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TUNED DAMPING SYSTEM FOR
SUPPRESSING VIBRATIONS DURING MACHINING

BACKGROUND OF THE I NTION

Field of the Invention

5 This invention relates to a damping system
for the suppression of vibrations created in machining
processes and, more particﬁlarly, to a damping system
for suppressing the free vibration and process
instability associated with the use of various boring

10 and cutting tools utilized in the machining arts.

' Description of The Background Art

Many types of damping systems exist in the

machining arts today for suppressing vibrations
associated with metal cutting. Metal cutting tools and

15 machining systems commonly exhibit detrimental
vibrations during their operation. ' These vibrations
can be classified into two types: (1) self excited
vibration known as "chatter"; and (2) free vibration of
the cutting tool due to a discontinuous cutting force

20 being exerted on the cutting tool, such as in the case
of an interrupted cut. Both types of vibration
commonly lead to undesirable cutting performances such
as poor workpiece surface finish and out of tolerance

‘. finished workpieces. Additionally, the cutting tools
25 and the machines can become damaged due to the
. undesirable vibrations.

The overall machining system is a dynamic
system of which multiple modes of vibration are
involved in its operation. These multiple modes of



fini shed workpi eces. Additionally, the cutting tools 25 and the

machi nes can becone damaged due to the undesirable vibrations. The overal
machi ni ng systemis a dynam c-system of which nultiple nodes of vibration
are involved in its operation. These nmultiple nodes of WO 96/ 37338

PCT/ US96/ 07151 -2- vibration can be classified by their dynam c stiffness.
The dynami ¢ st MX9483B8of a nachining systemis a nmeasure of tRETMWENMT7ISINg
systenis resistance to deformati on and the anmount of danping in that 5
particul ar node of deformation. |In the nmachiRBtng arts, the nost

dynam cally flexible node will dom nate the performance of the machining
system In situations susceptible to chatter, the dynamc stiffness of the
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st deformation and the amount of damping in that
5 particular mode of deformation. In the machining arts,
the most dynamically flexible mode will dominate the
performance of the machining system.
In situations susceptible to chatter, the
dynamic stiffness of the most flexible mode determines

10 the limit of stability for the overall system. 1In the
chatter susceptible system, the limit of stability is
the largest cut depth that can be cbtained without the
system becoming unstable and beginning to chatter.
However, in the free vibration situation, the most

15 dynamically flexible mode acts to contribute the
majority of the uncontrolled displacement in the
cutting tool position. This uncontrolled displacement
is the dominant contributor to surface irregularities
that occur in free vibration situations.

20 Certain machining system configurations
typically exhibit a dominant mode of vibration. This
‘dominant mode of vibration is significantly more
flexible than the other modes of vibration associated
with the particular system. This is commonly the case

25 ‘with long overhanging tools (tools with a high length
to diameter ratio) such as boring bars, long end mills,
modular tcols and tool extensions. Further, these
tools are often used in situations that are susceptible
to vibration problems occurring due teo interrupted

30 boring, like what would be experienced when boring the
cylinder of a two cycle internal combustion engine. 1In
such cases, the overall performance of the machining
system can be greatly enhanced by increasing the
dynamic stiffness of the dorinant mode of vibration.

35 There are several techniques for increasing
the dynamic stiffness of a machining system as taught
in the prior art. The aspect ratio of an over hanging



15 dynami cally flexible node acts to contribute the majority of the
uncontrol |l ed di splacenent in the cutting tool position. This uncontrolled
di spl.acenent is the dom nant contributor to surface irregularities that
occur in free vibration situations. 20 Certai n machi ni ng
system configurations typically exhibit a dom nant node of vibration. This
dom nant node WPBBBRtion is significantly nore flexi bl e thaRCTNSITAIY
nodes of vibration associated with the particular system This is conmonly
t he case 25 with | ong overhanging tools (300ls with a high length to
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addition, a dynamic vibration absorber may be added to
the system, with or without the application of the
above mentioned remedies.
A complete discussion of dynamic vibration
10 absorbers can be found in chapter 6 of the textbook
entitled, "Shock And Vibration Handbook”, authored by
Cyril M. Harris and Charles E. Crede and published by
McGraw-Hill Book Company (1961), the disclosure of
which is hereby incorporated by reference herein. A
15 dynamic vibration absorber can be tuned so as to
vibrate at a desired frequency as is taught in U.S.
Patent Nos. 3,838,936 and 4,553,884. Further, a
dynamic vibration absorber may be designed and tuned to
reduce the minimum dynamic stiffness of which a
20 machining system will dperate at in order to avoid
chatter, as is taught in U.S. Pat. No. 3,643,546.
However, the prior art damping systems have
many inadequacies which continue to limit the machining
art. The current dynamic vibration absorbers (damping
25 means) that are utilized-today in the industry only
provide a benefit in forced vibration applications
undertaken at a specific excitation frequency and,
therefore, do not effectively reduce either free
vibration or chatter. It can be shown that the optimum
30 tuning of a damping means is different for each of the
. | individual vibration cases.
In order to optimally suppress free vibration
- in interrupted cutting, the damping means should be
_ tuned to minimize the absolute value of the
35 "displacement versus force" transfer function for the
machining system'’s most dynamically flexible mode of
vibration. While providing maximum resistance to
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may be reduced. That is, the length-to-dianeter rati o may be reduced, but
this option is not always possible due to the geonetry of the cut required.
The body of the tool nmay be nmade of a stiffer material such 5 as
tungsten carbide or sonme other heavy netal. In addition, a dynamc
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3,643,546. Hovever, flexipdeomodet ofiavibirariopst ePbehdReal” part refers to
' the displacement that is in-phase with the force.
Further, it must be realized that the
machining system and the added damping means aggregate
to form a strong overall dynamically dependent system.
10 In other words, the addition of the damping means to
the machining system acts to strongly affect the
dynamic characteristics of the system. The effect is
not simply due only to the addition of the damping
means to the machining system but also due to the
15 significant mass of the damping means itself relative
to the effective modal mass of the machining system
(the damping means, however, must be of a relatively
large mass to have sufficient damping effect on the
machining system). Thus, the machining system and the
20 damping means may not be treated independently. 1In.
other words, the damping means cannot be tuned
separately apart from the machining system and then
added later. The simple addition of a damping means to
a machining system will affect the fregquency of the
25 modes to be dampened and, therefore, will lead to a
non-optimally tuned damping means.
Still further, any modification to the system
will strongly affect the optimum tuning of the damping
means, for example: the placing of a damped tool in a
30 different machine; the changing of the length of the
tool; the changing of the configuration of the damped
toocl in a modular tooling system; or the placing of the
dynamic damping means in a different location in the
machining system. In essence, the particular setup of
35 the machining system with the added damping means acts
to form a unique configuration which is optimally



many i nadequaci es which continue to limt the machining art. The current
dynam c vi bration absorbers (danpi ng 25 nmeans) .that are utilized today
i.n the industry only provide a benefit in forced vibration applications
undertaken at a specific excitation frequency and, therefore, do not
effectively reduce either free vibration or chatter. It can be shown that
fhe opti num 30WO%RYRRI ng of a danping means is different for XEFYS¥PBhe
i ndi vidual vibration cases. In order to optinmally suppress free vibration
in interrupted cutting, the danpi ng means shothd be tuned to mininize the
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5 damping means will require periodic retuning, the
damping means should be tuned while in position within
the machining system. Since some personnel responsible
for supervising the tooling or machining operation may
not be familiar with structural dynamic tuning, there

10 is a need for the damping means to be easily tunable
while in position within the machining system with the
use of only simple instructions and little or no prior
knowledge of_structural dynamic testing and tuning
methods.

15 Therefore, it is an object of this invention’
to provide improvements which overcome the
aforementioned inadequacies of the prior art damping
systems and provide an improvement which is a
significant contribution to the advancement of the

20 machining art.

Another object of this invention is to
provide a tunable damping system having a tunable
damping assembly and a tuner assembly which
automatically identifies the most dynamically flexible

25 mode of vibration of a machining system having the
added damping assembly configured and then procedurally
directs the tuning so as to increase the dynanic
stiffness of the most dynamically flexible mode.

Another object of this invention is to

30 provide a tunable damping system which the tuning and

. operation thereof requires little or no prior knowledge
of structural dynamic testing and tuning methods.

- Another object of this invention is to
provide a tunable damping system whereby the actual

35 tuning is electronically controlled and a user is
instructed on how to adjust the damping assembly so as
to be optimally tuned in either one or both of the



the displacenent that is in-phase with the force. Further, it nust be
real i zed that the nmachining system and the added danpi ng neans aggregate to
forma strong overal | dynam call'y dependent system 10 I n ot her words,
the addition of the danping neans to the machining systemacts to strongly
affect the dynam c characteristics of the system The effect is not sinply
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al so due to the 15 significant nmass of the danping neans itself
relative to the effective nodal nmass of the m@thining system (the danping
means, however, nust be of a relatively large nass to have sufficient |
danpi ng effect on the machining systen). Thus, the machi ning system and the
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therefore, will lead-to a non- optlna i n an Still further
any nodification to the syst MRIFHET ?P)ré&ﬁé %Fg‘léptl "P*b‘pﬁ AFnuni ng of
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different machine; EQEaBIEEE&fEhd”EJHI%d %Egkgdﬁéetéffwhich are
insensitive to the location of the tunable damping
assenbly, the damping assembly's effective modal mass,
and the effects caused by varying the configuration of
10 .~ the machining system. The damping assembly thereby
being allowed to be placed at any convenient location
within the tool, the tool extension, or'the tool taper
while still allowing sufficient movement of the tool in
the vibration mode to enable the tunable damping
i5 assembly to operate effectively. The ability to vary
the tool configuration, such as in modular tooling, .
without having to change the tuning procedure is also
provided for.
Another object of this invention is to
20 provide a tunable damping system that is conveniently
usable in the production environment thereby allowing
in situ tuning of the tunable damping assembly by the
machine operator or other personnel.
Another object of this invention is to
25 provide a tunable damping system that is to be utilized
in or on fixed or rotating tools such as boring bars,
end mills, modular tooling, tool extensions, spindles,
tool holders or fixed machine structures.
These objects should be construed to be
30 merely illustrative of some of the more prominent
features and applications of the intended invention.
Many other beneficial results can be obtained by
applying the disclosed invention in a different manner
or by modifying the invention within the scope of the
35 disclosure. Accordingly, other objects and a more
comprehensive understanding of the invention may be
obtained by referring to the summary of the invention,



tool; the changing of the configuration of the danped tool in a nodul ar
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accompanying drawings.
5 o SUMMARY-OF THE INVENTION

The invention is described by the appended
claims with the specific embodiment shown in the
attached drawings. For the purposes of summarizing the
invention, disclosed is a tunable damping assembly

10 suitable for mounting in a metal cutting tool such as a
boring bar, an end mill, a modular tool or a tool
extension, and an associated tuner assembly having a
prescribed tuning procedure. The tuner assembly is
used to control the tuning of the tunable damping

15 assembly by increasing or decreasing the overall
dynamic stiffness of the machining system in its most
flexible mode of vibration. '

The tunable damping assembly is designed such
that its damper mass can be removably fixed to the

20 machining system. The natural frequency of the tunable
damping assembly alone can be increased to a frequency
much greater than the frequency of the machining
system's most dynamically flexible mode. The tunable
damping assembly can be locked, thereby rendering it

25 ineffective so as to allow determination of the
machining system's most dynamically flexible mode of
vibration. The most flexible mode of vibration must
first be determined in order to allow the proper tuning
of the tunable damping assembly.

, 30 A tuner assembly is alsoc utilized in the
determination of the most flexible mode of vibration
- and thereafter it directs the tuning of the tunable

damping assembly. The tuner assembly consists of
vibration sensors, a microprocessor to acquire the data

35 sensed by the vibration sensors and to thereafter
process that data so as to identify vibration



15 Therefore, it is an object of this invention to provide

| nprovenents which overcone the af orenentioned i nadequaci es of the prior
art danping systens and provide an i nprovenent which is a significant
contribution to the advancenent of the 20 machi ning art. Anot her object
of this invention is to provide a tunable danping system having a tunable
danpi ng assenbMPR@B38 t uner assenbly which automatical |y i de RCTAOS260751e
nost dynamically flexible 25 node of vibration of a machining system
havi ng the added danpi ng assenbly configured-and then procedurally directs
the tuning so as to increase the dynam c stiffness of the nost dynamically
fl exi bl e node. Another object of this invention is to 30 provide a

t unabl e danpi ng sysfem which the tuning ang operation thergof uires

little or no prior %Fé%iW&ﬁi; Q§FF§ 8raFgﬁ§n5ﬂ1Q??Qﬁﬁﬂyh64£ﬁ8 tgh?ng

met hods. Anot her obtuningﬁpndueﬂurmuentlon is to prOV|de a tunabl e danpi ng

system whereby the actual 35m Eg gém ¥ téégg ﬁscggﬁb?kggg gpd a
ust t n€

user is instructed on how to a asse
optimally tuned in %l@?ﬁﬁe¥nﬂ?ﬁﬁ qaﬁFﬁeBFb¥ﬁéma e of a hlgh density

5 material such as tungsten or other heavy metal) held to
the system by elastomeric supports. When mounted
inside a tool such as a boring bar or an end mill, the
damper mass may conveniently be cylindrical with the
elastomeric supports at either end of the mass.

10 Toroidal elastomeric supports may be used with a
cylindrical damper mass and generally common O-rings
are used of which are easy to replace. When used in a
non~-rotating application, the damper mass and
elastomeric supports may be of any convenient shape.

