fluid form s
a polishing tool (approx i m a tely on e
s qu a re cen ti m eter) that is perfect ly con-
formal and capable of polishing high - pre-
c i s i on sph eres and flats, a s ph ere s , opti c a l
su rf aces with squ a re or rectangular aper-
tu re s , pri s m s , and even cyl i n d rical opti c s .

From the practical standpoint of a typ-
ical optics shop, the autom a ti on and flex i-
bi l i ty of the MRF process is most com-
pell i n g. Because the re - c i rc u l a ted po l i s h-
ing tool never du lls or ch a n ge s , t h e
process simu l a ti on is ex trem ely acc u ra te ,
and the typical machine opera tor can be-
come prof i c i ent in its use in a matter of
wee k s . Th ere is little to no ded i c a ted too l-
ing requ i red , so ch a n ging from one job to
a n o t h er is qu i ck and stra i gh tforw a rd . Fu r-
t h erm ore , in many cases the process may
be opti m i zed at the to u ch of a but ton . For
ex a m p l e , rem oval may be incre a s ed or de-
c re a s ed by va rying the magn etic fiel d ,t h e
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Figure 3. A typical optical window with a high as-
pect ratio. (Photo courtesy of QED Technologies.)

Figure 2. Interferograms of a 30-mm-diameter spherical lens after conventional polishing,and then after
a two-minute polishing run with MRF. (Source QED Technologies.)



polishing wh eel vel oc i ty or the depth into
the polishing flu i d . Excell ent re sults are
ach i eved on most materi a l s , i n cluding 
optical gl a s s e s , f u s ed silica and calciu m
f lu ori de .

High aspect ratio optics
Some of the most difficult jobs in the op-
tics shop invo lve optics with a diameter
that is sign i f i c a n t ly larger than its thick-
ness (gre a ter than 15:1). The difficulty of
polishing high aspect ra tio optics lies in
the fact that since they are mech a n i c a lly
f l ex i ble on an optical scale, wh en mount-
ed for po l i s h i n g, t h ey are of ten inadver-
ten t ly stre s s ed . For ex a m p l e , a thin plano
wi n dow (Fig. 3) is typ i c a lly mounted to a
ri gid base and po l i s h ed ex trem ely flat.
Upon rem oving the wi n dow from the
m o u n t , it retu rns to its stre s s - f ree state
and is no lon ger flat, s i n ce glass is perfect-
ly el a s ti c . This is parti c u l a rly tro u bl e s om e
wh en working to requ i rem ents of bet ter
than 1/2 fri n ge p-v. MRF is insen s i tive to
m o u n ting distorti on or deform a ti on du r-
ing po l i s h i n g. The re a s on is that the re-
m oval functi on is not very sen s i tive to the
depth the lens is immers ed into the flu i d ,
provi ded the depth va ri a ti on is on the or-
der of a typical mounting distorti on (a
few microm eters ) . With MRF, the cri ti c a l
el em ent of the process is the metro l ogy,
i . e . ,m etro l ogy must be taken in the stre s s -
f ree or as-used con d i ti on . The metro l ogy
is then fed into the MRF sys tem , wh i ch
uses the su b a pertu re tool to preferen ti a lly
polish the mapped high zones (as deter-
m i n ed by the metro l ogy ) , rega rdless of
m o u n ting distorti on .

This powerful MRF capabi l i ty may be
u s ed to polish thin len s e s , thin opti c a l
wi n dows su ch as thin-film filter su b s tra te s
for tel ecom mu n i c a ti on s , or even wafers
u s ed in microel ectronic app l i c a ti on s . An d
the metro l ogy may repre s ent anyt h i n g
ra n ging from su rf ace flatn e s s , to tra n s m i t-
ted wave fron t , to total thickness va ri a ti on
(TTV) or even optical thickness (mech a n-
ical plus optical path thick n e s s ) . A key
property of MRF is that is can prec i s ely
polish a nonflat shape as easily as it can
polish a perfect ly flat shape . This is very
u s eful for app l i c a ti ons su ch as po l i s h i n g
wi n dows to correct for material inhom o-
gen ei ty, phase plates for laser beam cor-
recti on , or even correcting misalign m en t s
found in mu l ti - el em ent optical sys tem s
a f ter assem bly by polishing the sys tem
correcti on into the outermost su rf ace and
re a s s em bl i n g.
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Ground on Schneider ALG 200 Polished on Q22 MRF system

F i g u re 4. An example of an aspheric lens surface with 400 mm of depart u re, tested with a computer- g e n e r-
ated hologram (CGH), p roduced on the Schneider ALG 200 and the QED Q22 MRF system in 30 minu t e s .

