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DEPARTMENT OF THE ARMY

U S ARMY AVIATION MATERIEL LABORATORIES
FORT EUSTIS. VIRGINIA 23604

This contract was initiated to:

1. Assess the relative merits of the Alpha, Beta, Gamma, and Delta |
configurations of the Dynamic Antiresonant Vibration Isolator
(DAVI). A generalized parametric study of the four DAVI cir-
cuits was conducted, setting forth in the form of design charts
the relationships between DAVI performance and DAVI's key
parameters.

2. Determine, through tests and analyses, the design feasibility
and the isolation characteristics of the two-dimensional DAVI -#
Alpha, which is an isolator simultaneously offering isolation
in two orthogonal directions.

Results show that the DAVI, a passive mechanical isolator, simultaneously
offers high static stiffness while exhibiting very low transmissibility.
The low transmissibility associated with antiresonance is independent of
the isolated mass. Test results demonstrated that the DAVI could be
tuned to give an antiresonance over a broad frequency range without any
change of hardware.

From the operational point of view, there appears to be little difference
between the Beta and Gamma configurations. The Delta configuration
exhibits one key advantage: zero deflection of the inertia bar under
static load. For some applications, however, the price of the very
definite advantage may be too high, because the DAVI Delta does no: have
the versatility of simple tuning without a hardware change. The DAVI
Delta, it is noted, is the impedance equivalent of a Wheatstone Bridge

and thus might be suitable for impedance measurements. Tests and analyses
show the two-dimensional DAVI Alpha to be very promising for attenuvating
discrete frequancy excitations cormon to helicopter vibration problems.

This report has been reviewed by the U. S. Army Aviation Materiel
Laboratories and is considered to be technically sound. It is published
for the exchange of information and the stimulation of ideas.
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SUMMARY

This report covers the analysis and experimental model
testing of the Dynamic Antiresonant Vibration Isolator
(DAVI), including the basic DAVI Alpha and the series-
type DAVI models.

A parametric study was conducted on the basic unidirectional
and two-dimensional DAVI Alpha to determine its isolation
performance, and a general design criterion was obtained,.
Theoretical analyses, including damping across the series
element, were done on the series-type DAVI's, A comparison
was made of the series-type DAVI Beta and Gamma, Shock
analyses for various types of inputs were done for the

DAVI Alpha configuration,

Experimental models of the unidirectional and two-
dimensional DAVI Alpha and the series-type DAVI Beta and
Gamma were constructed and tested to corroborate the theo-
retical results, Drop tests with three different inputs
were done to determine the shock characteristics of the
DAVI Alpha,

Results of the analysis and tests show that the DAVI Alpha
can be designed to give over 98-percent isolation at much
lower frequencies than a conventional isolator with the
same static frequencies, The isolation obtained at the
antirescnant frequency is independent of the mass to be
isolated., Analysis and tests show that the DAVI Alpha can
be designed to give better shock attenuation than the con-
. ventional isolator with the same spring rate,

Analysis and tests show that a DAVI Beta or Gamma can be
designed to retain the advantages of the DAVI Alpha and to
obtain better high-frequency isolation than the equivalent
conventional isolator, Damping across the series element
can be used to attenuate the amplitude obtained at the
second natural frequency without affecting the isolation
obtained at the antiresonance,
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FOREWORD

This research program for the parametric study and testing
of the Kaman Dynamic Antiresonant Vibration Isolator (DAVI)
was performed by Kaman Aircraft, Division of Kaman Cor-
poration, under Contract DA 44-177-AMC-391(T) for the

U. S. Army Aviation Materiel Laboratories, Fort Eustis,
Virginia.

The program was conducted under the technical direction of
Mr. J. H. McGarvey, Contracting Officer's Representative,

Principal Kaman personnel in this program were Messrs,
R. C. Anderson and M. F. Smith, Research Engineers;

H. A. Cooke and R. F. Metzger, Research Technicians;

W. G. Flannelly, Assistant Chief of Vibrations Research;
and R, Jones, Chief of Vibrations Research.
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at Input Pivot, 1lb/ft/sec

Viscous Torsional Damping Coefficient of the

Flexible Pivots of the DAVI Alpha, ft-1lb/rad/sec

Dissipation Function, ft-1b/sec
Antiresonant Frequency of the DAVI - c.p.s.
Displacement of the Base Along the Direction

of Excitation in the Two-Dimensional DAVI
Alpha, ft
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Displacement of the Isolated Mass of the Two-
Dimensional DAVI in a Direction Parallel to
the Excitation, ft

Moment of Inertia About the Center of Gravity
of the DAVI Inertia Bar, slug-ft2

Nass Moment of Inertia About the Center of
Gravity of the Two-Dimensional DAVI Alpha
Inertia Bar About the Lateral Axis, slug-ft2

Mass Moment of Inertia About the Center of
Gravity of the Two-Dimensional DAVI Alpha 2
Inertia Bar About the Vertical Axis, slug-ft
Spring Constant Which is Parallel With the
DAVI Inertia Bar and Also the Spring Constant
of the Conventional Isolation System, 1lb/ft

Lateral Spring Constant of the Two-Dimensional
DAVI Alpha Along the Lateral Axis, 1b/ft

Vertical Spring Constant of the Two-Dimensional
DAVI Alpha Along the Vertical Axis, 1b/ft

Spring Constant in the DAVI Delta Between the
DAVI Inertia Bar Pivot and the Isolated Mass,
1b/ft

Spring Constant in the DAVI Delta Between the
DAVI Inertia Bar Pivot and the Base or Input,
1b/ft

Spring Constant Which is in Series With the
DAVI Element in a Series DAVI Configuration,
1b/ft

Spring Constant of the Flexible Pivot of the
DAVI Alpha Attached to the Isolated Mass,
1b/ft

Spring Constant of the Flexible Pivot of

the DAVI Alpha Attached to the Base or
Input, 1lb/ft
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Ky Torsional Spring Constant of the Flexible
Pivots of the DAVI Alpha, ft-1b/rad

A Effective Mass of the DAVI at Antiresonance,
slugs

WQ Mass of the Carriage of the Drop Test Fixture, 4
slugs

M, Mass of the DAVI Inertia Bar, slugs ]

ﬁa. Isolated Mass, slugs

Mg Effective Mass Term in the DAVI Alpha and
Beta at Resonance, Slugs

/

Me Effective Mass Term in the DAVI Gamma, slugs

M.  Effective Mass Term in the DAVI Delta, slugs

Mg Intermediate Mass of the Series DAVI, slugs

M, Effective Mass Term in the DAVI Beta, slugs

Fy Displacement of the Base Orthogonal to the
Direction of Excitation, ft

s, Displacement of the Isolated Mass of the Two-
Dimensional DAVI Alpha Orthogonal to the
Direction of Excitation, ft

R Distance of the Center of Gravity of the
DAVI Inertia Bar From the Pivot Attached
to the Isolated Mass, Positive When the
Direction of the Center of Gravity is in
the Direction of the Base or Input Pivot,
ft

r Distance Between Pivots, ft

5 Frequency Used in the Laplace transformation,
rad/sec

T Kinetic Energy, ft-1b

& Time, sec L
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Potential Energy, ft-1b

DAVI Inertia Bar Weight, 1b

Isolated Weight, 1b

Lateral Displacement of the Base or Input, ft

Lateral Displacement of the DAVI Inertia Bar
Mass, ft

Lateral Displacement of the Isolated Mass, ft
Vertical Displacement of the Base or Input, ft

Vertical Displacement of the DAVI Inertia Bar
Mass, ft

Vertical Displacement of the Isolated Mass, ft

Vertical Displacement of Pivot in DAVI Delta,
ft

Vertical Displacement of the Intermediate Mass
of Series DAVI, ft

Vertical Displacement of Flexible Pivot in the
DAVI Alpha, ft

Vertical Displacement of Flexible Pivot in
DAVI Alpha, ft

Static Deflection, ft
Static Deflection, in.