15 During the process of tuning the tunable
damping assembly, the elastomeric supports are
interacted with so as to vary the stiffness of the
tunable damping assembly. Stiffening of the tunable
damping assembly is accomplished by the compression of

20 the elastomeric supports. Further, the damper mass can
be locked in position thereby, in effect, fixing it to
the system. This is accomplished by either rigidly
clamping the mass to the base system or by sufficiently
increasing the stiffness of the elastomeric supports so

25 as to provide an essentially rigid connection.

An important feature of the present invention
is that the tunable damping system includes a tunable
danping assembly and a tuner assembly of which can
automatically identify the most dynamically flexible

30 mode of vibration of a machining system and then
procedurally direct the tuniné thereof so as to
increase the minimum dynamic stiffness of the most
dynamically flexible mode in order to reduce vibration

. in the cutting head. . .

35 Another important feature of the present
invention is that the tuning of the tunable damping
assembly is electronically controlled and a user is.
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foll owng cases: (1) the case of mninmumresponse due to free vibration,
and (2) the case of maxinmum stability and resistance to chatter. Another
object of this inventionis to 5 provi de a tunabl e danpi ng system
having a tuning capability and tuning procedure of which are insensitive to
the | ocati on oWQ%87BBnabl e danpi ng assenbly, the danpi ng assdfVipIe07151
effective nodal nass, and the effects caused by varying the configuration

of 10 t he machi ning system The danpi ng&ssenbly thereby being all owed
to be placed at any convenient |ocation within the tool, the tool
extension, or the tool taper while still allow ng sufficient novenent of
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t he production enviF8n£€ﬁF Yﬁ§$8t§g%fI%an )i L?iFGSFuﬁ'nﬁaﬁfm e tunabl e
danpi ng assenfiy bysthbility and resistance to chatter.

Another important feature of the present
invention is that the tunable damping assembly has a
tuning capability and tuning procedure of which are
insensitive to its location on the cutting tool, the

10 damping assembly's effective modal mass, and the
effects caused by varying the configuration of the
machining system. The tunable damping assembly is
thereby allowed to be placed at any convenient location
within the tool, the tool éxtension, or the tool taper

15 while still allowing sufficient movement of the tool in
the vibration mode to enable effective operation. The
ability to vary the tool configuration, such as in
modular tooling, without having to change the tuning
procedure is an important feature which is provided for

20 in the present invention. :

The foregoing has outlined rather broadly,
the more pertinent and important features of the
present invention. The detailed description of the
invention that follows is offered so that the present

25 contribution to the art may be more fully appreciated.
Additional features of the invention will be described
hereinafter. These form the subject of the claims of
the invention. It should be appreciated by those
skilled in the art that the conception and the

30 disclosed specific embodiment may be readily utilized

. as a basis for modifying or designing other methods and
structures for carrying out the same purposes of the

. . present invention. It should be realized by those
skilled in the art that such equivalent methods and

35 structures do not depart from the spirit and scope of
the invention as set forth in the appended claims.
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OF THE | NVENTI ON  hature Ad bch of %ﬁe invention, reference shau "
be directed to the following description taken in
5 conjunction with the accompanying drawings in which:

Fig. 1 is a partial cross sectional view of
the tunable damping assembly as utilized in a modular
tooling head, the damper mass and other various
components that form the damping assembly are shown in

10 their relative positions to each other; -

Fig. 2 is a partial cross sectional view of
the tunable damping assembly as utilized in an end
mill, the damper mass and other variocus components that
form the damping assembly are shown in their relative

15 positions to each other; ' '

Fig. 3 is a system diagram showing the
machine structure, the cutting tool having the damping
assembly within, the vibration sensor, the force impact
hammer and the tuner assembly in their tuning setup:

20 Fig. 4 is a flow chart illustrating the steps
performed in the tuning procedure as directed by the
tuner assembly:

Fig. 5a is a graphical representation of the
magnitude transfer function measured in the free

25 vibration mode for a typical system not having a
tunable damping assembly:; '

Figs. 5b and 5c are graphical representations
for the same system as measured in Fig. 5a after having
added an optimally tuned tunable damping assembly;

30 Fig. 6a is a graphical representation of the
Real transfer function of a typical system as measured
in the self excitation mode (chatter mode) while not
having any tunable damping assembly incorporated
therewith; _

35 ' Figs. 6b and 6c are graphical representations
of the same system as measured in Fig. 6a after having



The invention is described by the appended clains with the specific

enbodi nent shown in the attached draw ngs. For the purposes of sunmari zi ng
t.he invention, disclosed is a tunable danping assenbly 10 sui table for
nmounting in a netal cutting tool such as a boring bar, an end mll, a
nmodul ar tool or a tool extension, and an associ ated tuner assenbly having a
prescri bed tun™MRP6FiBBedure. The tuner assenbly is used to corRGIBIS9¢/4aS1
tuni ng of the tunable danping 15 assenbly by increasing or decreasing
the overall dynamc stiffness of the nmachini nglsystemin its nost flexible
node of vibration. The tunabl e danping assenbly is designed such that its
danper nass can be renovably fixed to the 20 machi ni ng system The
natural frequency of the tun e al one can .be increased to
a frequency nuch gr &t &% ‘H‘%?ﬁtiy fggqggﬂ%f%ﬁ?’?{%‘%cﬁﬁﬁﬁ ) ¥syst eni s nost
dynam cal |y fl exi bl einmdmporatied thexbivétbanpi ng assenbly can be | ocked,
thereby rendering it 25 | t a t he
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fl exibl e node of vi RaKY thSeSGE?E?%dﬁ%&P??Forder to allow the

proper tuning of the tunable_danplng assenbly. 30 A tuner
assenbly is al$o utilized in LED DESCRIPTION OF THE INVENTION

_ In referring to Fig. 1, a partial cross
sectional view of the tunable damping assembly 1 of the
present invention is shown as utilized in a modular
tooling head 2. The modular tooling head 2 includes a
10 first portion 3 having an open internally threaded end
3a and a second end 3b. An integral mounting stud 4
extends centrally outward from the second end 3b of the
first portion 3. The mounting stud 4 has external
threads 4a to threadingly engage a modular tooling base
15 system.

A second portion 5 having one end 5a and an
externally threaded open end 5b is attached to the
first portion 3. The second portion 5 is attached by
way of the externally threaded open end 5b being

20 threadingly engaged with the open internally threaded
end 3a of the first portion 3. A central cavity 6
having a concave closed end 6a is located within the
second portion 3. The first portion 3, when engaged
with the second portion, acts to enclose the central

25 cavity 6. Additionally, the second portion 5 has a
tool holder 7 coupled at its one end 5a of which
retains a cutting insert 8.

The tunable damping assembly 1 includes a
damper mass 9 having a first and second conical end, 9a

. 30 and 9b respectively. The damper mass 9 is preferably
made of a dense heavy metal material such as tungsten

. or the like and is generally cylindrical in shape. The
damper mass 9 generally has a danmper mass to effective
system modal mass ratio in the range of 10 to 60

35 percent. The damper mass 9 is supported at each first
and second conical end 9a and 9b by respective first



determ nation of the nost flexible node of vibration and thereafter it
directs the tuning of the tunabl e danping assenbly. The tuner assenbly
consi sts of vibration sensors, a mcroprocessor to acquire the data 35
sensed by the vibration sensors and to thereafter process that data so as.
to identify vibration WD 96/ 37338

PCT/ US96/ 07151 W96/ r nat i on needed in order to properly di rRCRUI9G07151
tuni ng procedure. The tunabl e danpi ng assenbly is conprised of a danper
mass (preferably made of a high density 5 =13mterial such as tungsten or
ot her heavy netal) held to the system by el astoneric supports. When nount ed
I nside a tool such as a boring bar or an end mll, the danper nmass may

iently be cylipgri i i | ' f
The mse. 1 YopRigaplend qractine? o sappLLe HAPAIE Fp Hechthn €6 ©

cylindrical danper REBSTahcakitsr £- y TBeMFdAS. ?T‘%g%ee%ﬁ"éi lastemegicch are
easy to replace. Wgipp6£ts | 102 aid-10®! AreNPraPBLaNRy | 1) tH Ecdames Mass
and el astomeric supporl s, MY, 0813k 3M6-304EM eBf SId&iar, it is
5 preferred that these o-ringseare made of a high damping
polymer such as SBR or Viton rubber. The first and
second elastomeric supports 10a and 10b are of a
slightly smaller outside diameter than the inside
diameter of the central cavity 6 so as to facilitate

30 ease of placement therein.

A sliding jaw 11 having a concave engaging
face 1lla and a flat planar backside 1l1lb is also
contained within the central cavity 6. The first
elastomeric support 1l0a remains interposed between the

15 first conical end 9a of the damper mass 9 and the
concave engaging face lla of the sliding jaw 11. The
second elastomeric support 10b remains interposed
between the concave closed end 6a of the central cavity
6 and the second conical end 9b of the damper mass 9.

20 The concave engaging face lla of the sliding jaw 11 and
the concave closed end 6a of the central cavity 6 both
have included angles that are greater than that of the
first and second conical ends 9a and 9b of the damper
mass 8. The sliding jaw 11 serves to affect the tuning

25  of the tunable damping assembly 1 by increasing or
decreasing the pressure exerted on the first and second
elastomeric supports 10a and 10b which results in
either stiffening or loosening the damper mass 9
supported therebetween. _

30 This particular configuration provides for
the radial compression of the first and second
elastomeric supports 10a and 10b by motion of the
sliding jaw 11 along the longitudinal axis of the
damper mass 9. This configuration also provides for an

35 automatic self-centering action thereby retaining the
damper mass 9 in the center of the central cavity 6.



15 ' During the process of tuning the tunable danpi ng assenbly,
the el astoneric supports are interacted wwth so as to vary the stiffness of
the tunabl e danpi ng assenbly. Stiffening of the tunable danpi ng assenbly is
acconpl i shed by the conpression of 20 the el astoneric supports.

Further, the danper nmass can be | ocked in position thereby, in effect,
fixing it to t NOMBIBE8M This is acconplished by either rigi dBCTASAGHIISY
the mass to the base systemor by sufficiently increasing the stiffness of
the el astoneric supports so 25 as to prowite an essentially rigid.
connection. An inportant feature of the present invention is that the
tunabl e danpi ng system i ncl udes a tunabl e danpi ng assenbly and a tuner

assenbly of which can aut omat, lay ti t .cal f i bl e
30 node of vibration of 5“@@%%%#%%E éyé%%ﬁggﬁggﬁ%é%*ggg%%gﬁ%éﬁléfgirect

the tuning thereof %% e tHidintedaw ﬂgeaﬁ$ﬁFhﬁwﬁQBQRNﬁ(9%9%%@:ﬁ§§s56f°fhe
most dynani cal |y flehe entiale davieyder haver eilter andrsddona istophe cutting

' that “the tuni ng BFSEN e PR ae8, e SRathg Son et Sy "
controll ed an8l a ustherefrom respectively. These stop portions l2a and
12b are sized such that the damper mass 9 is rigidly
gripped and effectively locked to the base system when
the tunable damping assembly 1 is very tightly tuned at
a setting in which the first and second elastomeric
10 supports 10a and 10b are greatly compressed.
' If additional damping is needed, the central
cavity 6 may be partially filled with a dampening fluid
that exhibits thermally stable properties and has a
high viscosity. The dampening fluid will provide any
15 additional damping that may be needed to éupplgment
that supplied by the first and second elastomeric
supports 10a and 10b. - Partially £illing the central
cavity 6 serves to decrease the central cavity 6 volume
as would be the case when the first and second
20 elastomeric supports 10a and 10b are compressed.

The tuning of the tunable damping assembly 1
is affected by motion of the sliding jaw 11 along the
longitudinal axis of the damper mass 9. This sliding
motion is resultingly produced by a tuning screw 13

25 that is threadingly engaged with a side bore 13a in the
first portion 3. The tuning screw 13, when adjusted by
turning clockwise or counterclockwise, exerts a force
on a tuning cam 14 of which is slidably positioned in
the side bore 13a. The tuning cam 14 is generally

30 cylindrical in shape and has a wedge portion 14a

. thereon. This tuning cam 14, in turn, exerts a force
on a push ball 15 that resultingly moves through a

. central hole 15a located in the open internally
threaded end 3a of the first portion 3. The push ball

35 15 is in constant contact with the wedge portion 1l4a

' thereby moving in cooperation therewith. The push ball
15 is simultaneously in contact with the flat planar
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I nstructed on how to adjust the danping assenbly so as to be optimally
tuned in either one or both of the follow ng cases: (1) the case of m ni num
response due to free vibration, and (2) the case of maxinmum5 stability
and resistance to chatter. Another inportant feature of the present
i-nvention is tIW@93e8t unabl e danpi ng assenbly has a tuni ng cHSEFISPFNSIand
tuni ng procedure of which are insensitive to its location on the cutting
tool, the 10 danpi ng assenbly's effectiveldrodal nass, and the effects
caused by varying the configuration of the machining system The tunable
danpi ng assenbly is thereby allowed to be placed at any conveni ent | ocation

within the tool, the tool ,extension, or .the topl taper 15 whi | il

BT owing suf £1¢i ent BRESSHARI LEF b Enea 1Aang 182 t: B at i DS ila SLARLRY o
effective operationja¥htlabesulyingly aoyeshalongl thenlongitudinal axdd af in
modul ar tooling, W thQuiahgyt %%é;fﬁ%ﬂ&%sbﬁﬁsé%b e&r Sdrewviia

i nportant feature whig¢h is_provi for 20 in the present |nvention.
The foregoi ng has oBBFPEeAUEHRA- broadly, the nore pertinent and inportant
features of tise Now, in referring to FIG. 2, an alternate

embodiment of the tunable damping assembly 1 is shown
as utilized in an end mill 16.° The end mill 16
includes a shank portion 16a having one end 16b. The
end mill 16 is preferably made of a stiff metallic

10 material such as tungsten carbide or the like. A
reduced diameter portion 16c is integral with and
extending outward from the one end 16b of the shank
portion 16a. The reduced diameter portion 16c includes
a concave end 164 of which is opposite the shank

15 portion 16a. A cylindrical hollow portion 17, .having
an inside diameter slightly larger than the outside
diameter of the reduced diameter portion. 16c, is press
fitted thereover. The addition of an epoxy structural
adhesive can be added if necessary. The cylindrical

20 - hollow portion 17 includes an internally threaded open
end 17a. The cylindrical hollow portion 17 in
combination with the concave end 164 of the reduced
diameter portion 1lé6c defines a damper cavity 18.