Figure 5.An example of the capability of the MRF raster tool to improve the figure of a Zerodur bar
(130 mm x 30 mm) from l/3 to l/25 p-v.

p-v 0.296l

p-v 0.038l



Aspheres
As ph eric optics provi de significant adva n-
t a ge s , i n cluding improved optical per-
form a n ce (redu ced aberra ti on s ) , i n-
c re a s ed tra n s m i s s i on , redu ced pack a ge
s i ze , wei gh t , and vo lu m e , and lower mate-
rial costs (one asph ere rep l aces two or
m ore sph erical opti c s ) . Because of t h e s e
s i gnificant adva n t a ge s , a s ph eres are to be
found in every app l i c a ti on for wh i ch they
can be manu f actu red . Ne a rly every newly
de s i gn ed infra red (IR) military sys tem
uses asph eres because of the matu ri ty and
perva s iveness of d i a m ond tu rn i n g, a n d
most high - vo lume optical con su m er
produ cts on the market tod ay use glass or
p l a s tic m ol d ed a s ph eric len s e s .

While manu f actu ring tech n i ques ex i s t
for IR and high - vo lume con su m er opti c s ,
most optics manu f actu ring tech n o l ogi e s
for high - prec i s i on vi s i ble asph eric opti c s
a re ex trem ely ex pen s ive . QED Tech n o l o-
gies (Roch e s ter, New York) and Sch n ei der
Optical Mach i n ery (Stef fen ber g, G er-
m a ny) have te a m ed to devel op a tu rn key
produ cti on - re ady soluti on for asph ere

m a nu f actu ring to en a ble glass asph eres to
become a cost ef fective and rel i a ble alter-
n a tive to sph erical optics in low- and
m ed iu m - vo lu m e , h i gh - prec i s i on app l i c a-
ti ons (Fig. 4 ) .

Prisms with the raster version
The most recent implem en t a ti on of M R F
tech n o l ogy en a bles polishing squ a re or
rectangular mirrors and wi n dows , pri s m s ,
and even cyl i n d rical optics by using a
ra s ter tool path.

Working the ed ges of n on - round com-
pon ents using conven ti onal po l i s h i n g
tech n i ques pre s ents a significant ch a l-
l en ge , because the polishing tool perform-
a n ce near the ed ges and corn ers of the op-
tic is unpred i ct a ble and of ten severely de-
grades flatn e s s .

By ra s ter scanning, i n s te ad  of ro t a ti n g
the work p i ece , a high - conver gen ce MRF
tool has been devel oped to perform fine
f i g u re and angle correcti on on pri s m s
( F i g. 5 ) . The ra s ter-scan machine uses a
f ive-axis CNC platform , a new sof t w a re
en gi n e , and adva n ced algori t h m s .

Summary
Before the introdu cti on of adva n ced CNC
tech n o l ogy, n ormal optics produ cti on was
a high ly labor- and skill - i n ten s ive proce s s .

Even tod ay, a ll over the world hand
grinding and polishing are the most com-
m on optics produ cti on tech n i qu e s . But
m ore and more small er companies are en-
j oying the ben efits that autom a ti on has to
of fer.

Ca p i t a l - i n ten s ive approaches level the
p l aying field for optics manu f actu rers of
a ll size s . As lot sizes go down from tens of
thousands to hu n d reds or tens of u n i t s
per mon t h , and prec i s i on requ i rem ents go
u p, with shops com m on ly needing to pro-
du ce 1/4 fri n ge opti c s , CNC equ i pm en t
com bi n ed with MRF can get the job don e
f a s ter, with less tooling and lower skill lev-
els than trad i ti onal manual approach e s .
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ing manager for QED Te c h n o l og i e s , R o c h e s t e r, N ew
Yo r k . Don Golini can be reached by e-mail at 
go l i n i @ q e d m r f . c o m . Gunter Schneider is pre s i d e n t
and Peter Flug is commercial director for Schneider
Optical Machinery, Steffenberg,Germany.

MAGNETORHEOLOGICAL FINISHING

24 Optics & Photonics News ■ October 2001

Ad IMC-Industrial Microphotonics Co