Angular Rotation of the DAVI Inertia Bar, rad
or deg

Angular Rotation of the Two-Dimensional DAVI
Inertia Bar About the Vertical Axis of the
Inertia Bar, rad

Angular Rotation of the Two-Dimensional DAVI
Inertia Bar About the Lateral Axis, rad
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Radius of Gyration of the DAVI Inertia Bar,
ft

Angle Between the Principal Axis of the Two-
Dimensional DAVI Alpha and the Direction of
Excitation, rad

Duration of the Transient Inputs, sec
Frequency of Excitation, rad/sec

Antiresonant Frequency of the DAVI, rad/sec

Natural Frequency of a Conventional Isolation
System, rad/sec

Natural Frequency of the DAVI, rad/sec
Uncoupled Natural Frequency of the Conven-
tional System in the Series-Type DAVI, rad/
sec

Transmissibility of the Conventional Isolator

Transmissibility of the Conventional Isolator
at Very High Frequency

Transmissibility of the DAVI Alpha

Lateral Transmissibility of the Two-Dimensional
DAVI Alpha

Vertical Transmissibility of the Two-
Dimensional DAVI Alpha

Transmissibility of the DAVI Alpha at Very
High Frequency

Transmissibility of the DAVI Beta

Transmissibility of the DAVI Beta at Very
High Frequency

Transmissibility of the DAVI Gamma
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Transmissibility of the DAVI Gamma at Very
High Frequency

Transmissibility of the DAVI Delta
Percent Damping of the DAVI

Percent Critical Damping of the Series
Element in the Series DAVI

Ratio of DAVI Inertia Bar Mass to the
Isolated Mass

Ratio of the Intermediate Mass of the
Series DAVI to the Isolated Mass




INTRODUCTION

The design problems of conventional isolation for low fre-
quency are well-known., The greater the isolation desired,
the larger the static deflection required. The solution

to this problem is to provide a device which will give a
high percentage of isolation with a very small static
deflection. The Dynamic Antiresonant Vibration Isolator
(DAVI) is such a device; research on the DAVI was sponsored
by the U. S. Army Aviation Materiel Laboratories (USAAVLABS)
under Contract DA 44-177-AMC-196(T) and is reported in
Reference 1.

This research through analysis and tests showed that the
DAVI, which is a passive vibration isolator, can provide
a high degree of isolation at low frequency with very low
static deflection., At a predetermined antiresonant fre-
quency, the nearly zero transmissibility across a DAVI is
independent of the isolated mass. The analysis and tests
showed that the DAVI gives significantly better shock
isolation than a standard isolator with the same spring
rate,

Fowever, further research was required to determine engi-
neering design parameters of the DAVI and to determine

more thoroughly the isolation characteristics of the series-
type DAVI's, especially to determine the effects of damping
in the series element, This report discloses the results
of the analytical and experimental research conducted on
the unidirectional DAVI Alpha, the two-dimensional DAVI
Alpha, and the series-type DAVI which includes the Beta,
Gamma, and Delta., The analytical phases determined design
criteria for the unidirectional and two-dimensional DAVI
Alpha. Comparisons were made of the series-type DAVI's,
Shock analysis was done for various types of inputs., The
experimental work on the DAVI models corroborated the
analytical predictions of the DAVI concept in vibration
isolation,.




DAVI ALPHA

UNIDIRECTIONAL DAVI ALPHA

Analysis

The equations of motion of the DAVI Alpha have been derived
in USAAVLABS Technical Report 65-75 (Reference 1). However,
for completeness, the equations of motion are rederived, and
the transmissibility equation is then nondimensionalized

and programmed for the digital computer, The transmissi-
bility equation 1is then used to determine design criteria
for the DAVI Alpha and is compared to the conventional iso-
lator, This comparison is made of these systems with
equivalent static deflection ( 6 inches).

For the following schematic, the equations of motion can
be derived.

My 4% Mg

Ko == C,

A - DAVI Alpha B - Conventional
Figure 1., Schematic of a Simple Isolation System

From the above schematic, the energies of the DAVI Alpha
system are

T=1'Mzé:z*i’f5.z*z/”ozo (1)

V: £ Ko (2,-2)° 2
2
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But
. 2g-2
6+ r £ and (4)
- 2R R
Zy? Za7j3:(v- “') (5)

Substituting the above in the kinetic energy equation,
Equation (1) becones
2

. 2
\ 2 - [ + R S /7N
s zr\,z,ql(ﬁ—‘r )+ xMy [1’37-'3;<r")] (6)
Using Lagrange's equation, the equation of motion is

T r_.. :
[r-\,+m,(§-|)+ %,] 2 +Co2, +Kp 2,

- [M2(8-D+ F1)Ey-Coy -KoZgz0 ()

Assuming a steady-state solution of the form e wt , the
transmissibility equation of the DAVI Alpha 1is

Kp'[ni(%- ')%"' ;V‘]wz* "wa
Tu® [N Kofl'_n,+m°(§;l)": !r;‘w'w ({Cow (8)

However, Iz Mof’z
and let o 3
Ma= MD[(%")F + {1] (9)
2
"‘az"‘r*”v[(gr")*é:] (10)

where M, and M, are the effective mass of the DAVI Alpha
at the antiresonant frequency and resonant frequency,
respectively,




Substituting Equations (9) and (10) into Equation (8),
Equation (8) becomes

_ Ko-Maw +LC.,w
“” Ko - Mg +LCD

(11)

It is seen from the above equations that zero transmissi-
bility or the antiresonant frequency of the DAVI Alpha,
neglecting damping (CD), is obtained when the numerator

is zero, or

2 z_ Ko

w = aJA: MA (12)

and the natural frequency of the DAVI, neglecting damping,
is obtained when the denominator of Equation (11) is zero,

or

2. 2. /%
WE Yt (13)

The transmissibility equation can be rewritten by dividing
the numerator and denominator by My as

_ (- wVed %:w
«

= 2
wy h—fw)u (14)

The critical damping in a conventional isolation system
is

Ce=2M @y (15)




in which

The critical damping in the DAVI Alpha system is defined in
a similar manner, as

Cc = 2Myajp (16)
in which

However, for the DAVI Alpha isolation system, since the
antiresonant frequency or the null is not affected by the
mass of the isolated item, a damping criterion similar to
critical damping can be defined as

Ca= 2V, amn
in which ~
Wps V #;
Further defining,
Co
& T
(18)

Equation (14) can now be nondimensionalized by dividing
denominator and numerator by wgi and by utilizing the per-
cent of damping at the null from Equation (18), Equation
(14) becomes

T "
T,z (.,.99 ‘)*'Z\-f%i Ta
“ -E:Si)'tzi‘-‘ﬁfA

(19)




and the absolute transmissibility is

4 r 3
VA G &2)2*‘ 41, gg
| Tul = ™ (20)
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The above nondimensional transmissibility equation was
programmed for the 360 digital computer. This program
is primarily useful in obtaining the complete trans-
missibility equation versus frequency, and in obtaining
the effects of damping in the DAVI after the DAVI has
been properly sized. To facilitate estimating the size
of key DAVI parameters for a given application, design
criteria follow.