The defined damper cavity 18 contains a

25 damper mass 19 of which is preferably made of a dense
heavy metal material such as tungsten or the like. The
damper mass 19 is generally cylindrical in shape having
first and second conical ends, 20a and 20b
respectively. The damper mass 19 is supported in the

30 damper cavity 18 by first and second elastomeric
supports 2la and 21b at the first and second conical
ends 20a and 20b respectively. The first elastomeric
support 2la is interposed between the first conical end
20a of the damper mass 19 and the concave end 164 of

35 the reduced diameter portion 16c. A sliding jaw 22
having a concave engaging surface 22a and a flat planar
backside 22b traps the second elastomeric support 21b



present invention. The detailed description of the invention that follows
Is offered so that the present 25 contribution to the art may be nore
f.ully appreciated. Additional features of the invention will be described
herei nafter. These formthe subject of the clainms of the invention. It
shoul d be appreciated by those skilled in the art that the conception and
the 30 di sWOSERW& peci fic enbodi ment may be readily util i PEATETIY 5| s
for nodi fying or designing other nmethods and structures for carrying out

t he same purposes of the present invention. -#5-should be realized by those
skilled in the art that such equival ent nmethods and 35 structures do
not depart fromthe spirit and scope of the invention as set forth in the
appended cl ai ns.

WO 96/ 373 .
PCT/ US96/ 07151 - 10-“%@%—”}%3%%%??6@6:%%%%&%% FifoB™PEE i nct
under-st andi ng of teasatlifr.e Jink conesave ehgaping rswrface, 22acfoft dohee shoul d

be directed to the {pid O RGWOICHERRIAE {AKEONEdLD wn-rnca{a' Wifdon@h W th
t he qgconpanylng drgwgéggaégic shF : Elgib? |%hg. arpéa ‘fross %Fctlonal
Vi ew of ppor irst and secon
5 elastomeric supports 2la and 21b are preferably in the
form of commonly available O-rings gade from a highly
damped polymer such as SBR or Viton rubber. Similarly
as in the first embodiment, this configuration also
provides for the radial compression of the first and
10 second elastomeric supports 2la and 21b by motion of
the end mill sliding jaw 22 along the longitudinal axis
of the damper mass 19. In addition, this configuration
also provides for an automatic self-centering action
which thereby retains the damper mass 18 in the center
15 of the damper cavity 18. )

The 91iding jaw 22 is positioned within the
damper cavity 18 and is utilized to effectuate the
tuning of the tunable damping assembly 1. In this
‘embodiment of the end mill 16, the sliding jaw 22 is

20 secured in position by a clamping means after being
tuned. This clamping means is most preferably supplied
by a clamp screw 23 of which is threaded through the
cylindrical hollow portion 17 adjacent the sliding jaw
22. The clamping screw 23 contacts the sliding jaw 22

25 and is tightened to secure the sliding jaw 22 within
the damper cavity 18 thereby preventing the sliding jaw
22 from moving.

As a means for locking the damper mass 19 to
the base system and thereby disabling the tunable

30 damping assembly 1 so as to determine the most

- dynamically flexible mode of vibration, the concave
engaging surface 22a of the sliding jaw 22 and the

. concave end 16d of the reduced diameter portion 16c
have respective first and second stop portions 24 and

35 25 of which serve to grip the damper mass 19 upon very
tight tuning.



t he tunabl e danpi ng assenbly as utilized in a nodul ar tooling head, the
danper nmass and ot her various conponents that formthe danping assenbly are
shown in 10 their relative positions to each other; Fig. 2 is a partial
cross sectional view of the tunable danping assenbly as utilized in an end
mll, the danper mass and ot her various conponents that formthe danpi ng
assenbly are sMO6/3I8t heir rel ative 15 positions to each Pm%ﬁlg. 3
is a system di agram showi ng the machi ne structure, the cutting tool having
t he danping assenbly within, the vibration sd8sor, the force inpact hamer
and the tuner assenbly in their tuning setup; 20 Fig. 4is a
flow chart illustrating the steps perfornmed in the tuning procedure as

directed by he Luner assorly e BBt B s el Hheh" paktloSa o g g o,
for a typical systewbtmd kentrgladyt onbiwhed derg theasonchive; efiigiédSat and 5S¢
S ter hving added o gaCUees, Hibmes rfﬁﬂ%%?ﬂ‘ff’@?ﬁ‘g”&%%ﬁ%ﬁﬂﬁ*’ag' o o
Fig. 6a is a graphi®FaGEG SYEARER| 832 0PT t FRe rldiadaieR2f unction of a
typi cal systesn as nesspectdvely. These first and second stop portions 24

and 25 are sized such that at a very tight tuning of

the tunable damping assembly 1 the damper mass 19 is

effectively rigidly clamped to the base systemn.

If additional damping is needed, the damper

10 . cavity 18 containing the damper mass 19 may be
partially filled with a dampening fluid that exhibits
thermally stable properties and has a high viscosity.
The dampening fluid will provide any additional damping
that may be needed to supplement that supplied by the

i5 . first and second elastomeric supports 2la and 21b.
Partially filling the damper cavity 18 serves to
decrease the damper cavity 18 volume as would be the
case when the first and second elastomeric supports 2la
and 21b are compressed.

20 The tuning of the tunable damping assembly 1
is effectuated by movement of the sliding jaw 22 along
the longitudinal axis of the damper mass 19. This
movement is produced by a tuning screw 26 that is
threaded axially through a removable tuning fixture 27.

25 The tuning fixture 27 is threadingly coupled with the
internally threaded open end 17a of the cylindrical
hollow portion 17 thereby aligning the tuning screw 26
with the sliding jaw 22. The tuning screw 26 moves
along the longitudinal axis of the damper mass 19 as it

30 is adjusted during the tuning procedure. The tuning
screw 26 remains in contact with the flat planar
backside 22b of the sliding jaw 22 until the clamp
screw is tightened thereby securing the sliding jaw 22
in a tuned position and the tuning fixture 27 is

35 subsequently removed. The tuning fixture 27 is
replaced by a cutting head to perform various cutting
tasks. Most preferably the tuning fixture is sized



in the self excitation node (chatter node) while not having any tunable
danpi ng assenbly incorporated therew th; 35 Figs. 6b and 6¢C

are graphical representations of the sane systemas neasured in Fig. 6a
after having WD 96/ 37338

PCT/ US96/ 07151 -11- an optinally tuned tunabl e danpi ng assenbly
i'ncorporated t NQWRHHIBY., Sinilar reference nunmerals refer to siRAINUSP6MAYASY S

t hroughout the several figures. 5 DETAI LED DESCRI PTI ON OF THE
INVENTION In referring to Fig. 1, a partial -W7ess sectional view of the
tunabl e danping assenbly 1 of the present invention is shown as utilized in
a nodul ar tooling head 2. The nodul ar tooling head 2 includes a 10

3b. ANt ogr al ot P s, ReReo ddsVEER AT\ SR G HE second
end 3b of the firstoytrinorhehd Boe asotnt sigulatel thégsresdamrenaf theeads 4a
to threadingly engaggetl P Hdal u?An"EnB2Eenimy prodesd em
. - In referring to Fig. 3, a system diagram is
S shown revealing +the machine structure 28, a cutting
tool 29 having a cutting end 30a, a vibration sensor
30, a force impact hammer 31, a tuner assembly 33 and
various cabling 32 in a tuning setup configuration.
The cutting tool 29, which contains the tunable damping

10 assembly 1, is mounted on the machine structure 28.
Next, a vibration sensor 30 is attached to the cutting
tool 29 near the cutting end 30a so as to sense the
vibrational motion of the cutting tool 29. This
vibration sensor 30 may be in the form of many commonly

15 known sensors such as a piezo crystal based force
hammer, a capacitance displacement probe, an
inductance/eddy current displacement probe, an optical
reflectance probe or an accelerometer. It is most
preferred, however,. to use an accelerometer.

20 The vibration sensor 30 can be attached to
the cutting tool 29 by the use of screws, adhesives or
magnetical means. Alternatively, the vibration sensor
30 may be permanently embedded in the cutting tool 29
and be supplied with removable electrical connections

25 for the cabling 32. The force impact hammer 31 is
utilized to supply a force input to -the system by way
of striking the cutting tool 29 therewith. The
vibration sensor 30 and the force impact hammer 31 are
connected to the tuner assembly 33 by the cabling 32

30 and may be preconditioned by signal amplifiers or other

. appropriate signal processing hardware.
The tuner assembly 33 includes an Analog-to-
. Digital converter 34 (A/D) so as to convert any sensed
signals from their analog form to a digital data form.

35 The manipulation of and calculations with the converted
digital data are performed by a microprocessor 35. The
tuner aséemhly 33 may be a dedicated micro-processor



A second portion 5 having one end 5a and an externally threaded open end 5b
Is attached to the first portion 3. The second portion 5 is attached by way
of the externally threaded open end 5b being 20 t hreadi ngl y engaged
with the open internally threaded end 3a of the first portion 3. A central
cavity 6 having a concave closed end 6a is |located within the second
portion 5. Thewpbigs8133®orti on 3, when engaged with the second POTUS®MA7IShCt S
to encl ose the central 25 cavity 6. Additionally, the second portion 5
has a tool holder 7 coupled at its one end S8of which retains a cutting

i nsert 8. The tunabl e danping assenbly 1 includes a danper nmass 9 having a
first and second conical end, 9a 30 and 9b respectively. The danper

mass 9 is preferab d a n hea t terial_such as_tuyngsten
or “the |1kb and | sP8sRar Syfyed A4 R A5 e ERSed® ail £ nehe Geles

general |y has a dappEposessystemisua iage asperennabdzompniar + atlhe itunele
range of 10 to 60 gasemblPeif¥iso iHAudREPAr u8BS SivcdPEd Y.l edndls each

first and second cgnygalnend 3% ! Rule’ RGN 'S comniRi22E373%
5 an interact with the system. The communications

- between the operator and the system consist generally
of input to the tuner assembly 33 dictating which type
of tuning to perform, free vibration or chatter
avoidance, and the number of measurements to average

10 which improves the signal to noise ratios in the
measurements.
Further, the user interface 36 conveys
information to the operator from the tuner assembly 33
such as when the dominant mode of vibration (the most
15  dynamically flexible mode) has been located, and the
proper tuning action which is required to be
implemented. As such, the user interface 36 includes a
means for the operator to input data such as a key pad
or a touch sensitive screen, and a means to relay
20 information back to the operator such as a light systenm
or, as preferred, an alpha/numeric display.
The microprocessor 35, is capable of

. synchronously sampling two sensor signals and

performing Fourier Transform mathematical manipulations

25 on those signals. The microprocessor 35 also controls
the dynamic mode identification procedures for
determining the most dynamically flexible mode of
vibration for the system with the cutting tool 29
configured. These manipulations may be done on a

30 hardware type dedicated system or, as preferred, by way
of software operating in a more general purpose
microprocessor 35.

Referring now to FIG. 4, a flow chart

illustrating the steps performed in the tuning

35 procedure as directed by the tuner assembly is shown.
The flow chart is subdivided, for clarity, into several
different areas. The flow chart is divided vertically



-12- and second el astoneric supports 10a and 10b within the central cavity
6. The first and second el astoneric supports 10a and 10b are preferably in
t.he formof comonly available Orings. In particular, it is 5

preferred that these Orings are made of a high danping pol yner such as SBR
or Viton rubber. The first and second el astomeric supports 10a and 10b are
of a slightly woueésm38 out si de di aneter than the inside di anet @T/U$960MES1
central cavity 6 so as to facilitate 10 ease of placenent therein. A
sliding jaw 11 having a concave engagi ng faeca9lla and a flat planar
backside 11b is also contained within the central cavity 6. The first

el astoneri c support 10a remains interposed between the 15 first conical
end 9a of the danper nass 9 and the concave engagi ng face 1la of the
sliding jaw 11. Thenkscdhres £olynpsi c"WHIREIr TRskalvaiisemdatgofede

bet ween the concaveadxeseGraOniereprbbessenttadxHayvi ithe opadtatbe tesrsd

conical end 9b of the r 9. The co Ve i face lla
of the sliding j awa%le %@%%}g@%é%ggvgg%:oxg%%t g?led %?mﬁ?fg.%ggﬁﬁgal cavity 6
bot h shave i ncl uded eneyadon hatadis §upangrthe dfunaklke ganping pssenbhy 1.
second cani cag endspiia witd Interrhbe €asSRErcoREmn A ishe wld ding jaw 11

serves to affect tr&%&ﬁﬂﬂfg%tions that take place between the operator,

vibration sensors 30 and the tuner assembly 33. The
microprocessor task column lists the tasks that are
preformed internally in the microprocessor. The flow

10 chart is also subdivided into the dominant mode tasks
37 included in which are those tasks involved in
identifying the dominant mode of vibration (the most
dynamically flexible mode) of the system and the tuning
tasks 38 included in which are those tasks associated

15 with the tuning of the tunable damping assembly to
suppress the identified dominant mode of vibration.