Desiggrcriteria

In these design criteria, a series of graphs have been
produced from which rapid approximations may be made in
predicting the physical parameters and performance ex-
pectations of DAVI Alpha vibration mounts, These graphs
allow the determination of r, R,5,6,Mp, the DAVI Alpha
transmissibility curves, and the bandwidth of isolation
about the tuned frequency. For comparison with a con-
ventional system, the transmissibility curves of a
conventional isolator of equivalent stiffness are also

presented.

In any comparison, there must be a mutual base from which
to draw related conclusions. In vibration isolation, the
system natural frequency is the logical base, However,
the natural frequency is a function of the isolated mas«
and the stiffness of the system; and as Reference 1 has
shown, the DAVI exhibits a characteristic of antiresonance
which is independent of the isolated mass. It has, there-
fore, been chosen to compare DAVI1 Alpha and conventional
isolation systems of equivalent stiffness, using then the
mutual base of static deflection ( §,. inches).




In many vibration problems, such as helicopter appli-
cations, isolation is usually concerned with a particular
ercitation frequency, and the application of the DAVI
rrinciple to such a problem would be to create a null

or antiresonance at this discrete frequency. The anti-
resonant frequency (fs cycles per second) is then a key
parameter also.

The following design criteria will make use gf the above

two functions, which will occur as a dgy £, term, and will
relate this comparative term to the other system param-
eters. The resulting graphical representations of these
relationships will provide an exweditious means from which
DAVI Alpha physical parameters and performance may be
predicted and compared to a conventional system for given
isolation requirements,

The schematic of the undamped DAVI Alpha showing a negative
and positive R is given brlow.

Mz |”:'

Kp Ko

Dy -
NPT
-2 Y

Figure 2. Undamped DAVI Alpha

Dividing the numerator and denominator of Equation (8) by

M1, letting I = /’ Mp ,and neglecting the damping terms,
the equation becomes

Ko [ (5 0+ ]
- _&__L
= so-wif1e 2o[(5-1)% 7"';-]; o

Letting _;-":w: and %’0 : 4, » and dividing numerator and
4 T

denominator by 2,
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(22)

To determine the effectiveness of the inertia of the DAVI
bar, first let P 0 . Equation (22) reduces to

L BN
q,.o' :@{)![, + (é_,)f]p (23)

Then, consider a thin rod as the DAVI inertia bar with
one end pivoted to the isolated mass, as shown in Figure 3.

2R

Figure 3, DAVI Alpha With Thin
Rod Inertia Bar

The .:ass moment of inertia is 7 =M,02 and for a thin
rod o2z %2 . But _£:=2R ; therefore o: gz.
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Substituting that’/pz: é; in Equation (22) gives

N NG
“g /‘(i)?/+ﬂa[}(-§)£2§+!7] (24)

For very high frequency, /<c¢ (au/ZqN)Z. Therefore,
Equations (22), (23),and (24) can be rewritten for trans-
missibility at very high frequency as

o[ B(8-)s £

T, = = (25)
e seu[(B-1)%r £
A 4"13'4)
a
AvaE" yan (BT 2,
4/R)?
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Xvws 4/ R\ ]' 2
pagt 1r[3(F)-2 Erl =0




The foregoing equations describe the primary parametric
relationships of the DAVI Alpha. The following analysis
will now relate the DAVI and the conv“entional isolator
in terms of the static deflection (s“) and the tuned
frequency (fa).

The natural frequency for a conventional isolator is

Ko

ol =
i My (28)

and the static deflection is

Ss'r = Kp (29)

Sgrat — (30)

Substituting Equations (9) and (12) for w’ on the right
side, and using I=anz» Equation (30) becomes

- Mg
Snw: "Np[é g" +£7 (31)

Dividing the numerator and denominator by /7., and letting

~lp = ;710 , the above equation may be arranged to
T
R T g
5T A (32)
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Substituting Equation (32) into Equation (25),
missibility at VHF becomes

the trans-

/A

VK

11

/

2 (33)
By letting (= /—,%/ﬁ-f), Equation (33) may be expressed
as

- /
Xy CEEC (AN (34)
Ssra (394.)
|
where S;T is in inches, and -FA is in cycles per second. 1If
ol £ 4%,/ , and
-oiR <+i0, then 2 2.

The relationship of C versus &/+ for various.4p is plotted
in Figure 8, and Equation (34) is plotted in Figure 9.

Figure 4 describes the bandwidth for the DAVI, where c¢_
is the frequency below the null,

and &4/, is the frequency
above the null at a given transmissibility less than unity.

Figure 4, Bandwidth of DAVI Alpha
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Analytical determination of this bandwidth is as follows,

Ignoring damping, Equation (19) becomes

2
and Me _ e -7
- oF

then,

Yy - v
w?l_ w?®

R

'
]

VHF

2
édA-a)

w2 — e fﬁﬁ)
A wél

2

Z: =

(35)

(36a)

(36b)

Dividing the numerator and denominator of Equations (36a)

and (36b) by af ,

/- &)

_
T g B

12
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7ck:: /._(ES;)Z

(37b)

From Equation (37b), it is apparent that for I<(w/w!)2<(,.’/%)z
the transmissibility is negative,

Solving for (w/wa)’, Equation (37a) becomes

%) =
/= 7& (38)
X ywF

7 </
For ®vwr and ¥ = &y<a,, T is negative, and
Equation (38) becomes

w,_)z /1 + Ty
wa )+ In (39)
Svwe
7o </
For NwwE and ¥ = 4, >wA » T is positive, and
Equation (38) becomes
‘_‘{0)1_ /= T
T ywr

Substituting Equation (34) into Equations (39) and (40),

.EL)Z;: | + IT.(I . (41)
Wa | + |Txl(‘ss7ﬂ 4“6 “)
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(42)

(‘Uu)z "’ITaJ

“a’ " -1

A \ T 'SST'FAC 386 |)
Equations (41) and (42), therefore, define the bandwidth
limits of the DAVI Alpha for T, ,. < 1.0 and zero damping.
Figures 10A, 10B, and 10C are plots of these equations,

The transmissibility of an undamped conventional isolator
is

- Ko /
= = 2 43
€ Kp-Mpwt /= a‘:;) “
Rearranging, 2

(77 ] - _L

‘24w> = (44)

Below resonance, E,is positive, and Equation (44) becomes

@ i
( ‘c)= /7 (45)

Above resonance, 7, is negative, and Equation (44) becomes

( ) /+ |7-| (46)

From Equation (30),

(‘UN) _ q
Cq Sor Wy (47)
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Multiplying Equations (45) and (46) hy BEquation (47), and
converting to units of inches and cycles per second,
Equations (45) and (46) become

(_u) 3‘95.(2") (\- .Ld) (48)
'l‘l’

and
2 -2
(‘”"C c Sselan) (I + = ) (49)
Equations (48) and (49) are plotted in Figures 5A and 5B.
To determine the parameter S CJ.JAz _ALp ,rewrite Equation
(32) or
9
ss'\' /“‘D"
(B t)+$
For the thin rod inertia bar where/oz_ 5 , then
- 3
i 2 - q
TOAT SERECE
or 3t¥
-2
s" g2 386(2™) (
ST 50)
A 4(8)™- R
3\r r

Equation (50) is plotted in Figures 6A and 6B for R/r positive
and negative, respectively, If inertia is neglected; o-o ,
and the equation becomes

0 qg
SST wi Hp = RYZ R
)~
or <" g% = 38 (em)® 515
sT 4 51
Sl
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Equation (51) is plotted in Figures 7A and 7B for R/r
positive and negative, respectively.

The angular vibratory motion of the inertia bar for values
of v and vibratory input at antiresonance is shown in
Figure 11. Figure 11 is obtained from Equation (4), when

21‘:0

Below is the procedure for using the design charts,

13
Step 1 Figure 5 - ésrfz versus «w/w), for various 7. .

For the given problem determine the required
65,F2 . With this input, enter Figures 5A and
5B and read the values of Tc for various values
of w/w, . With this data, plot the transmissi-
bility of a conventional isolator exhibiting the
same static deflection as chosen.,

Step 2 Figure 6 - -S:Tf:',u,, versus R/r for #*=R};. Making
the assumption of a thin rod inertia bar DAVI,
choose anR/r ratio, enter Figures 6A or 6B, and
read the corresponding dsrﬂ _up . Solve for/u,, .

Step 3 Figure 8 - Value C versus K/F for various_ <, .
Using previously determined R/~ and_.«, , use
Figure 8 and read the value of C. Determine

SexfaC.
a 2 n 2
Step 4 Figure 9 - Tx,. versus $f,Cat Ss7RC. Enter
Figure 9 and read the corresponding T‘,WHF
Step 5 Figure 10 - SSTFAC versus cu/«,for various 7 .

At $;.£2C, enter Figures 10A, 10B, and 10C, and
read data to plot transmissibllity of DAVI Alpha
for the chosen R/,

Step 6 Figure 11 - r versus Zg for various values of &,
At the required Zg , determine v for the desired
angular motion of the inertia bar, & ,

Step 7 Repeat Steps 2 through 6 for various R/ ratios
for optimization of specific problems,

In order to best illustrate the design procedure, the
following examples are given:

For Example 1, it is desired to isolate 100 pounds from
10 cps with 0.11-inch static deflection using the DAVI
Alpha, The vibration level nt the excitation frequency
is +0.3g or +0.029 inch.

16




Step 1

Step 2

Step 3

Step 4

Step S

Step 6

Repeat steps 2 through 6 for a R/F=-3,

Step 2

Step 3

Using Figure 5B with the input Sy - (0% o,
determine values of 70 for various values of

wre to plot transmissibility of the conventional
isolator with §,_=o0.//, and plot as shown in Figure
12,

With R/ =+3 as input and using a thin rod as the
DAVI inertia bar, read Figure 6A.
é\s‘T‘FAz Adp = /. /5
But &, €2 -/0 ; therefore,
LY

AMp = — = O./O4
/.0

or Wy = (./04)(700) = /0.4 pounds,

Using Figure 8 with the inputs R/ =+3 and
¢, =004, determine that C=079. Therefore,

SLEEC = (roXo.79) = 8.69.

\)
Using Figure 9 with the input that gs‘_ﬁfc = 8.69,
then T'(vur-.' o.52.

Using Figures 10A and 10B, determine the DAVI
Alpha transmissibility, and plot as shown in
Figure 12.

With Zg=0.022inch, using Figure 11 determine

the desired angular motion (&) of the bar and
the required distance between pivots (r ). For
two degrees of angular motion, r=-0.86. There-
fore, R=2.58 inches and the length of the bar is
2R or 5.16 inches.

With R/r=-3 as input and using a thin rod as the
DAVI inertia bar, read Figure 6B,

SerFS up= 073
But S. §2 «/.0; therefore,

Q.73
Al —
D e - O. 0ol

or  Ujp = (0.066R)/00) = 6.6C pounds,

Using Figure 8 with the inputs R#=-3and
4 =0.0662, determine that (=/26. Therefore,

Se£2C = (no)lz2¢)=/3.82.

17




Step 4
Step S

Step 6

Repeat Steps 2 through 6 for an Rfp = -/0

Step 3

Step S

Step 6

e

Step 2

A4 = 0.00645, determine that C=/9¢S, Therefore

Step 4

Summary Example 1: Wy

Ysing Figure 9 with the input that S. 5.C = /3.82 ,
then T pyp™ O4R

Using Figure 10C, determine the DAVI Alpha trans-
missibility, and plot as shown in Figure 12,

This step is identical to Step 6 for R/ =-+3,
Therefore, R/+=-31is a more efficient design due
to the lower weight of the inertia bar., If a
shorter inertia bar is desired, again using
Figure 11 with Zg=0.029inch and allowing three

degrees of angular motion of the bar, then r:=0.6
inch and 2-/.8; thus the length of the bar is
reduced,

With R/r=-/0as input and using a thin rod as the l
DAVI inertia bar, read Figure 6B,

]
Sor faottp = 0.071

0.071
- 0.0
5 2 000648 |

w2
S51¥a = /05 therefore _u -
or Wy = (0.00645)(100) = 0.645 pound.

Using Figure 8 with the inputs R/=-/0 and

§S\;_I‘::‘C = CII.O)(/-OG‘)} = /.72

Using Figure 9 witbh the input S;rﬁfC:/A7Z, then
7; - 045 .

VMF
Using Figure 10C, determine the DAVI Alpha trans-
missibility, and plot as shown in Figure 12,

With Zg=00291inch, using Figure 11 determine the
desired angular motion (© ) of the bar and the
required pivot separation (# ), For 2 degrees

of angular motion, ¥=0.86 inch, Therefore =860
inches and the bar length is 17.2 inches. For

3 degrees of angular motion,r-0O.60inch and the

bar length / is 12.0 inches.

= 100 pounds
*a = 10 cps |
S;T = ,11 inch
.Za = i.029 inch

18 A




‘Angular Pivot Ba1
Inertia Bar Mot ion Separation Length

R/r Weight, Wp o v y,
+3.0 10.4 1bs 20 .86" 5.16"
-3.0 6.62 lbs 2 .86" 5.16"
~3.0 6.62 1lbs 3° .60" 3.60"
-10.0 .645 1bs 20 .86" 17.20"
-10.0 .645 1bs 3° .60" 12.00"

Bv inspection, a large negative R/r ratio yields the optimum
(lightest) isolator with operation at the highest permiss-
ible angular excursion, &, requiring the smalles: isolator
envelope based on bar length, /.

For Example 2, it is desired to isolate 100 pounds from
3 cps with 0.11-inch static deflectinn using the DAVI Alpha.
The excitation level is 4+0.3g or +0.326 inch.