In following the flow chart in Fig. 4 along
with the discussion that is to follow, the procedure
for tuning the tunable damping assembly 1 can be more

20 readily understood. For‘describing the operation, the
end mill 16 will be used. The operator sets the tuning
" mode, step 39, for either free vibration or chatter
avoidance using the user interface 36, step 40. The
operator then sets the number of measurements desired
25 to be averaged for noise rejection, step 41. Step 41
may be eliminated by internally setting the
microprocessor 35 with the number of measurements
desired to be averaged or by setting the microprocessor
35 so as not to average at all. . Next, the operator
30 ~ attaches the vibration sensor 30 near the cutting end
. 30a of the cutting tool 29 while the cutting tool 29 is
_ mounted in the machine structure 28, step 42. The
. operator then is to lock the damper mass 19 by tuning
the tunable damping assembly 1 to .its most rigid
35 setting, step 43. This will lock the damper mass 19
between the first and second stop portions 24 and 25 or
simply compress'the first and second elastomeric



25 of the tunabl e danping assenbly 1 by increasing or decreasing the
pressure exerted on the first and second el astoneric supports 10a and | ob
which results in either stiffening or |oosening the danper nass 9 supported
t her ebet ween. 30 This particular configuration provides for
the radial conpression of the first and second el astoneric supports 10a and
10b by noti on wodshesss!| i ding jaw 11 al ong the | ongitudi nal axPCTOR0ONES1
danper mass 9. This configuration also provides for an 35 automati c
self-centering action thereby retaining the-2xmrper mass 9 in the center of
the central cavity 6. WO 96/ 37338

PCT/ US96/ 07151 -13- Additionally, the concave engagi ng face 1la of the

sliding jaw 11 and the concave cl osed %%% Qa , of &he central cavity 6 have
first and second sEUBPREFEi &IR ansh 2iRy st igieBhi¥ ngocEFaHe out ward 5
t heref rom r espect i vébyatidheasedsta) fher thunablé2dampiing 2dssembly 2edosach
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vibration of the system.
5 With the damper mass 19 now locked, the
operator is to provide an excitation force to the
cutting tool 29 by striking tﬁe cutting tool 29 near
its cutting end 30a with the force impact hammer 31,
step 44. The vibrations now present in the cutting
i0 tool 29, caused by the excitation force and sensed by
the vibration sensor 30, are thereby transformed into
corresponding analog signals and then converted to
digital data, step 45. The digital data is then
recorded by the microprocessor 35, step 46. Preferably
15 the signals are sampled simultaneously and the sampling
is triggered from the input of the force impact hammer
31. The microprocessor 35 then tests the recorded data
for acceptability, step 47.
Testing for acceptability can be done using
20 several different methods such as evaluating the time
domain signal representing the force impact hammer's 31
impact with the cutting tool 29 so as to see if there
was a multiple impact or, most preferably, by examining
the sensed vibrational response of the cutting tool 29
25 -in the frequency domain and verifying that there is
sufficient spectral content at all frequencies of
interest. 1If the recorded data is determined to be
unacceptable the user interface 36 will indicate to the
operator that a reapplication of the excitation force
30 is required, step 48. If the recorded data is
determined to be acceptable, the transfer function of
the vibrational displacement-vs—-impact force is
evaluated, step 49.
This transfer function can be in terms of
35 acceleration, velocity or displacement. Any of these
forms can be readily converted mathematically to the
other. The evaluation is most preferably carried out



a setting,in which the first and second el astoneric 10 supports 10a and
10b are greatly conpressed. |If additional danping is needed, the central
cavity 6 may be partially fill'ed with a danpening fluid that exhibits
thermatly stable properties and has a high viscosity. The danpening fluid

wi |l provide any 15 addi ti onal danping that may be needed to suppl enent
that supplied WO2RI3B rst and second el astoneric supports 10PCRIESINTSI
Partially filling the central cavity 6 serves to decrease the central

cavity 6 volune as woul d be the case when the¥+4rst and second 20

el astoneric supports 10a and 10b are conpressed. The-tuning of the tunable
danping assenbly 1 is affected by notion of the sliding jaw 11 al ong the

| ongi tudi nal axis of the danpper_nmass 9. This sliding nption is resultingly

produced by a tuni nBY S¥3¥\pPA R Feurier; Fxansforn, YRAS) comgReE@anionn th
side bore 13a in thimpacstfqmud, as FasThenkbratad Byreve lgdrashdmpaditust ed by
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This tuning cam 14, sénsérir3n. exfter gohaueting a PowFidiAldrahl fodiad.
resultingly moves tQropgly @ GeHHAlinfAe +33ckOSAEhd VidlaedRe ' nternal ly
response, their ratio is then formed.
Whichever form the transfer function is to be
evaluated in, Real or Magnitude, will be determined by
10 the desired vibrational condition for which the system
is being tuned for, either free vibration or chatter.
If averaging has been chosen, the microprocessor 35
calculates the average of the present transfer function
combined with any previously calculated transfer
15 functions, step 50. The number of measurements
averaged is then compared to the number selected. If
the number of averaged signals is less than the
specified number to be averaged, the operator is
directed to reapply an excitation force and is notified
20 of the present averaging number, step 51. This
procedure is repeated until the selected number of
averages has been attained. The microprocessor 35 then
uses dynamic mode evaluation techniques and algorithms
to determine the most dynamically flexible mode of
25 vibration, step 52. This most dynamically flexible
mode of vibration is resultingly in the form of a
complex frequency based transfer function of the locked
system.
When the most dynamically flexible mode of
30 vibration has been determined, the user interface 36
. indicates to the operator that the tuning procedure may
begin, step 53. The tuning procedure begins by the
- operator releasing the damper mass 19 from the locked
position, step 54. The operator then reapplies the
35 excitation force to the cutting tool 29, step 55. The
sensed vibrational response data is then converted to a
digital form, Step 56, and the digital data is recorded



t hreaded end 3a of the first portion 3. The pUsh bal

35 15is in

constant contact with the wedge portion 14a thereby noving in cooperation

therewith. The push ball 15 is sinmultaneously in cont
pl anar WO 96/ 37338

-14- backside 11b of the sliding jaw 11. Thus, the sl
resul tingly nowee6ay338g t he | ongitudinal axis of the
response to the tuning screw 13 being adjusted. 5
referring to FIG 2, an alternate enbodi nentzpf the t

act with the fl at
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Now, "in

unabl e danpi ng

assenbly 1 is shown as utilized in an end mll 16. The end m |l 16 includes

a shank portion 16a having one end 16b. The end m ||

16 is preferably nade

of a stiff metallic 10 mat eri al such as tungsten carbide or the |ike.
A reduced di anet er byotheohiaweprecesaay 38, wteR Bhd TR RFIRPIARMESY from -

the one end 16b of otfh‘&héhdﬂﬁapﬁtdétfhrjaﬁ%ed'rh.@x aedigElasi Pdeifdn R tion 16¢

I ncl udes a concave .end 16d.of osite the_ shank 15 portion
l6a. A cyI|ndr|caplﬁgpﬁﬁﬁPpBF?Y{ﬁPﬁfy 4€§% gﬁ %grde di aneter slightly
| arger than the outside The operator is then either prompted to

5 reapply the excitation force, step 59, or the data has

been determined to be acceptable and the transfer

function is formed in accordance with the desired

vibrational condition for which the system is being

tuned for, step 60. Next, the transfer function is
10 averaged based on the number of averages chosen, step
| 61, and the procedure is repeated until the chosen

number of averages has been attained,

step 62. The

microprocessor 35 then compares the peak heights of the

transfer function in the area of the

most dynamically

15 flexible mode of vibration to determine what specific

tuning action is required to be implemented, step 63.
The particular manner in which the peak

heights are compared is dictated by the vibrational
condition for which the system is being tuned for. If

20 the peaks heights are not initially within the proper
tuning tolerance as dictated by the vibrational
condition for which the system is being tuned for, the
peak heights are compared to one another and the

microprocessor 35 directs the tuning

accordingly, step

25 65. 1In directing the tuning adjustments, the
microprocessor 35 directs the operator to tighten the
tuning screw 26 if the higher frequency peak is
dominant, step 66. If the lower frequency peak is
dominant, the operator is directed to loosen the tuning

30 screw 26, step 67. The operator then implements the
tuning action as directed by the microprocessor 35 in
the tuner assembly 33, step 68. These adjustment
procedures are iterated until the tunable damping
assembly is optimally tuned within the proper tuning

35 tolerance.

When observing a vibrational response in a
graphical type of format, it is typical to cbserve a



di aneter of the reduced dianmeter portion 16c, is press fitted thereover.
The addition of an epoxy structural adhesive can be added if necessary. The
cylindrical 20 hol I ow portion 17 includes an internally threaded open
end 17a. The cylindrical hollow portion 17 in conbination with the concave
end 16d of the reduced dianeter portion 16¢c defines a danper cavity 18. The
defi ned danperwo®emstsgs 18 contains a 25 danper nmass 19 of woiraissd/is:
preferably nmade of a dense heavy netal material such as tungsten or the

| i ke. The danper mass 19 is generally cylind23cal in shape having first and
second coni cal ends, 20a and 20b respectively. The danper mass 19 is
supported in the 30 danper cavity 18 by first and second el astoneric

supports 2la and 21lh_at the.first_and.seco oni.cal ends 20a and 20b
ebpect i vely. The FAPGLecPade (i Y PRARIRON £r0Fa 1F oot G BORBHL DA N ¢ he
first conical end Z8&xdblehthammrhensmsdaricaldyt Adlcthoaeecsysitienswhere3s

the reduced di anet @hePappi dBatlfién of &5tk e AW gnPaHEQSmﬁlfoi‘Cfé(e
engaging surface 2335809 8a],Slabd 50 RANGH 43 £2RaVLRESLLRS £°5ENGhe
PCT/ US96/ 07131 degree of freedom system. However, with a tunable
damping assembly 1 applied having the damper mass 19
enabled, the system will exhibit the response of a two
degree of freedom vibrational system. Thus for the
case of free vibration, the peak of the absolute value
10 of the complex displacement versus force transfer
function in the area of the mode of maximum dynamic
flexibility will be split into two peaks. When the
tunable damping assembly 1 is optimally tuned, the
height of these two peaks will be equal. In addition,
15 when the tunable damping assembly 1 is under tuned the
height of the lower fregquency peak will be less than
the height of the higher frequency peak and this
pattern is reversed when the tunable damping assembly 1
is over tuned.
20 For the case of self excited vibration
(chatter), the tunable damping assembly 1 is optimally
tuned when the height of the negative peak of the real
portion of the displacement versus force transfer
function is minimized. In order to tune to this
25 condition, the positive real peak due to the second
mode of vibration is used to cancel the negative real
peak of the first mode of vibration. This also leads
to two peaks in the negative real transfer function in
the area of the most flexible mode of vibration. When
30 the tunable damping assembly 1 is optimally tuned to
) suppress self excited vibration, these two negative
peaks will have the same height. 1In addition, when the
tunable damping assembly 1 is under tuned the height of
the lower frequency peak is less than that of the
35 higher frequency peak and this pattern is reversed for
the over tuned case. Hence, the algorithm for tuning
the tunable damping assembly 1 may be the same for both



-15- up against the second conical end 20b of the danper mass 19. The
concave engagi ng surface 22a of the sliding jaw 22 remains in contact with
the second el astoneric support 21b. The first and second 5 el astoneric
supports 2la and 21b are preferably in the formof comonly avail abl e
Orings made froma highly danped pol yner such as SBR or Viton[err] rubber.
Simlarly as | wadsa7dssr st enbodi nent, this configuration al soPCTWSILSIf Or
the radial conpression of the first and 10 second el astoneric supports
2la and 21b by notion of the end m Il slidinrg4-aw 22 al ong the | ongitudinal
axis of the danper mass 19. In addition, this configuration also provides
for an autonmatic self-centering action which thereby retains the danper
mass 19 in the center_ 15 of the d er. cayj 18. The sliding jaw 22 is
pos i oned vi thi n (HEAHEROAeRa PRGERE DO | CLASTetogo0s 3P BRPEAFESt he
tuni ng of the tunabbm: dianpiheg fxeeewibbyattion mede s thebdaitae cbrovéspbnd gl
mll 16, the sliding] solufd valudC6H etk | Safud k2AnBYe? EhACELSH
nmeans after being tuned. This cla |ng neans 1s, nost pre erag y suppl1ed by
a clanp screw 23 of1QWﬁQ§13¥$aterggﬁ s clgrenicaldy ifhexibar medeo

portion 17 adsacentuséd, draliingthevnsa?f dkeitddmpay) (Shatve?$ thatasts t he

sliding jaw 22 corresponding to the negative of the real portion of:
the complex transfer function in the area of the mode
with the greatest negative real peak is used.
In now referring to Figs. 5a, 5b and S5c, the
10 respective graphical representations of the magnitude
transfer function measured in the free vibration mode
are illustrated for a typical system not having a
tunable damping assembly 1 and for the same system
after having added an optimally tuned tunable damping.
15 Fig. 5a shows the magnitude transfer function of a
typical system exhibiting twe distinct modes of
vibration. A secondary mode 69 is located at
approximately 320 Hertz and a dominant mode 70 is
located at approximately 100 Hertz. The peak heights
20 of the magnitude transfer function at each of these
secondary and dominant modes 69 and 70 _are an
indication of the flexibility in that particular mode.
In Fig. 5b, the addition of an optimally tuned tunable
damping assembly 1 to the system can be seen to have

25 divided the dominant mode 70 into a first and second
mode 71 and 72 in accord with a two degree of freedom
system.