Step 1 The results of this step are identical to Step 1
in Example 1, and the transmissibility of the con-
ventional isolator is the same as shown in Figure
12,

Step 2 With ’Q/»- r-/0 as input and using a thin rod as the
DAVI inertia bar, read Figure 6B,

W 2
ésrﬂzA/"o - 0.07/
|

But SQT\CAZ:(o,//)(B)Zz 0.99 ; therefore,

0.07/
,L/D-: 5?9- - 0.07’7OY' WD = X-/ 7p°unds'

Step 3 Using Figure 8 with the input R4~—--Oand «, - o077,
determine that C:=-/.8. Therefore,

é;T\C:C = (0.99)(1.8) = [.78.

Step 4 Using Figure 9 with the input that é‘s“_{—zczwg,
then T;‘vm:: 0.82.

Step § Using Figures 10A and 10B, determine the DAVI
Alpha transmissibility, and plot as shown in
Figure 12,

Step 6 With Zg=0.32é6 inch, from Figure 1., determine

that for a reasonable angular motion of the bar
of 12°> 6> 9° then 1.5"< v« 2.0" and there-
fore 15"< R < 20", which for most applications
would give an inertia bar that is too long.




Repeat the Steps 2 through 6 for an R 4.

Step 2

_F:..

With 27 =~-4 as input and using a thin rod as the
DAVI inertia bar, read Figure 6B,

" z'
SST.FA ’L/O = 0. .39
But 6;,?: :(o.//)(3)2: 0.99; therefore,

Ap = (0.39)/(0.99) = 0,3%0r

1

Wo 39.4 pounds,

For some applications, this may be a reasonable weight and
the steps may be continued. However, if further reduction
of weight of the inertia bar is required, then an increase
in static deflection is required. Therefore, repeat steps
1 through 6 for a & =0.20and R/r=-4,

Step 1

Step 2

Step 3

Step 4

Step S

Step 6

W 2
Using Figure 5A with the input Snﬂf =(c 29)(3)-2.(,\,
determine values of Tz for various values of </
to plot transmissibility of conventional isolator
with $51=0.29, and plot as shown in Figure 12.

With R/¥=-4 as input and using a thin rod as the
DAVI inertia bar, read Figure 6B.

W\ r 4
\ésrfA/‘JD = 039
! T
But $s¢r ¥4 = 2.6V ; therefore,

= (0.39)/(26)) = 0.5

or U/

A =/5.0 pounds.

Using Figure 8 with the input RN =-4 and_«, = 0./5,
determine that (=/85 ., Therefore,

é!,-f:(j = (2oiX1.85) = a.82

[\ 2
Using i ~ure 9 with the input that -SST{AC:4.82,
then T = 0,66,
Avng
Using Figures 10A and 10B, determine the DAVI
Alpha transmissibility and plot as shown in
Figure 12,

With Zg=0.326inch, from Figure 11, determine
that for a reasonable angular motion of the bar
of 12°> & > 99, then 1.5< ¥ < 2,0; therefore,
6< R< 8.0, which will give an inertia bar
length of 12 to 16 inches.
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Test Fixture

In order that better correlation between theoretical and
test results could be obtained, a unidirectional test rig
was designed. Figures 14A and 14B are pictures of this
test rig. As indicated in these photographs, the test
rig consists of a 3/4-horsepower electric motor turning
two counterrotating shafts through two 1:1 right-angle
drives at 1750 rpm,

Seated on these two counterrotating shafts are the base
weight and isolated weight. The weights are constrained

to move axially along the rotating shafts, as illustrated
by one weight in Figure 13.

BASE OR ISOLATED WEIGHT

-
L2

OILITE BRONZE BUSHINGS

\_COUNTERROTATING SHAFTS

Figure 13. Schematic of Weight on Shafts

It is seen from the above schematic that only axial
translation of the base weight and isolated weight can
occur. In-house rescarch has shown that Coulomb damping
is eliminated and c¢nly viscous-type damping occurs. This

viscous damping is proportioned to the tangential velocity

of the rotating shafts, and it is minimized or controlled
by the rpm of the shafts.
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Figure 14B. Longitudinal View of
Unidirectional Test
Rig

36



Test Equipment and Procedure

Figure 15 is an overall view of the test setup. An MB
model S-DA electromagnetic shaker with a force capability
nf 10 pounds was connected to the base weight and was
used for the excitation. Two MB velocity pickups, which
were calibated at USAAVLABS facilities, were attached

to the input and isolated weights, The outputs of the
pickups were fed to an MB vibration meter and the results
manually recorded. The output velocity of the isolated
weight was then divided by the input velocity of the base
to obtain the transmissibility of the DAVI Alpha. The
DAVI Alpha that was used in this series of tests is shown
in Figure 16, This prototype model was designed to have
a variable r (distance between pivots) from .75 inch to
2,0 inches., Without changing any of the physical hardware,
such as springs, an antiresonant frequency can be obtained
from 4 cycles per second to 30 cycles per second, By re-
moving the weight on the inertia bar, much higher anti-
resonant frequencies can be obtained, Figure 17 shows
the installation of this model) in the test rig., For this
particular installation, it can be seen that the R/r is
negative.

Test Results

Figures 18 through 23 give the results of the test of the
DAVI Alpha, Table I gives the configurations tested.

It should be noted that the change in spring rate is not
due to a physical change of springs; it is due to the change
in offset of the pivots, The torsional spring rate of

the Bendix flexural pivots and therefore the pivot dis-
tance affect the overall spring rate of the DAVI,

The results, as seen in Figures 18 through 23, are as
expected. In each series of tests, that is, for a given
R /vy, the natural frequency of the DAVI Alpha was reduced
by an increase in the isolated weight, and the high fre-
quency isolation approached a finite value, rather than
zero as in a conventional isolator. However, as expected,
the antiresonant frequency was not affected by the mag-
nitude of the isolated weight,
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Test Setup

Figure 15.
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DAVI ALPHA CONFIGURATIONS TESTED

TABLE 1

DAVI

Inertia KD
Isolated Bar - Spring
Weight Weight Rate R 7 Figure
(Pounds) (Pounds) (Pounds/In.) (In.) (In.) (In.) Number
11
27 2.25 428 -2.27 2,00 2.405 18
42
11
27 2.25 450 -2.40 1.00 2,125 19
42
11
27 2,25 484 -4 ,66 7€ 3.480 20
42
11
27 2,25 428 4,20 2,00 2,435 21
42
11
27 2.25 450 2.95 1,00 1.92 22
42
11
27 2.25 484 3.68 .76 2,30 23
42
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Correlation

Figures 24 through 41 show the results of the correlation
of analytical and test results, A comparison is also made
of a conventional and DAVI Alpha isolation system having
the same spring rate.

Table II, on the following page, gives the results of this
comparison, The physical parameters used in the analytical
comparison are those given in Table I, and the theoretical
transmissibility curves are obtained from the digital pro-
gram, For the analytical study, .0l-percent damping (7, )
at the antiresonant frequency was used. !

It is also seen from Table II and Figures 24 through 41 that
very good correlation was obtained between the analytical and
test results, The natural frequencies and antiresonant fre-
quencies of the DAVI Alpha were predicted very accurately.,.

There is some discrepancy between the predicted and actual
transmissibility of the DAVI Alpha obtained at the anti-
resonant frequency. In approximately 50 percent of the cases,
lower transmissibility than predicted was actually obtained
from the tests.