Fig. 5c shows the magnitude transfer function

of the same system on a larger scale after having

30 optimally tuned the tunable damping assembly 1 by the
aforementioned procedure to reduce the free vibration
response. The resultant first and second modes 71 and
72 have been tuned to have approximately the same
dynamic stiffness, i.e., the same peak height.

35 In now referring to Figs. 6a, 6b and 6c, the
respective graphical representations of the Real
transfer function of a typical system can be seen as



25 and is tightened to secure the sliding jaw 22 within the danper
cavity 18 thereby preventing the sliding jaw 22 from noving. As a neans for
liocki ng the danper mass 19 to the base system and thereby disabling the
tunabl e 30 danping assenbly 1 so as to determ ne the nost dynamcally
fl exi bl e node of vibration, the concave engagi ng surface 22a of the sliding
jaw 22 and t hovoee@7as%& end 16d of the reduced di ameter porti oRCTE896/0315E
respective first and second stop portions 24 and 35 25 of which serve
to grip the danper mass 19 upon very tight —28mi ng. WO 96/ 37338

PCT/ US96/ 07151 -16- The first and second stop portions 24 and 25 extend
centrally outward fromthe concave end 16d of the reduced di aneter portion

Fospectivery.  Thaseduiad 14, he B6Fe ERertatim SrdS A ittet pge) e
such.that at a verwhitliegmott baivhggoany Heunabibe |dantbing egsesddybly 1 t he
danper mass 19 is g{dfigoraeed therlyek! &R etbt G @RS &yeteheRbving
. an optimally tuned tunable damping assembly 1
5 incorporated therewith. Fig. 6a shows the Real
transfer function of the system having a secondary mode
73 near 320 Hertz and a dominant mode 74 near 100
Hertz. In Fig. 6b, the Real transfer function of the
same system shows the effects of the added optimally
10 tuned tunable damping assembly 1 where the dominant
mode 74 has been divided into a first and second
dominant mode peak 75 and 76.
Fig. 6c shows the Real transfer function of
the same optimally tuned system on a larger scale by
15 the aforementioned procedure to increase the systems
resistance to chatter. The tunable damping assembly 1
has served to reduce the height of the maximum negative
real portion of the transfer function, yielding the two
dominant mode peaks 75 and 76 of which, after tuning,
20 are adjusted to be approximately the same magnitude so
as to achieve a maximum system resistance to chatter.
The presen£ disclosure includes that
contained in the appended claims as well as that of the
foregoing description. Although this invention has
25 been described in its preferred form with a certain
degree of particularity, it should be understood that
the present disclosure of the preferred form has been
made only by way of example and that numerous changés
in the details of construction and combination and
30 arrangement of parts may be resorted to without
departiné from the spirit and scope of the invention.



| f additional danping is needed, the danper 10 cavity 18 containing the
danper mass 19 may be partially filled wwth a danpening fluid that exhibits
thernmal |y stable properties a 4“' osity. The danpening fluid
wi |l provide any additional ;ﬁ“nﬂllm IHW'& needed to suppl enment that
supplied by the 15 first ant secdnd"el &stbneric supports 2la and 21b.
Partially fill WopsBTs88 danper cavity 18 serves to decrease t hePOHHEPASOTISAYI ty
18 volunme as woul d be the case when the first and second el astoneric
supports 2la and 21b are conpressed. 20 The tuning of the
tunabl e danping assenbly 1 is effectuated by novenent of the sliding jaw 22
al ong the longitudinal axis of the danper mass 19. This novenent is
produced by a tuning screw 26 that is threaded axially through a renovable
tuning fixture 27. 25 The tuning fixture 27 is threadingly coupled with
the internally threaded open end 17a of the cylindrical hollow portion 17
thereby aligning the tuning screw 26 with the sliding jaw 22. The tuning
screw 26 noves along the |ongitudinal axis of the danper mass 19 as it 30
i's adjusted during the tuning procedure. The tuning screw 26 remains in
contact with the flat planar backside 22b of the sliding jaw 22 until the
clanp screw is tightened thereby securing Lg%_sliding jaw 22

WHAT IS CILAIMED IS:

1. A tunable damping system for use in
machining apparatus, said tunable damping system
comprising:

5 a) a cutting tool holder assembly including
a.damper mass and an adjustable mount resiliently
supporting said damper mass;

b) a tuning means for adjusting the
resilience of said supporting means;

10 c) a lock for temporarily locking said
damper mass to facilitate the determination of damping
mode paranmeters; and

da) a tuner aid assembly including a
microprocessor, an A/D converter electrically coupled

15 to said microprocessor, a vibration sensor mounted on
said cutting tool holder assembly, said sensor being
electrically coupled to said A/D converter, and an
impact device for vibrating said cutting tool holder
assembly, said impact device being electrically coupled

20 to said A/D converter, and programming means;

e) said programming means causing said
microprocessor to evaluate the relationship between the
force delivered to said cutting tool holder by said
impact device and the signals from the A/D converter

25 representing the vibrations of said cutting tool holder
caused by said impact device when said damper mass is
locked, and based on that evaluation to determine the
most dynamically flexible mode of vibration of said

_’f_f,d___._—*f—f~”“utt1ng tool assembly:;

i



in a tuneﬂmmmm1 e tuning fixture 27 is 35 subsequent |y
r enoved mu;’mﬂtggre 27 is replaced by a cutting head to perform
vari ous cuftlﬁg t agkss t preferably the tuning fixture is sized WO
96/ 37338 PCT/ US96/ 07151 -17- such
that its mass is very near to the mass of the cutting head so as to

sinmul ate the PFre%#37é¥ of the cutting head during the tuni ng pPOHEIISO7ISH
referring to Fig. 3, a systemdiagramis 5 shown revealing the nmachine
structure 28, a cutting tool 29 having a cu?t+ng end 30a, a vibration
sensor 30, a force inpact hamrer 31, a tuner assenbly 33 and vari ous

cabling 32 in a tuning setup configuration The cutting tool 29, which
cont ai ns the tunabl e danpin

? assenbgﬁl IS nou&t%% on the machine
structure 28. Next, a vibra Pon IR Frofr i illg MEREF CHTERET CHRYFHE t ool
29 near the cutti sgidnahi®Paprocesson temyalniateyitheatriedagionshipn of the

cutting tool 29. %Qlt%e\éhbftﬁle' QBréér@&iu?&é@k&%dﬂa Téﬂﬁ:tflﬁg”w&l BoVder
comonly 15 own nsgors su§ as aﬁﬂeio cryst based force hanmer, a
capaci t ance dlspl ¥e pgagt gvice a the signals from the A/D

5 converter representing the vibrations of said cutting
tool holder caused by said impact device when said
damper mass is unlocked, and based on both said
evaluations to determine what corrective adjustment of
said turning device is required to minimize vibration

10 of said cutting tool holder assembly, whereby said
tuner assembly facilitates the control of the tuning
procedure.

2. The tunable damping system as recited in

claim 1, wherein said tuning device comprises a sliding
15 nmember. :

3. The tunable damping system as recited in
claim 2, wherein said tuning device further comprises a
tuning screw, a tuning cam positioned in slidable
contact with said tuning screw, and a push ball

20 interposed between and in constant contact with said
tuning cam and said sliding member, whereby said tuning
screw exerts a force upon said tuning cam which
transfers the force to said push ball which facilitates
the movement of said sliding member in cooperation

25 therewith thereby adjusting the resilience of said
supporting mount.

4. The tunable damping system as reclted in
claim 2, wherein said tuning means comprises a tuning
fixture removably coupled to said damping assembly,

30 said tuning fixture having a tuning screw threadingly

- engaged therethrough, whereby said tuning screw is
positioned to contact said sliding member and thereby

- facilitate the movement of said sliding member so as to
facilitate the adjustment of the resilience of said

35 supporting mount.
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I nduct ance/ | acenent probe, an optical reflectance probe or
an accel eromﬂnﬂ’;"ngl!mgﬂ!preferred, however, to use an accel eroneter.
20 * ¢ [he i n sensor 30 can be attached to the cutting
tool 29 by the use of screws, adhesives or nagnetical neans. Alternatively,
the vibration sensor 30 may be permanently enbedded in the cutting tool 29
and be suppl i eWOWsB73I38 enovabl e el ectrical connections 25 . PCRUS%E7151
cabling 32. The force inpact hammer 31 is utilized to supply a force input
to the system by way of striking the cuttinrgsool 29 therewith. The

vi bration sensor 30 and the force inpact hanmer 31 are connected to the
tuner assenbly 33 by the cabling 32 30 and nmay be preconditioned by
signal anplifiers or other propriate signal processing hardware. The
tuner assenbly 33 includes éﬁ AnFhegtupable fanping Ersten agireaitpdsings
to convert any serwmhﬁl:gnahﬁerferlwnshlial supPe-Oing Adlrit congrdsbal atlat a

form 35 The (# nd cal cul ations with the converted
digital data are per orne by ‘croprocessor 35. The tuner assenbly 33
may be a dedi cated nicro- prdbess@he tupgbbe/ M3y system as recited in
PCT/ US96/ 07181 claim 5, wherein said damper mass is formed from a

high-density metal.

7. The tunable damping system as recited in
claim 6, wherein said damper system has a damper mass
to effective system mass ratioc in the range of 10 to 60
1o percent.

8. The tunable damping system as recited in
claim 7, wherein said damper system comprises a cavity
which is at least partially filled with a high
viscosity oil having relatively constant thermal

15 properties over system operating temperatures.
9. The tunable damping system as recited in
" claim 2, wherein said lock comprises first and second
stop portions extending ocutward from said sliding
member and said cavity, whereby said first and second
20 stop portions rigidly grip said damper mass
therebetween upon said supporting mount being
compressed to a maximum.

10. A method for tuning a tunable damping

system comprising the steps of: _
25 a) selecting a tuning mode;

b) locking a damper mass;

c) determining a most flexible mode of
vibration;

d) unlocking said damper mass;

30 : e) recording vibrational response
‘measurements in form of a transfer function versus
frequency to locate domlnant mode peaks; and

f) adjusting tunlng means so as to make
dominant mode peak heights equal in order to obtain an

35 optimum tuning for the selected tuning mode.
11. The tunable damping system of claim 1

—_—
- whereln said vibration sensor is an accelerometer.
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- 18- based I npl emented on a nore general purpose system.
such as a gﬂ'ﬂﬁﬂ]’ﬂ!ﬂﬂﬂwai’ The tuner assenbly 33 al so includes a user
i.nterface 3 erface 36 enables the operator to conmunicate 5
an interact with the system The conmuni cati ons between the operator and
the system consi st generally of input to the tuner assenbly 33 dictating
whi ch type of woseRyp3so perform free vibration or chatter av®CIAISe@7isind
t he nunber of neasurenents to average 10 whi ch i nproves the signal to
noi se ratios in the neasurenents. Further, 44w user interface 36 conveys
information to the operator fromthe tuner assenbly 33 such as when the
dom nant node of vibration (the nost 15 dynam cal |y flexible node) has
been | ocated, and the proper tuning action which is required to be

i npl enented. As such, the ud&- i fher mekbogdofpnctuniing A unablie damping

operator to input erléﬁ’erﬁl&‘d\ rafcitde\inPedadh ao;%wéréﬁ{l%ﬁé \$ juEtae ond a
means to relay 20 d'nfqhﬁﬁ Qn a&@F%ge erator suc as, a |ght
systemor, as pref%ﬂ' dt a5 di EB’F l'zﬁﬁs sor

i s capabl e of synceemPRIENY emasty ftl\ﬁatibéﬁsmpdeugﬁawoMq;em&m ng
Fourier Trangfor m ppédetadurtitly lidandel Qifits.

13. A tunable damping system as in claim 1
wherein said tuner aid assembly further comprises a
user interface, and said programming means causes said
microprocessor to relay said corrective adjustment to
10 said user interface whereby a user is advised thereof.
14. A tunable damping system as in claim 1
wherein said programming means presents to said user
interface a choice between at least two forms of
vibration to be tuned, and said user interface includes
15 ~ means for a user to select one of said choices, and
sald programming means causes said microprocessor to
determine different corrective adjustments depending
upon which choice is made.
15. A tuner aid assembly including a
20 nicroprocessor, an A/D converter electrically coupled
to said microprocessor, a vibration sensor adapted to
be mounted on a cutting tool holder assembly, said
sensor being electrically coupled to said A/D
_ converter, and an impact device for vibrating saiad
25 cutting tool holder assembly, said impact device being
electrically coupled to said A/D cdnverter, and
programming means;
said programming means causing said
microprocessor to evaluate the relationship between the
30 force delivered to said cutting tool holder by said
“ impact device and the signals from the A/D converter
representing the vibrations of said cutting tool holder
- caused by said impact device when said damper mass is
locked, and based on that evaluation to determine the

35 most dynamically flexible mode of vibration of said _
cutting tool assembly: e
' This Sheet H
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25 se signals. The: n1croprocessor 35 also controls the dynam c
node |dent|fm Hﬁt‘l Hﬂ mtuﬁs for determning the nost dynam cally
flexible no r the systemwith the cutting tool 29

conf i gur ed. These nanlpu at1 ons may be done on a 30 har dwar e type

dedi cated systemor, as preferred, by way of software operating in a nore
general pur poswowssr®r ocessor 35. Referring nowto FIG 4, apéiyuseemnsst
illustrating the steps perforned in the tuning 35 procedure as directed
by the tuner assenbly is shown. The fl ow chasb-i s subdivided, for clarity,
into several different areas. The flow chart is divided vertically VO
96/ 37338 _ PCT/U896/07151 19- into

three colums: "operator tasks", "user interface tasks" and "njcroprocessor
tasks". The operator tasks af@ 1@ HpERILANTidies Mens FYSEDBE FRNTINGERIGY, t he

oper a]E or that kl S timjmptﬂbeebuaﬁbt@ SalRiatee &&@lﬁéllﬁtloEEhlp be“ih?éiﬁﬁihe ]
operator. vibrati ofammsraiubPEacey aNE Ttind Py’ B4Tal 357 ioen 10
: impact device and the signals form the A/D converter

5 representing the vibrations of said cutting tool holder
caused by said impact device when said damper mass is
unlocked, and based on both said evaluations to
determine what corrective tuning adjustment is required
to minimize vibration of said cutting tool holder

10 assembly, - whereby said tuner assembly facilitates the
control of a cutting tool tuning procedure.

16. A tuner aid assembly as in claim 15
further comprising a user interface, and wherein said
programming means causes said microprocessor to relay

15 said corrective adjustment to said user interface
whereby a user is advised thereof.

17. A tuner aid assembly as in claim 16
wherein said programming means presents to said user
interface a choice between at least two forms of

20 vibration to be tuned, and said user interface includes
means for a user to select one of said choices, and
said programming means causes said microprocessor to
determine different corrective adjustments depending
upon which choice is made.

25 18. A tuner aid assembly as in claim 16
wherein said programming means causes said
microprocessor to perform the following steps in
determine said corrective adjustment for a tunable
damping assembly including a lockable and unlockable

30 damper mass:

instructing a user, via said user interface,
to lock said damper mass:;

determining the most flexible mode of
vibration of said tunable damping assembly:

35 instructing said user, via said user

interface, to unlock said damper mass;
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niCrOprO;;\‘\\\FEEE\EﬁrUﬁH~LJStS the tasks that are preformed internally in
t he mcrodmw fl ow 10 chart is also subdivided into the

dom nant J!' Jﬁ uded in which are those tasks involved in

i denti fying the Hord de of vibration (the nost dynanmically flexible
node) of the system and the tuning tasks 38;included in which are those
t‘asks associ atw@9¥¥338 with the tuning of the tunabl e danpi Neceesssnsy to
suppress the identified dom nant node of vibration. In following the flow
chart in Fig. 4 along with the discussion t+8t-is to follow, the procedure
for tuning the tunabl e danpi ng assenbly’ 1 can be nore 20 readily
understood. For describing the operation the end mlIl 16 wll be used.

The operator sets the tuning node, steg t for_either free vibration or
chatter avoi dance using trmakﬁﬁﬂx iiRBcY faEatdgnal  xespensermeasyZeReRES: hen
sets -t he nunber ofinetsertomntaf @actrandf@f functiomevensmrsfeeghencyoitse

rejection, step 411°c§?éﬂhéﬁhﬂgﬁt dignggaﬁgtegngy internally setting the
m croprocessor 35 with the nunber renments de5|red to be averaged or

by setting the nicroprocessomSiFusting §atd; BSe¥ervip saidMserNext, the
operator 30 5 atiaténsa¢émetnladahsmnsaédsbunﬂﬂlae@amﬁing(asbbmhgyesd 30a

of the cutting t°°£s280$ﬁaﬂé3é&Miﬂ%HEthB&etBQEkZﬁeiéhégnﬁﬁdﬁi 5B LBReTRER! Ne

structure 28, step 42
obtain an optimum tuning.

19. A tuner aid assembly as in claim 17
wherein said programming means causes said

10 nicroprocessor to perform the following steps in
determining said corrective adjustment for tunable
damping assembly including a lockable and unlockable
damper mass and having at least two different modes of
vibration: |

15 instructing a user, via said user interface,
to select one of said forms of vibration for which to
tune said assembly;

instructing said user, via said user
interface, to lock said damper mass;

20 determining the most flexible mode of
vibration of said tunable damping assembly in the
selected form of vibration:

instructing said user, via said user
interface, to unlock said damper mass;

25 recording vibrational response measurements
in the form of a transfer function versus frequency to
locate dominant mode peaks; and

instructing said user, via said user
interface, to adjust said tunable damping assembly so

30 ' as to make dominant mode peak heights equal in order to
. obtain an optimum tuning for the selected vibration
nmode.

. 20. A tuner aid assembly as in claim 19
wherein said two different selectable forms of
35 - vibration are free vibration and self-excited
vibration.
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operator then is to | ock the danper mass 19 by tuning the tunabl e danping
assenbly 1 to its nost rigid 35 setting, step 43. This wll lock the
danper nmass 19 between the first and second stop portions 24 and 25 or
sinply conpress the first and second el astoneric WO 96/ 37338

PCT/ US96/ 07151 -20-- supports 2la and 21b sufficiently to force the"

vi brati on nodeW8P6R7B t unabl e danping assenbly 1 to a frequerrrusesaTissi gher
t han that of the domi nant node of vibratfd#i of the system 5

Wth the danper mass 19 now | ocked, the operator is to provide an
excitatioon force to the cutting tool 29 by striking the cutting tool 29
near its cutting end 30a with the force inpact hamrer 31, step 44. The

vi brations now present in the cutting 10 tool 29, caused by the
excitation force and sensed by the vibration sensor 30, are thereby
transfornmed into correspondi ng anal og signals and then converted to digital
data, step 45. The digital data-is then recorded by the m croprocessor 35,
step 46. Preferably 15 the signals are sanpled sinultaf@ously and the
sanpl‘i ng (09 Ig
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is triggered fromthe input of the force inpact hammer 31. The

m croprocessor 35 then tests the recorded data for acceptability, step 47.
Testing for acceptability can be done using 20 several different

met hods such as evaluating the tine domain signal representing the force

i npact hanmmer's 31 inpact with the cutting tool 29 so as to see if there
was a nmul ti pl eWOR68EB8or, nost preferably, by exam ning the SPCEUBSD67151

vi brational response of the cutting tool22% 25 in the frequency domain
and verifying that there is sufficient spectral content at all frequencies
of interest. If the recorded data is determ ned to be unacceptabl e the user
interface 36 will indicate to the operator that a reapplication of the
excitation force 30  is required, step 48. |If the recorded data is
determ ned to be acceptable, the transfer fypction of the vibrational

di splacenent -vs-inpact force is eval uated, p 49. This transfer function
can be in terns of 35 acceleration, velogity or displgcenent. Any of
these fornms can be readily converted mat hematjically to tiH&l other. The

eval wation is nost preferably carried out
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WD 96/ 37338 PCT/ US96/ 07151 -21- by
way of a Fourier Transform anal ysis conducted on the inpact force, as was
generated by the force inpact hanmrer 31 when inpacting with the cutting
tool 29, and the vibration response, as sensed by the vibration 5

sensor 30. After conducting a Fourier Transform analysis on the inpact
f'orce and t he WOB6EBI®HN response, their ratio is then fornedrcNissiessy
formthe transfer function is to be evalg@fgred in, Real or Mgnitude, wll
be determ ned by 10 the desired vibrational condition for which the
systemis being tuned for, either free vibration or chatter. |If averaging
has been chosen, the m croprocessor 35 cal cul ates the average of the
present transfer function conbi.ned with any previously cal cul ated transfer
15 functions, step 50. The nunber of neasurenents averaged is then
conpared to the nunber selec Ed signals is |less
than the specified nunber tojbe averaged, e operator i§ directed to
reapply an excitation force ang-TsS_TotrT 20 <f the present averaging

nunber, step 51. This procedurie % repept untji | ¢Bhe se¢l ect ed nunber of
aver ages has been attained. The Qppro:esso& 5 Ees dynam ¢ node
eval uation techni ques and al?orithng @

& | &

£ 8

3 é —

1 i

§ g

5 | =
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to determ ne the nost dynam cally flexible node of 25
This nost dynam cally flexible node of vibration is resultingly in the

52.

vi brati on,

step

formof a conplex frequency based transfer function of the | ocked system
When the nost dynamically flexible node of 30

deterni ned, the us

er

vi brati on has been

interface 36 indicates to the operator that the tuning

procedure nay WO8A3Y338&t ep 53. The tuni ng procedure begi ns .by PCREISSGNTASE Or
rel easi ng the danper mass 19 fromthe | dZlded position, step 54. The
operator then reapplies the 35

step 55.

The sengrmkavomTagisonal

digital form

excitation force to the cutting too

29,

r e SEERNGERIALE Thskst heln vicRoPROCESSOR DASKS

VIO 90/ 57550

352 56, and the ﬁigital data 15 recorﬁed
PCT/ US96/ 07151 b&ﬁEwamNEMODE}P&pﬂ BREE SABRA TIOR /CHATERR | 5~——Fhe—aeeeptabitht y of

the data is deter
step -58. The of

excitation for
and t he transf

SEDINO| AVERAGES

mlar Tashion as dw~sqgisised previously a

4

Felqﬁ£2$=59==nﬁr%4e—d&ka-has—been—de%era#ned—te—beeaccc
42— ATTACH SENSOR| | i
1

s
L TICTI

' (I e [ ed
promptrea—to—o |

reappty—the

ﬁove,

;tajle _
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’ ? /45
l43-{ock DAMiPER MASY) | 45+ | —{ACQURE DATA]
| ]
ANALOG TO DIGITAL l
|44.L§PPLY FORCE WPACTF—— VR TODIOTALL
\ . TEST FOR
| 4 INDICATE NG~ ACCEPTABLE
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| I 48 Y
| | -l {49 FORM TRANSFER
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function is forned in accordance with the desired vibrational condition for
whi ch the systemis being tuned for, step 60. Next, the transfer function
is 10 aver aged based on the nunber of averages chosen, step 61, and the
procedure is repeated until the chosen nunber of averages has been
attained, step 62. The m croprocessor 35 then conpares the peak heights of
the transfer fYHRPBB in the area of the nost dynamically 15PCT/USSDI| e
nmode of vibration to determ ne what spedffc tuning action is required to
be i nmpl enented, step 6260The parti cul ar- manner in which the peak heights
are conpared is dictat by the vibrationa [ j system
is being tuned for. |4 2p t he peaks hehéﬁ&w%qﬁ@&g‘-ﬁpﬂfggﬁmtm n
the proper tuning tolerahce as dictated by the (WBSORBEBNLOCKERYi t i on f or
which the systemis hejng tuned f éhe peak hei ghts are conpared to one
anot her and the m croprogessor 35 di? cts the tuning accordingly, step 25

65. In directi n%the tupi ng adjugtnents, the m croprocessor 35 directs the
operator to tighten tI:Be‘Funi ng sckew 26 if the higher frequency peak is
dom rant, step . I f the |ower flfequency -peak is dom nant, the operator is
directed to | oos tg tuni ng 30 screw 26, step 67. The operator then
i npl ements the tg]i ng-ackion as rected by the m croprocessor 35 in
@
g 27
&
2 15T
3
g 14
L
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the tuner assenbly 33, step 68. These adjustnent procedures are iterated
until the tunabl e danping assenbly is optimally tuned within the proper
t.uni ng 35 tol erance. When observing a vibrational response in a
graphical type of format, it is typical to observe a WO 96/ 37338

PCT/ US96/ 07151 -23- single node of vibration that is significantly nore

f'l exi bl e t han W M&A788(basically all those systens where the ZXEBUBWAIISHN of
a tunabl e danping assenbly 1 is justifi éd¥ since the systemis behaving
like a single 5 degree of freedom system However, with a tunable

danpi ng assenbly 1 apgitped having the daEETUDESIRANSEFRIFHINGTIONE system
will exhibit the rebppnse of a two de I epr ainl ystem
P PHERIEIR JPHERIYRES, PRRATEA,

Thus for the case of free vibration, solute val‘ue 10
of the conpl ex din§21?a_:_emsnt versus force transfer function in the area of
t he node of maxi dynamic flexibility will be split into two peaks. Wen
the tunabl e danping agsenbly 1 is optinally tuned, the height of these two
peaks will be equal3 4n addition,
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15 when the tunabl e danpi ng assenbly 1 is under tuned the height of the

| oner frequency peak will be I ess than the height of the higher frequency
peak and this pattern is reversed when the tunabl e danping assenbly 1 is
over tuned. 20 For the case of self excited vibration

(chatter), the tunable danping assenbly 1 is optimally tuned when the

Hei ght of the Wie¥%80338e peak of the real portion of the di spl REEHEO7IMr sus
force transfer function is mnimized. & 8rder to tune to this 25
condition, the positive real peak due to the second node of vibration is
used to cancel the neg@yive real peak of the first node of vibration. This
also leads to two p&aiys in the negative REAL TRANSFAER FUNCTIONON in the area

of the nost flexible node of vibration.(AWSORBER TUNEDhEHATTER) e danpi ng
assenbly 1 is optimallly tunedfto suppress self excited vibration, these two
negat.i ve peaks wi || 4hgve the gane hei ght. In addition, when the tunable
danpi ng assenbly 1 isjunder tfined the height of the | ower frequency peak is
| ess than that of the}35 i gher frequency peak and this pattern is
reversed for t@e ovér Tt uned se. Hence, the algorithmfor tuning the
tunabl e danpi ng assemly 1 W be the sane for both
N
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PCT/U
t uni ng nodes, except that different data is operated on; i
transfer ﬁ%ﬂ&& e area of the nost: dynanrcaily f]ex .
used, a [ %le P glted node (chatter) the data Corresponding to the
negatrve rtion of the conplex transfer function in _the area
of the no eat est negative real peak is SHEETPMSIRERN [ | ng
to Figs. b5a, 5b and 5c, the 10 respect+y&-gr aphi gﬁfsr e ACepat iEg;ns of
the magni tude transfer function neasured in the freetad e

illustrated for a typical systemnot having a tunabl e danping aséenbly 1
and for the sanme system atter haWutgphhdediaanpn}gl reysten uifed tusabl tn a

danpi ng.
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f 't hese secondary and nant nodes 69 and 70 are an
rgajqpoﬁr RARS; said system being

characterized by: .