It is also seen that there is a discrepancy between the
calculated and iest natural frequency and transmissibility
of the conventional system. This is due to the fact that
in the analysis, the effective spring rate of the con-
ventional system includes the spring rate of the pivots;
whereas in the test, the spring rate of the pivots was

not included.

It is seen in every case that the natural frequency of

the DAVI was lower than that of the equivalent conventional
system. In Figure 30, it is seen that an antiresonant
frequency was obtained at 5,6 cycles per second, whereas

the equivalent conventional system had a natural frequency
of 20.02 cycles per second. It is also seen that in 13 of
the 18 tests, at the antiresonant frequency of the DAVI
Alpha, amplificution occurred in the equivalent conventional
system,
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TWO-DIMENSIONAL DAVI ALPHA

Analysis

Below is a schematic of the two-dimensional DAVI Alpha,

Y3
M, / L

F'J\Y’KD,,
p

=3 b

Figure 42, Schematic of Two-Dimensional
DAVI Alpha

From the above schematic, the energies of the system may
be written

[ ¥ 4 L) . a «2 el
T= éﬂz(i,-# Yoo )+ “z'. Mp (zt«—y:)q..'z. laee*‘EIyey (52)

Z iz

In order to obtain the proper coupling terms and geometric
relationships of the inertia bar, the principal axes of the

inertia bar were rotated to the axis of the system shown in
Figure 43,
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Figure 43, Axes of Inertia Bar

In the above schematic, Z"p % )(p , and Y, are the principal
axes of the inertia bar in which

ZP:O
yb =0
XP""R

First rotating the axes about ZF’ results in the following
relationship

Y|= R s\n ey

X = R cos 6y

and then rotating the axes about the > axis gives

Yo = R sin 6y
Z25= Rcos Oy sinB;

69




As in the unidirectional DAVI Alpha, it is seen that

2. -2
Oz = —R—= (54)

] R R
Zp= Zgp-(F-)

| (55)
= - Y

&y = v (56)

(57)

Substituting the above in the Kinetic Energy Equation (52)
results in

T = i GEe 2 eimo { [ B - 5 (B

. - YA . . » ’ (58)
3 -28-0]3+ 5 L) s L2 -5y

[ Yo = "’a%‘ﬁ(%")
[ -z-

Using Lagrange's equation, the equations of motion are
M, +M (5—|)z+£y K, Yy~ M, (B )T+ 3t Voo, Y =059
"o\ r"-ﬁ'g)yl pl¥ V¥Y ve|’8 oy '8 =

< - Te-
[MI*M,,( %_—l) 4 %}_] Zx*KD.Zz" [MD(%-D %4— %}J ZB-Kt’EZB: O (60)
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a
Assuming a steady-state solution of the form ei t, the

transmissibility equations of the two-dimensional DAVI
Alpha are

R I,
Ye ‘Kby"auzz;ﬁ>§:'7-5)* F;;]

LV
Y Y Koy-wz[;&- *Mo(g”)z*' ‘g§7‘ (61)
R I
EI sz-wz/-/\fp;.‘(‘g'yf ;z?.
wa® 3.7

Hog =M1 (F-1)% 22 (62)

Substituting Equations (9) and (10) into the above two
equations, Equations (61) and (62) become

r

T = (63)
o 2
.4 Koy = Moy
r = Koa =Mz w*
Ay = KDz “MRiwz (64)

It is seen from the above expressions that the two-dimen-
sional DAVI Alpha is completely decoupled. However, for
motions of the base that are not along the principal axes
of the DAVI, installation will result in both Y and Z#
motions,

In order to determine this effect, a change in coordinates
is necessary. Figure 44 shows the coordinate system,

71




% Yx

fa fr

A - Lower Body B - 1Isolated Body

Figure 44. Coordinate System of Two-
Dimensional DAVI Alpha

In the above coordinate system, Zg, Yg , 7o, and }; are
the principal axes of the DAVI Alpha,and-fs » Pg » and

fr » P are the axes of the motion of tha base and
isolated body, respectively,

From Figure 44, it is seen that

Eg = facosd - Fy sin P (65)
Yo = Ppcos@ tfgsing o
.2.9 z f; cos@ —P; sind &5
Va = Ea cos @ +f.3 s g -
2.= fcos@ - Py sing (69)
Yr= Pocos@ +f; sind (70)
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[ X )

f; cos@- R

ﬁicos¢+ FI sin @

Substituting thé above expressions in Equations (59)
(60) results in the following equations of motion:

(X4

MR}(#; cosg - F}rmd)f K"'z (fxcos¢-@5/n¢5)=

Mg (f.'; cos@-R smd) + Koy (fucosg -7 snd)

Me fz sing +

ey

cos¢) + Koy(ffs/n¢ +/§cos'¢):

P
MAY(-?;SW D+ COJ‘¢) * Ky, (fa sinp +RBcosp)

Assuming a solution of the form = qoe(’w{'

letting 2 = O

the 5 axis,
convenience,

Ca

3¢
: Then

s Since the motion of

, and

the equations in matrix form are for
where

(KD{“’ZNA z) Csfes

(KDY"”Z/ZW) 515

(71)

(72)

and

(73)

(74)

the base 1is along

(75)




—

Applying Cramer's rule to the above matrix results in the
following expressions of transmissibility in the f; andP
directions:

fr_ | Foy-~w*May | 2 . Koz - @/ Mag | 2 (76)
fe Koy — Mgy é sz"‘°2’192 @

E‘: KDy -wzﬂay - Kol - szA; S¢C¢
fa KDy bt ‘UZNRV Kog - szR’ (77)

However, from Equation (11), it is seen that the above
equations can be rewritten as

e 2 2
£,° Terd v TupCé (78)

Pr_
fa (To(y - To(i,) S¢C¢ 79)

It is seen froq the above expressions that the transmissi-
bility in the 4 andF%; directions is a function of the
transmissibilities of the two-dimensional DAVI along the
DAVI's principal axes. It is also seen that motion of the
isolated body occurs at 90° to the input as well as in

the direction of the input,.

The effective absolute amplitude and phasing can be deter-
mined from the following diagram,
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Figure 45, Phasing and Absolute Amplitude of the

Calculations were done to obtain the transmissibility of the
two-dimensional DAVI Alpha. Figures 46 through 50 show the
result of these calculations, in which the absolute trans-
missibility is plotted versus the angle of input, resulting
in the polar plot. Table II1I gives the physical parameters
used in the calculations of the nonisotropic two-dimensional

DAVI .

PHYSICAL PARAMETERS OF TWO-DIMENSIONAL DAVI ALPHA

Fr

Two-Dimensional Transmissibility

TABLE III

Frequency Natural Antiresonant
Of Input Frequency Frequency Figure
(c.p.s.) (c.p.s.) (c.p.s.) Number
W “re Uy  “hy Ghy
8 9.3 6.5 25 17,7 46
17,7 9.3 6.5 25 17,7 47
25 9 &3 6.5 25 17,7 48 1
30 9.3 6.5 25 17.7 49 |
25 16,0 6.5 25 17457 50
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Dimensional DAVI Alpha Around
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It is seen in Figures 45 through 49 that a figure eight-
type lissajous pattern is obtained and that the magnitude of
the transmissibility depends upon the angular orientation

of the two-dimensional DAVI Alpha to the input.

Design Criteria

In many applications it will be desirable to so design a
two-dimensional DAVI that the dynamic properties in one
direction will be different from those in an orthogonal
direction; that is, for example, a vertical antiresonant
frequency different from the lateral antiresonant fre-
quency. This can be physically accomplished in three
ways: first, the pivots can be Hooke's joints with non-
intersecting crossarms giving different pivot separations
(r) in the two principal directions; secondly, the two
principal spring rates can be different; and thirdly, the
principal mass moments of inertia of the bar can be made
different. Any combination of these three methods can
also be used.

The analyses have considered a DAVI in which the principal
elastic axes, the principal inertial axes, and the pivot
axes are parallel. The transmissibility of the DAVI in

a principal direction is given by the equations for a
unidirectional DAVI Alpha as the principal axes are de-
coupled. However, the transmissibility in a direction
cblique to the principal axes is a function of the prin-
cival transmissibilities and the angle between the prin-
cipal axes and the direction under consideration., Further,
there is a response (vibration) of the isolated body in a
direction perpendicular to the direction of excitation when
the excitation is obliquely applied in a nonisotropic DAVI.
The response of the isolated body to excitations of differ-
ent frequencies and applied at various oblique angles is
obtained by summation of the individual responses as the
Principle of Superposition applies.
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Figure 51, Two-Dimensional DAVI Alpha
With Base Excitation Applied
To Angle @ To Principal Axis

In Figure 51, # is either one of the two principal DAVI
axes, The base excitation of amplitude 43 is applied at
angle @ to the 2 axis, The isolated body responds with
amplitude'ﬁ:in a direction parallel to {3 , the excitation,
and with amplitude B in a direction perpendicular to the
direction of the base excitation. The designer, using the
basic unidirectional DAVI equations or the design charts -
Figures 5A through 10C - will have determined the principal
axes' transmissibilities, Ty, and Ty, , at the frequency
under consideration, He can determine the transmissibility
in an oblique direction using Equation (80), and he can find
the "orthogonal transmissibility" ( pk/fa ) using Equation
(81), Equations (80) and (81) are simply nondimensionalized
forms of Equations (78) and (79).

irﬁi = | +< Toy \> So
TO'\E ) TOL? ® (80)
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Pr/fe - 'Iir

Tz - - l) 5¢C¢ (81)
Equation (80) is plotted in Figure 52, and Equation (81) is
plotted in Figure 53.

To illustrate the use of these curves, consider a two-dimen-
sional nonisotropic DAVI with a transmissibility of .40 in
the principal direction called Z and a transmissibility of
.80 in the orthogonal direction at the frequency in question,
This gives T,x /Txaz = 2.0 . First, let the excitation at
this frequency be applied at an angle of 0°or along the Z
axis. From Figure 52, following the Ty,/Tx, = 2.0 branch

of the curve to the angle of 0 it is seen that the trans-
missibility in the direction of the excitation is IOT‘

or .40. From Figure 53, follow1ng the Ta,/Tagz =20 branch
of the curve to the angle of 0°, it is seen that the trans-
missibility in the orthogonal d1rection or the Y axis is
zero,

Now let the exc1tat10n at this frequency be applied at an
angle of 30° to axis Z . From Figure 52, following the
Tdy/TdZ-ZO branch of the curve to an ang ie of 309, it

is seen that the transmissibility in the d1rect10n of the
excitation is 1.25T4x« or .5. From Figure 53, following
the Tay /Txz=2.0 branch of the curve to the angle 30°,
it is seen that the transmissibility in the orthogonal di-
rection is approximately .43 T“Z or .172,

If the excitation at this frequency is applied at an angle
of 90° to the axis Z , then from Figure 52 following the
Tay/Vxz = 20 branch of the curve to the angle of 90°

it 1s seen that the transmissibility in the direction of

the excitation is 2.0 Txz or.80. This is the transmissibil-
ity of the principal axis along the Y direction. From
Figure 53, following the Tauy/Toz =2.0 branch of the curve
to the angle 90° it is seen that the transmissibility in the
orthogonal directlon or X axis is zero.

These examples illustrate that in Figure 52, the transmis-
sibility in the direction of excitation varies between the
values of transmissibilities of the principal axes (T&Y¢1;2)
and reaches these values at the four cardinal angles of ex-
citation. In Figure 53, the orthogonal transmissibilities
reach zero at the four cardinal angles of excitation; this
rosette plot results from the fact that the principal di-
rections are uncoupled in the equations of motion.
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Test Fixture

The test fixture used for these tests is essentially the
same as that shown in Figures 13 and 14. However, the
bronze bushings on the base and isolated weight were
changed to allow for lateral translation as well as

longitudinal translation. This change 1is shown in the
following schematic.

[l

2@ QO

SOFT CENTERING SPRING

Figure 54, Schematic of Weight on Test Fixture
Allowing Lateral Translation

Lateral motions of +1/8 inch were obtainable before the
stops were hit, B
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Equipment and Procedure

Figure 55 is a photograph of the test setup showing the
installation of the two shakers. In this test, an MB
Model C-11 electromagnetic shaker with a force capability
of 50 pounds was connected to the base weight to excite
the longitudinal response,

An MB Model S-DA electromegnetic shaker with a force
capability of 10 pounds was connected to the base weight

to excite the lateral response. Both shakers were con-
nected to a common oscillator so that an exact frequency
input could be obtained. In one test, the 10-pound shaker
was disconnected, and the 50-pound shaker was connected at

an angle of 29° to the longitudinal axis., Test results were
also obtained by shaking in the longitudinal direction with
the lateral shaker disconnected, and then by shaking in the
lateral direction with the longitudinal shaker disconnected.
Four MB velocity pickups were used. Two were attached lon-
gitudinally and laterally to the base weight to obtain the
input, Two pickups were attached longitudinally and later-
ally to the isolated weight to obtain the output., The output
of the pickups was fed through filters to reduce the inherent
noise level from the test fixture and then to a Hewlett
Packard Model Scope for visual display. Data were recorded
manually from the scope, and the transmissibility was ob-
tained by dividing the output readings by the input readings.

The two-dimensional DAVI Alpha model tested is shown in

the test fixture (Figure 55). This two-dimensional model
was of similar design to the unidirectional DAVI Alpha
tested. The pivots were the ball and socket type, allowing
complete freedom of the inertia bar in a plane perpendicular

to the bar, Lateral restraint was provided by two metal
coil springs giving approximately three-fourths spring
rate as obtained in the longitudinal direction, It was

realized that friction in the bearings could be a problem.
However, if good results could be obtained from this type
of configuration, this could be an 1deal configuration
for isolation of large packages.
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Figure 56. Installation of the Two-Dimensional
DAVI Alpha Model in Test Rig
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Results

Figures 57 through 60 show the results of the tests. The
table below gives the configurations tested.

TABLE 1V

TWO-DIMENSIONAL DAVI ALPHA TESTS

DAVI
Iso- Inertia Spring Rate Direction
lated Bar Longi- of
Weight Weight EV? fW0' tudinal Lateral Exci- Figure
(Lb) (Lb) (Lb/In.)(Lb/In.) tation  Number
27 2.25 2,0 2,1 396 273 Long. S7
only
27 2.25 2,0 2.1 396 273 Lat. 58
only
27 2.25 2.0 2.1 396 273 Long. 59
and Lat,
27 2,25 2,0 2.1 396 273 29° from 60
Long.