a) a tuning device (11, 12, 13, 14, 15) (22, 26)
for édjusting the resilience of said supporting mount;

b) a lock (12a, 12b) (24, 25) for temporarily
locking said damper mass to facilitate the determination of
damping mode parameters; and ‘

'c) a tuner aid assembly (33) including a
mlcroprocessor (35), an A/D (34) converter electrically
coupled to said mlcroprocessor, a vibration sensor, (30)
mounted on-said cutting tool holder assembly, said sensor
being electrically coupled to said A/D converter, and'an
impact device (31) for vibrating said cutting tool holder
assembly, said impact device being ‘electrically coupled to
said A/D converter, and programming means;

d) said programming means causing said
microprocessor to evaluate the relationship between the
force delivered to said cutting tool holder by said impact
device and the signals from the A/D converter representing
the vibrations of said cutting tool holder caused by said

'.impact device when said damper mass is locked, and based on

that evaluation to determine the most dynamically flexible
mode of vibration of said cutting tool assembly;

e)! said programming means further causing said
microprocessor to evaluate the relationship between the
force delivered to said cutting tool holder by said impact
device and the signals from the A/D converter representing
the vibrations of said cutting tool holder caused by said
impact device when said damper mass is unlocked, and based
on both said evaluations to determine what corrective

adjustment of said %u-rntng tun:r.ng dev:Lce is requ:.red to-
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In Fihﬁ_EE*_Fﬁé"éﬂﬁ*rTDn—of an optimally tuned tunabl e darg
to theTﬁyﬁkaﬁhﬁﬁa R&gen to have 25 di vi ded the doni rEaN.
a first e 71 and 72 in. accord with a -two deu .
system jﬂﬂ’lﬂﬁﬂﬁﬂ t he magnitude transfer. function -of T
a large avi ng 30 optifally tuned the tunable danplng
assenbly 1 by the aforenentioned procedure to reduce the free vibration
response. The resultant frrst and second nodes 71 and MIBMEWWBE
have approxi mately the same dynanic stiffneys~i.e., tihe sagpppggf her g t

35 In now referring to Figs. 6a, 6b and’
gr aphi cal reprmimﬂmﬂzenunhfatimnFbﬁlsaddmduﬂtimmctooh hbldetymsmﬁﬂﬂxﬁtem

can be seen as 3
PCT/ US96/ 07151Wh?§mﬁe§é§rae§§ner AESEBPLY fRrilitates, fhe sonral Rfadpe
whi [ e not havi fyndng pResedurganpi ng assenbly 1 incorporated therewith and

for the same system having an optimally tuned tunabl e danping assenbly 1 5

incorporated therewith. Fig. 6a shows the Real
2. The tunable damping system. as recited in

5 claim 1, wherein said tuning device comprises a sliding
" member (11). '

—+

‘3. The tunable dampihg{ system as recited in

claim 2, wherein said tuning device further comprises a

tuning screw (13}, a ,tuning_ cam (13a) positioned in

- 10 slidable contact with said tuning screw, and a pugh ball

(15) interposed between and in constant contact with said

tuning cam and séid.sliding member, whereby said tuning

screw exerts a force upon said tuning cam which transfers

the force to said push ball which facilitates the movement

15 of said sliding member in-codperation therewith thereby
adjusting the resilience of said supporting mount.

4, The 'tunabie damping system as recited in
claim 2, wherein said tuning device comprises a tuning
fixture (27) removably coupled to said damping assembly,

20 ' said tuhing fixtﬁre having a tuning screw (26) threadingiy
ehgaged therethrdugh, whereby said tuning ' screw is
positioned to contact said sliding member and thereby
facilitate the movement of said sliding member so as to

- facilitate the adjustment of the resilience of said

25 supporting mount. _ '

5. The tunable damping system as recited in

claim 3, wherein said supporting mount comprises at least
one O-ring (10a, 10b) (21la, 21b).

AR VRN L
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transf'm-ystem havi ng a secondary node 73 n
and a dom nant le {dwogar 100 Hertz. In Fig. 6b, the Real |8
funct i onrnsfSh st em shows the effects of the: added - of

tuned tun senbly 1 where the doni nant node 743

di vided i second dom nant node peak 75 and 76° » :
the Real transfer function of the sanme optimally tupe ger
scale by 15 t he af orementi oned procedure to inc{dHiS SHEET HASt BEEN

resistance to chatter. The tunabl e danpi ng 2mssenbl y{1 hasRERUACED to rgduce
the height of the maxi mum negative real portion of tte—tramsfer—fumction,
yi el di ng the two dom nanté nodhepetknaBhearihmfing \dyisten abberrécitéd, 3D
are adjusted t e, appe oxi el.y. the.sa it S0, as achi eye a
maxi mum syst em%rlte)asll‘@t g‘.’rn’ce V}tige&'cef‘%i t %%.liﬂgaggggenﬁgglsscf%s u%%rlf‘?ﬁ%l Lfé%@nt fat
cont ai ned in tidgpeensidy ingtal.as wel | as that of the foregoing
description. Al though this invention has 25 - been described inits
preferred formwth a certain degree of particularity, it should be

under stood that the preséht diThg otupabde damping es¥YS§eRoras huechted rate

only by waysof el ¢, ailet88h BHIR' QHbpeRaMAftdn) Hd® SelahberOmass to
construction and conbj nati on and 30 grrangenent of parts rmay be
resorted to Wi fictive system mass.ratio 1nm the range of abdut 10 to

about 60 percent.

e

8. The tunable. damping system as recited in

claim 7, wherein said damper system comprises a cavity (6)

10 (18) which is at least partially filled with ;:71 high

viscosity oil having 'relatively constant thermal properties
over system operating temperatures. '

_ 9. The tunabie damping system as recited in
claim 2, wherein said lock comprises first (12a) (24) and

15 second (12b) (25) stop portions extending outward fﬁom said
sliding member and said cavity, whereby said first and
second stop portions rigidly grip said damper mass
.th'erebetween -lipon said supporting mount beimj compressed to

a maximum.

20 10. A tunable damping system as in claim 1
wherein said vibration sensor is an accelerometer (30).

11. A timable damping system as in claim 1
wherein said tuner aid assleinbly further comprising a user
interface (36), and wherein said programming means causes

25 said microprocessor, to .felay said corrective adjustment to
said user interface whereby a user is advised thereof. '

12. A tunable damping system as in claim 13
wherein said programming. means presents to said user
interface a choice between at least two forms of vibration

| .' -y Mmm '
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-departl ng fromthe spl r|t and scope of the I nventi on.

clainmed is: 1. system for use i.n a JR
appar at us (28) m@sﬂeﬁy§ corrprl sing a cutting todl hotgs
(16) (29) incl ud Waﬂ S‘% 5 (9) (19), an adjustaH

10b) (21a, 21b) port| ng sai d danper mass. and a tuning de
(11, 12, 13, 14, or adjusting the resilience of said - -
supporting nount,, said syst em bei ng characterized THIS SHEET HAS BEEN a) a
lock (12a, 12b) (24, 25) for tenporarily=l@eking |said qumjgmss qo '
facilitate the determ nation of danping node par areters—anre—b) a tuner
aid assenbly te3pe ithsieddi mpd saddk ugewcottrrfids) inghuded (ﬂeiu)lScﬁQVeat er
el ectrically 1ggegoypd %i&ee%ﬂe%frea&ace%mroeé Vi 254 08 Eee&eam&ﬁe)

nounted on said cutting t hol_ der, assenbly, sal d sensor
el ectrical ly cBEBR8d SIMSQF SALD ABIRRIRKICESHRE afo; rﬁﬁ"ﬁrw célﬁﬁffeﬂé‘}r

vi brating sai dgsp-bbBgvé 08 hitniait 2 Fep@idings dbeni WR26h EAVEEE BEI Rdde.
electrically coupled to 20 “said A/ D converter, and progranm ng nmeans; -

5 13. A tunable damping system as in claim 1
. wherein said tuner aid assembly further comprising a user
interface (36), and wherein said programming means causes
'said microprocessor to relay said corrective adjustment to
'said user interface whereby a user .is advised thereof.

10 | 14. A tunable damping system as in claim 13
‘wherein said programming means presents to sa'iél user
.interface a choice between at least two forms of vibration
to be tuned, and said"use_r ‘interface includes means for a
user to select one of said choices, and said programming

-15 means causes said microprocessor to determine different
corrective adjustments depending upon which choice is made.

15. A tﬁning damping' system as in claim 13
wherein said programming means causes said microprocessor -
to perform the following steps  in determining said

20 corrective adjustment for said tunable damping assembly:
— instructing a user, via said user interface, to
lock said damper mass;
) determining the most flexible mode of vibration
of said tunable damping assembly; | '
25 instructing said user, via said user interface,
to unlock said damper mass; e '
recording vibrational response measurements in
the form of a transfer func_:tion versus frequency to locate
dominant mode péaks; and
30 ' instructing said user, via said user interface,
.to adjust said tunable damping assembly so as to . make

WA ecese



C) said progranmm ng ns . cau5|ng sald Im cr opr ocessor to eval uate

t he rel at ThixBhbdt Baddfel, the force delivered to said cutting tool hol der by
sai d i npac e signals fromthe A/ D converter representlng 25.
t he vi brat gi utting tool hol der .caused by said i mpact- device .
when said np | ocked, and based on that f ‘ m ne
the nost dynam cally flexible m)de of vibration of ,sa‘]-ns SHEET'MStBEHN
assenbly; d) said programming neans further causingjsai d REPLATEDr Opr ofessor
to evaluate the relationship between the-fgpce del | Veret—te— ng
tool hol der by said inpact device and the signals fromthe A/ D converter
representing t&emimmmﬁ|mmdeobeakuhemgntsmeQuallmﬁderdenwﬁu1$Wt§ﬂmdan

i mpact devi ce gQQEmﬁﬁigug mass i s unl ocked, and based 35 on both said
eval uations to t correctlve adjustnent of said tuning device
Is required to mnimze - 27 - vibration of said cutting tool holder

assenbly, whereby said tyger issgmé%léacaéﬂ rfe;{ae gggeﬁorg§ OE.nOfcf%‘\% tgﬂ'i ng

procedure. 2. The tunabl &€ da |ng system as erérn
sai d tuni ng de¥heseinnpridequiting g@; holder assembly may be tuned for

5 at least two different forms of vibration and said
pfogramming means causes said microprocessor to perform the
following steps in determining said corrective adjustment
for said tunable damping assembly:'

instructing a user, via said user interface, to
10 select one of said forms of vibration for which to tune
said assembly; ' . '
: 1nstruct1ng said user, via sa1d user 1nterface,
to lock said damper mass;
determining the most flexible mode of vibration
15 'of said cutting tool holder assembly in the selected form
- of vibration; o _
instructing said user, wia said user interface,
to unlock said damper mass; | ' '
recording vibrational response measurements in
20 the form of a transfer function versus frequency to locate
dominant mode peaks; and :
) _ instructing said user, via said user 1nterface,'
to adjust said tunable damping assembly so as to make
_ dominant mode peak helghts equal in order to obtain an
25 optlmum tuning for the selected form of v1bratlon.

17. A tunable damping system as in claim 16
wherein said two different selectable forms of vibration
are free vibration and self-excited vibration.

18. A method for use with a tunable damping
30 system for machining apparatus (28),, said system_comprising
a cutting tool holder assembly (2) (16) (29} capable of two
forms of yibration, i.e‘, free3vibratiqn'and self-excited
-—

W e



menber_(11) 3 The tunable darrpl ng system as reci ted I n cI aim2, wherein
sai d tuni ng devr ce further conprises a tuning screw (13), a tunr ng cam
slidable contact with said tuning screw " and a:
push osed between and in constant:contact with said tuni ng
cam and menber, whereby said tuni ng screw exerts a force upon

said tuning cam |ch transfers the force to sai df g whi ch
facilitates the novenent. 15 of said sliding nengjer™ rSHfﬁdfggqga

therewith thereby adjusting the resilienee3df=-sailg sudﬁEﬁLwC@g [ . 4. The
tunabl e danping systemas recited in claim2, wherein Sard ni ng fdevi ce

conprises a tuﬁihgatlﬁnur§aé@7)cu‘@mgabltqobohpﬂ.den @mmbldrarmtciga' P Nd| Y,
(20 said tuni nEbdaid i iidihckabil BdnBCERES0 o] NE£SH! NGhYaENGRELH: o

t heret hr ough y said tuni n% SCrew s posriti
sl i ding rrenberm%mtt Hdi03hy 1QR) | i(Raae tﬂé’)mﬂ@ﬁéﬂ\ieatl.?alﬁﬂlm?qnﬂm neabdr

so as to faci Idéﬁé&tﬂws@dratﬁi e turffng hfexrfééltfilcelef ﬁ@' d\lﬁ (éﬂppﬁgil ng

nount. 5. The tunabl e, danpi ng. systemgds, recited in cl ereln sard
suppor t i ng3nourRT c ApIYSTG | theadesielanse nL( 19aid 1@6’PPPZP&n9211E§?unt'
whereln the method comprises the steps of:
a) select:.ng. one of said forms of tool holder:
assembly vibration; :
, b) locking said damper mass; '
10 c) determining the most flexible mode of
vibration within ‘the chosen form of vibration; -
| .d) unlocking said damper mass;
e) recording vibrational response measurements- in
‘the form of a transfer function versus frequ’eney to locate
15 wvibration dominan_t mode peaks; and = '

. £) adjusting said tuning device so as to make
dominant vibration mode peak heights equal, in order to
obtain an optimum tuning for the -selected form of
vibration. '

20 " 19. The method as recited in claim 18, wherein
the adjusting of said tuning device further comprises the
step of compar:r.ng the most flexible mode of vibration with
preset tun:.ng tolerance limits.