Tt is seen from Figure 57 that with longitudinal exci-
tation only, the two-dimensional DAVI Alpha exhibits the
expected results,in that a distinct resonance and anti-
resonance are obtained. At the antiresonant frequency,
the 93-percent isolation obtained did not compare with
the over 98-percent :solation obtained with the uni-
directional DAVI model. However, this was duve to the
spherical bearings used in the two-dimensional model
which provided more damping.

The lateral response of the two-dimensional DAVI Alpha
with lateral excitation only, as shown in Figure 358, is
much more erratic,anad a distinct natural frequency was

not obtained. The reason for this erratic response is
that the lateral shaker not only introduced a force in

the system but also moments about base and isolated weight
center of gravity, producing angular and translational
motions, thus, pure lateral translation was not obtained.
However, the data show a distinct antiresonance, This
lateral antiresonant frequency is lower than that obtained
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for the longitudinal direction because of the difference
of spring rates in these directions,

Figure 59 shows the results of the simultaneous longi-
tudinal and lateral excitation, and Figure 60 shows the
results of the single excitation at 29 to the longi-
tudinal axis,

Comparing these figures with those showing the longitu-
dinal and lateral directions only, it is seen that in the
longitudinal direction, almost identical results were ob-
tained; thus, the transmissibility of the two-dimensional
DAVI Alpha, along its longitudinal principal axis, was not
affected by the type of input,

In the lateral direction, the antiresonant frequency was
not affected by the type of input which is to be expected.
However, the transmissibility along the lateral principal
axis of the two-dimensional DAVI Alpha, above the anti-
resonant frequency, was erratic, This is attributed to
angular motion of the system introduced by the lateral
forcing and the 29° offset excitation producing moments
about the base and isolated weight center of gravity,

Correlation

Since the transmissibilities were obtained about the lon-
gitudinal and lateral principal axes of the two-dimensional
DAVI Alpha, it is only necessary to calculate the trans-
missibility along the principal axes of the two-dimensional
DAVI Alpha, The physical parameters used in the theoretical
analysis are shown in Table IV, The amount of damping used
in the analysis is $,=.055. The analytical results ob-
tained are shown in Figures 57 and 58, It is seen that

the test and analytical results of two-dimensional DAVI
Alpha agree quite well along the longitudinal principal
axis, However, in the lateral direction, there are
discrepancies between the analytical and test results.

This discrepancy is possibly due to the rotation of the
system which occurred in testing but was not accounted

for in the theoretical results.
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SERIES-TYPE DAVI

The analysis and tests on the unidirectional and two-
dimensional DAVI Alphas have shown the capability of low-
frequency isolation and of obtaining an antiresonant fre-
quency that is not affected by the weight of the isolated
item, However, this system approaches a finite value of
isolation at high frequency which could be a disadvantage
for some applications. A series system can be designed
to obtain high-frequency isolation approaching zero and
retain the advantages of the DAVI Alpha, These series
DAVI's are shown in the fol.iowing schematics,

d

= |
S o = 5o

A - DAVI Beta B -~ DAVI Gamma

—£ > =2

Figure 61, Series-Damped DAVI
ANALYSIS

DAVI Beta

The DAVI Beta is an incorporation of the DAVI Alpha and
conventional isolation systems., The mass to be isolated
is supported by the DAVI Alpha part of the system which,
in turn, is supported by the base-connected conventional
isolator, A schematic of the DAVI Beta is shown in
Figure 62,
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Figure 62, DAVI Beta

From the above figure, the following energy equations
can be derived:

/ + 2 / o -4 .2
T=gME F3MpZ+iMsEs +LT6

(82)
2 4
/ g /
V‘EKD(ZI )+ 3 kS(Zs"Ze) (83)
/ . e 2 / . . \2
D=E Cb(zz—zs) + 3 Cs (ZS‘-ZB) (84)
Substituting Equations (4) and (5) into Equation (82),
Equation (82) becomes
redmE2edmfi )zr/—-/)/
e +4 4 (F -7)° (85)

Applying Lagrange's equation, the equations of motion
become

[My+ My (B £ ]2, + CoZs + o (869

NMOTRIE Y S AR
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os - 2 .
—[MD(-E 7.8-/) tIo/Er -CpEr~K, 2y */;‘73'*%(‘??)* §2_72:

(G Cs) g *[Ko rh) & = CsZ5+Ks 28 o

Assuming a solution of the form Z =Z&, eth‘ , and
letting

R)( P4
MA < Mp(F)(é",)'* rz
R 1\ I
Mp = Mr*MD(.F-I) re
R, I
My = Mg+ M (F) 4 2,
the equations may be written in matrix form as follows:

B T T T
(KD* LwCD—HRw") -(K°+iwC,-MAw7' E.: ®)

(88)

- (KD*—L(.JC,,-M*OJZ) Kxo+t<,3+iw(co+c‘)-n,wﬂ Z (Ks"'"“‘cs) Zq

L. -

Using Cramer's rule, and solving the above matrix for
‘:,_zr y the DAVI Beta transmissibility equation is

Zr _ [KS‘(AB’ ZM)’WZCSCJ*'éwﬂko‘mwz)cs*'colg‘]

7;9 Zg JAY

(89)
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where

A s ((MTME'M}\)‘U“- [MR(K$+K,)-ZMAKD-Q-NTKD*’CDC‘]CUZ

¢ b 3
+Kp ng' L {{_Mn(cs *Cp )+ MCp-2 MACD]w )
- [c"KS"CSK‘Jw} (90)

Equation (90) is the characteristic frequency equation
of the DAVI Beta,

The transmissibility equation of the DAVI Beta can be
nondimensionalized by letting

cuf - ;;P (antiresonant frequency of the DAVI)
A
2 Ky (natural frequency of the conven-
Wy = F tional system)
I
f _ G, (% damping at antiresonance)
T =
Ca
(% critical damping of the con-
f - Cs ventional system)
s ©
c:C
where
CA_ ZMACUA
M (mass ratio of DAVI inertia bar
Ay = - mass to isolated mass)
My
fk‘ (ratio of intermediate mass to
Ao = 'I‘—1 isolated mass)
5
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Substituting the above in Equation (89), the transmissi-
bility of the DAVI Beta can be written in the following
form;

> = A+CB
@~ c+(D (91)

and the absolute magnitude of the transmissibility is

= /Az'v-sz
s = 2
C¢+ D2 (92)
where
2 2 2
_{ %Y _.‘.‘-’.)_ s
Asl{ai(- 23154 &) o
oy (g W@, )
5= 24, {YSCUA e Y Agpw By (94)
z .
C - “A4p [(!'rg) *@)ZJ Mg "“‘Dz(f:.o)z w"

TSI
Ma/ Mz % Ma = MMz ) cup®

2 2 2
~ | s Mg | + ) s w s
(wf wat( L)t B R wrt wp 99
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The denominator of the transmissibility equation is the
damped natural frequency equation of the DAVI Beta. It is
seen that if‘ﬁ =CO (zero damping across th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>