-
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- 28 - 6. The tunabl e danping systemas recited in clai m5, wiiPLAGEMENT SHEET
danper ‘mass 15 formed froma high-density netal. 7. The tunabl e danpi

The tuna

TR T ey

system conprises a cavity (6) 10 (18) which is at
"with a high viscosity oil having relatively constapt
over system operating tenperatures. 9. The tunabl e fa

recited in claim2, ggeneig,sgid | ock coffPises firft (12a) (24) and J15
second (12b) ( t =eAs extendi ng outward fromsarda sriarng nenber

anmpi n «€mas recited in claim7, whe

and said cavity, whereby_said first d st rti.ons tigidd rip
sai'd danper nass ther ebe%V\eenAuﬁ:oWa?;%d égééglggl n%Psrr%%nt kggi n‘é]é%o(rjrlp%/e%sed
to a maxi mum ®Achining apparaltis (28)tusabfesyaben neomysisingas iowtdiaon 1

e oINS R SRS 8] coklind s i

danpi ng systen1%%

al m

ald asse t her

conprising%a u¢2) (19), an adjustable mount (10a, 10b} "(21a, 21b)

10

15

20

25

30

35

resiliently supporting said damper mass and a tuning device
(11, 12, 13, 14, 15) (22, 26) for adjusting the resilience
of said supporting mount; said system being characterized
by: ’

a) a lock (12a, 12b) (24, 25) for temporarily
locking said damper mass to facilitate the determination of
damping mode parameters; and

b) a tuner aid assembly (33) including a
microprocessor (35), an A/D (34) converter electrically
coupled to said microprocessor, a vibration sensor (30)
mounted on said cutting tool holder assembly, said sensor
being electrically cbupledﬂto said A/D converter, and an
impact device (31) for vibrating said cutting tool holder
assembly, said impact device being electrically coupled to

‘said A/D converter, and programming means;

c) said programming wmeans causing said
microprocessor to evaluate the relationship between the
force delivered to said cutting tool holder by said impact
device and the signals from the A/D converter representing
the vibrations of said cutting tool holder caused by said
impact device when said damper mass is locked, and based on
that evaluation to determine the most dynamically flexible
mode of vibration of said cutting tool assembly;

d) said programming means further causing said
microprocessor to evaluate the relationship between the
force delivered to said cutting tool holder by said impact
device and the signals from the A/D converter representing
the vibrations of said cutting tool holder caused by said
impact device when said damper mass is unlocked, and based
on both said evaluations to determine what corrective
adjustment of said tuning device is required to minimize
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i nterface {36)-—and-wherein said programm ng means causes 25 REpA '
m ¢roprocessor to relay said corrective adjustnent to sa |I%F£MF§ HEET
E hn.claim

wher eby a u* lll ﬂ " mm ereof . 12. A tunabl e danpin§ BSteém as i
13 wherein ¥ §

t nmeans presents to said sdr 1 nterface a

choi ce between at least two forms of vibration ° -29- tio {begpueey,199d

sai d user interface includes means for a user to sel ect- .of said ,
choi ces, and said programmi ng neans causes sai d m croprogce r—t 0 determ ne
different corrective adjustnents dependin%]upon'mhich chpice i s made...5

13. A tunabl e danmping systemas in clai Y1 wherei n sai uner aid

assenbly further conprising a . user interface (36 and wherein said

progr anm ng ne‘éh@r%gfe’és°§ai§?31ﬁ C‘F‘bfp"?%sg?)?ltgc’%‘g[eﬁy as‘&f"a‘i’gé’r r SGRRPY

adj ustnent to said vsRéri skeehble PdelBbyatesistlie icomrhdlsext titer enfnirkp

14. A tunabl e danpi systemas in claim213 wherein said programm ng neans
presents to saPi® ¥nterface a choice between at |east two forns of
vibration to be tuned, and said user interface includes neans for a user to

sel ect one of said choicgs, d $ahdpPE OWMPINRY dysfBRNRCAUEESLEQ in
m croprocessor to deter?nf'nerrgll%ffe%gnt . @g 355 . L.
5 claim 1, wherein said tuning device comprises a sliding

member (11).

3. The tunable démping system as recited in

claim 2, wherein said tuning device further comprises a

tuning screw (13), a tuning cam (13a) positioned in

10 slidable contact with said tuning screw, and a push ball

(15) interposed between and in constant contact with said

tuning cam and said sliding member, whereby said tuning

screw exerts a force upon said tuning cam which transfers

the force to said push ball which facilitates the movement

15 of said sliding member in cooperation therewith thereby
adjusting the resilience of said supporting mount.

4. The tunable damping system as recited in
claim 2, wherein said tuning device comprises a tuning
fixture (27) removably coupled to said damping assembly,

20 said tuning fixture having a tuning screw (26) threadingly
engaged therethrough, whereby said tuning screw is
positioned to contact said sliding member and thereby
facilitate the movement of said sliding member so as to
facilitate the adjustment of the resilience of said

25 supporting mount.

5. The tunable damping system as recited in
claim 3, wherein said supporting mount comprises at least
one O-ring (10a, 10b) (2la, 21b).



correct i.ymxendi ng upon- whi ch choice is made. 15.. REPLACEMENTOSHEET
danping sgﬁm ' I m 13 wherein said programm ng neans causes said

m croproc mﬂ,"ﬂche foll owi ng steps in deternrm T =
corrective adjustnen Mai d tunabl e danpi ng assenbl yf: RERBAGEMENT nSHEET
user, via said user interface, to |lock said danper nasg;
nost flexi ble node of vibration of said tunable danpin
i nstructing said user, via said user interface, to unl
recordi ng vibrational response neasurerre%ai in the for

s :
JEoy o
function versus frequency to |ocate dom t” node peakd; and 30

I nstructing said user, via said,user.interface. t | ust_Sal d.tunabl.e
‘danpi ng assenbly so as go nﬂ'ffe tun?i’%ﬁ fé&nﬁfﬂ%nfsg}ﬁggg p%solk rﬁéﬁ’&r#@ é&ual
in order to oblaim as,opiherein urdaigl démpek twvasdl eislafiprmgdySrem aa i n

claim 14 whergin said (A ool hol der assenbly nmay be tuned for 5 at
| east two di fﬁé‘?gn e?%?ﬁ% %gg?/?'brat ion and said

determning the;

7. The tunable damping system as recited in

5 claim 6, wherein said damper system has a damper mass to

effective system mass ratio in the range of abeut 10 to
akewt 60 percent.

8. The tunable damping system as recited in

claim 7, wherein said damper system comprises a cavity (6)

10 (18) which is at least partially filled with a high

viscosity oil having relatively constant thermal properties
over system operating temperatures.

9. The tunable damping system as recited in
claim 2, wherein said lock comprises first (12a) (24) and
15 second (12b) (25) stop portions extending outward from said
sliding member and said cavity, whereby said first and
second stop portions rigidly grip said damper mass
therebetween upon said supporting mount being compressed to

a maximum. |

20 10. A tunable damping system as in claim 1
wherein said vibration sensor is an accelerometer (30).

11. A tunable damping system as in claim 1.
wherein said tuner aid assembly further comprising a user
intefface (36), and wherein said programming means causes

25 said microprocessor to relay said corrective adjustment to
said user interface whereby a user is advised thereof.

12. A tunable damping system as in claim 13
wherein said programming means presents to said user
. interface a choice between at least two forms of vibration



.proéramﬂ—ng—nw d m croprocessor to performthe foll
in determ ning said corrective adjustnment for said tymeb danpi mngﬂEﬁP%HEET

assenbl yrmm via said user interfacq, !
said for , ’mmmﬂ"n "Er which to tune said assenply .
user, via sai‘d bsef imterface, to |ock said danmper nhsk %?
nost flexible node of vibration 15 of said cutting I0
the selected formof vibration; instructing said us
interface, to unlock said danper nass; e&)r di ng vi ratlonal
measurenents in 20 the formof a transfer function Vel

| ocat e dom na S; J4Gt i u

i nterface, toq.'taodjrgljst ard t%rfélc%deﬁzgf 19’%??3?%? iggl%ésié gom ﬁant
node peak hei giaer emaseilador doe o6 §§Eé| ahakces, @pﬁl ﬁam‘lt pnpggamnnghe
sel ect ed formnﬂ-:faﬁ’ QﬁéBE 4q Mdf&%%e@aesw N Syet&rhate | Bigkakantd

wher ei n saldtwo erent sel ectable forps of vibration are free vibration
and sel f - exci tcéli-'r\ﬁcfb'—rlérﬁl aﬁ:uamentsa%?ﬁewg o#Pals #hiichh CROL BRabFe™88Rpi ng
30 system for nmachining apparatus (28), said system conprising

term ni ngj the

NO¥r 1998 s 9

5 13. A tunable damping system as in claim 1
wherein said tuner aid assembly further comprisimj a user
interface (36), and wherein said programming means causes
said microprocessor to relay said corrective adjustment to “
said user interface whereby a user is advised thereof.

10 14. A tunable damping system as in claim 13
wherein said programming means presents to said user
interface a choice between at least two forms of vibration
to ‘be tuned, and said user interface includes means for a
user to select one of said choices, and said programming

15 means causes said microprocessor to determine different
corrective adjﬁstments depending upon which choice is made.

15. A tuning danping system as in claim 13
wherein said programming means causes said microprocessor
to perform the following steps in determining said

20 corrective adjustment for said tunable dampi'.ng assembly:
instructing a user, via said user interface, to
lock said damper mass;

determining the most flexible mode of vibration
of said tunable damping assembly;

25 instructing said user, via said user interface,
to unlock said damper mass; '

recording vibrational response measurements in
the form of a transfer function versus frequency to locate
dominant mode peaks; and

30 instructing said user, via said user interface,
' to adjust said tunable damping assembly so as to make



a cutti mﬁiﬂ‘b' y (2) (16) (29) capable of two fOf'ﬂEMCEMENT SHEET

V|brat|o‘ﬂ|' " ation and sel f-excited - 31 - vibration, sa
cutting H , B’ﬁ zm, |y including a danmper nasg Kk
(12a, 12b)» , temporarily |ocking and mﬁgmqé}@i ST ber

mass, ain adj ustable nDunt (10a, 10b) (21la, 21b)] {resiliently 5} -
supporti ng said danper mass, and a tuning device (13, |1906N0OV 1998 (22| 26)

for adjusting the resilience of said supporting nourt;] wherein the hod
conprises the steps of a) selecting Qnggof said fqrns of tTool norde| 10
assenbly vibration; | ocki ng said danmper nass; ciydhrating said cytting
tool hol der et Nhagghts hlfllwl&l@exme@ Bi:t‘éhﬁraéﬁon
wi thin the ch§8§§3%orHH§ réglgngg <ee d) unl ocking said

danper nass; eptwmbmatungngald cutting tool holder assenbly and recording
vi brational response neasurenents in the formof a transfer function versus

frequency to |locate vibration dom nant eaks:
a Y 16. A tunable csg)mplr? syétem as in claim. 14

wherein said cutting tool holder assembly may be tuned for
5 at least two different forms of vibration and said
prograﬁming means causes said microprocessor to perform the
following steps in determining said corrective adjustment
for said tunable damping assembly:
instructing a user, via said user interface, to
I0 select one of said forms of vibration for which to tune
said assembly;
instructing said user, via said user interface,
to lock said damper mass;
determining the most flexible mode of vikbration
15 of said cutting tool holder assembly in the selected form
of vibration;
instructing said user, via said user interface,
to unlock said damper mass;
recording vibrational response measurements in
20 +the form of a transfer function versus frequency to locate
dominant mode peaks; and
instructing said user, via said user interface,
to adjust said tunable damping assembly so as to make
dominant mode peak heights equal in order to obtain anm
25 optimum tuning for the selected form of vibration.

17. A tunable damping system as in claim 16
wherein said two different selectable forms of vibration
are free vibration and self-excited vibration.

- 18. A method for use with a tunable damping

30 system for machining apparatus (28), said system comprising
a cutting tool holder assembly (2) (16) (29) capable of two
forms of vibration, i.e., free vibration and self-excited



20 \drm said tuning device so as to make doMMEEMENT SHEET

vibfatl elghts equal, in order to obtaifrar-ep m t uni ng for
the sel eer at ion. 19. The method as r CBEMCEMEW% :
wherein 25 thb g of said tuning device fur r ef step

of conparing the nDst erX|bIe node of vibration w h
tolerance limts.
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vibration, said cutting tool holder assembly including a
damper mass (9) (19), a lock (12a, 12b) (24, 25) for
temporafily locking and unlocking said damper mass, an
adjustable mount (10a, 10b) (21a, 21b) resiliently
5 supporting said damper mass; and a tuning device (11, 15,
14, 13) (22, 26) for adjusting the resilience of said
supporting mount; wherein the method comprises the steps
of: _ ) '
a) selecting one of said forms of tool holder
10 assembly vibration;
= b) locking said damper mass;
¢) vibrating said cutting tool holder assembly
and determining the most flexible mode of vibration within
the chosen form of vibration;
15 d) unlocking said damper mass;
| e) vibrating said cutting tool holder assembly
and recording vibrational response measurements in the form
of a transfer function versus frequency to locate vibration
dominant mode peaks; and
20 f) adjusting said tuning device so as to make
dominant vibration mode peak heights equal, in order to
obtain an optimum tuning for the selected form of
vibration.

19. The method as recited in claim 18, wherein

25 the adjusting of said tunihg device further comprises the

step of comparing the most flexible mode of vibration with
preset tuning tolerance limits.
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