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ABSTRACT 

An investigation was conducted by the Research Directorat e, 
Weapons Labcratory at Rock Island, to determine the struct ural 
dynamic characteristics of the Ml22 Tripod Mount with enoug h 
generality to be applicable to other tripod mounts of the 
same general configuration. The Ml22 Tripod Mount was 
mathematically modeled as a system of equations. This mode l 
is compatible with the mathematical model of the weapon de­
veloped by the USAWECOM to produce a combined weapon-mount 
mathematical model. 

Two models of the weapon-mount syste~ were developed. The 
first was a linear description in which tl ,e mount was modele d 
as a spring with three degrees of freedom . The second was a 
nonlinear model where the forward leg of the tripod mount 
could lift off the ground as the mount is rotated about its 
aft two foot-pads. 
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Section 1 

INTRODUCTION 

Experience with conventional small bore automatic weapons 
has shown that the weapon performance is greatly affected by variations 
in the stiffness of the weapon support, In the past this effect has been 
evaluated by actual test firings of the weapon-mount aystem. But this 
process is too expensive and time consuming to be useful to evaluate 
proposed systems since the new weapon-mount s rsten-i must first be manu­
factured and then tested. It is therefore necessary to develop a method 
to aid in the design and evaluation of small bore utomatic weapon systems. 

The U. S. Army Weapons Command has investigated modeling 
the weapon-mount system mathematically. This approach allows the 
system's parameters to be varied so that the performance of the weapon 
system can be optimized, The modeling concept takes advantaRe of modern 
digital computor techniques such as trade-off studies to assist in weapon 
design without the requirement to construct and test actual hardwal'~. 

The study reported herein is to develop the mathematical 
model of the weapon mount. A general system of equations has been 
developed for tripod mounts similar in construction to the Ml22. A few 
such mounts are the M3, Ml2, M74 and Ml917A2. The general equations 
have been developed for both a linear and a. nonlinear system. In the linear 
representation the tripod mount acts as a set of orthop .mal springs having 
flexibility in all three axes. The nonlim!ar m~del of the mount allows the 
front leg of the tripod frame to lift r:~i the ground and the weapon-mount system 
to pivot about its aft two foot pads, The coe!ficients of the general equations 
have been evaluated for the Ml22 Tripod Mount and are presented in Section 
3 of this report. 

A brief introduction to the flexibility method of matrix analysis 
has been included as an appendix to the report. This will aid as a review to 
the matrix manipulations used throughout the report. 

Summary of General Tripod Equations. 

The initial phase of the investigation was to review the physical 
parameter of various tripr d mounts such as the firing rate, weapon to 

1 



mount weight ratio and the geometry. The M2, M3, Ml22, M74 and Ml91782 

were typical tripod mounts used ior the comparison. An estimate was made 

as to the first resonant frequency of the weapon using the mount as a spring. 

The initial investigation indicated that the first resonant frequency of the wea­

pon-mount system was much higher than the firing rate. It was therefore 

possible to model the tripod mount as a system of springs without any inter­

mediate mass points since the two frequencies were far enough apart that 

they were virtually decoupled. 

The mathematical model describes th mount as a linear elastic 

system in terms of the three force displacement coordinates as shown in 

Figure 1.1. These coordinates at the weapon-mount interface are weapon 

coordinates and move with the weapon in elevation ( 8 ) and azimuth ( Y ). 
The elastic properties of the tripod mount are presented in matrix format 

in terms of these three coordinates. The tern. in the flexibility matrix are 

functions of elevation, azimuth and geometry of the weapon-mount system. 

The flexibility of the tripod mount was obtained by using the 

flexibility met.hod of structural analysis. The general concepts of the flex­

ibility method applicable to this study are pres,mted in Appendix A. The 

elements of the flexibility metrix are obtaine d ~y the following three steps: 

Step 1. The tripod mount ·s divided into three substructures 

shown in Figure 1.1 as the ain frame, the pintle,and the traverse and 

elevating components. The structural characteristics of each substructure 

are expressed in terms of their individual flexibility matrices: 

Mount frame flexibi ·t matrix. 

Pintle flexibility matrix. 

Traverse and elevating comprments 
flexibility matrix. 

These thre e unconnected matrice s are w ritten a s one system flexibility 

matrix ia( ~-

· 2 
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Figure 1. l Weapon- Mount Coordinate System 
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o(,,, The zero terms ( o( • a: 0 •fc.) and the repeated terms ( o(16: -( , elc. ) of the ,, ... I .. S' I mount substructure flexibility occurred due to ~he symmetry of the mount 
! about the X- Z plane. 

Step 2. The internal substructure' forces (P ---P ) and thF I 1 13 
applied forces (F

1
, F 

2 , F 3) are ~elated by the transformation 

1 • 

f P} - [ b] {F} 
• I 

I . 
where [b] is the force transformation miitrix which is obtaiped from the 

I I : system;' equations of equilibrium. Tpe development of [b~ f r the trippd 
mount is presented in Section z. 2 of this report. . 

I I . : Step 3. The flexibility matrix [a] of the tripod mount is obta'ined 1 

from the following congruent ti:ansformation: 

4 

, I 

1(1.1) 

( l. 2) 
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I I : ' ' I This transformation is developed in Appendix A. The numerical evaluation 
. of the coefficients are presented in Section 2. 3 of this report. The tripod ' ' \ I I mount flexibility has the following matrix form, 

'dv a.SA a,, , 
[cl] - a. .. , a.4& a~, -

a~, ci..y.1. cl~, 'I 

• I 

s I ' 



a23 = °',., b,., 4, + -<,,& (~_,,b.,6 +b,.~ /,z.~) +-< a b~z 4., + q1,3 4, ~ .. 
I 

+ ,~ .. (b,,, ~. + b~., h,..) +'\., bv,, bv,, + a<,,.rC b,.1 4, + b,,, br,~) 
+ o<,,, b,,i (b,:,a + b,,,) + o( ,,., b4, ( b.,,, + b,.,) + c{,._,. ( b,,. b.r;, 

+ b1.,1 b.r,) + o( a." 4.z ( 4., + b,.,) + o<.,,., b •. ~ ( b.,,., + b,,,) 
+t, b,,z ( b'-, - b.,,) + -<,,v bz,• (b1,- b,,,) + ~f' 4, (b~, 
- ,,,) + o(~7 b.,.,. (6-:,:1 -b,.,) + "<r,, bs., 4, 
+ _o<r,, ~:1. (b~, + b,,,) -1- o<.r,., b.,, ( b,., + b,, )

1 

+o<.,.,,. b,.,z b,.,, + o<,.,. (b,.,, b,,_. + b,._. b._,) +o<,,,,, 4, b~,; 

a, 3 =- o<,,, b\ +~~.,. b,_6 b •. , +o<._, q~, +.(,,, b;, +~ °'~, ~.,~, 
I f , 

+ o<~ 41 o,.., + Zo<,,r b,,, bs:, +io(,,, b,,, (bi:.,+ b,,#) +2of~7 b,,, (b1., 
+ b,.,) +~ o<,,r b.,,, hr,,+ 2.o{a,.- b,,.t (b',, + b,.,) 
+ ~o<.,,7 bz.., (b.,,,+ b,,.,)-+ ~o<~, h,,, (br.~ - b,.,) 
+ .tQf,,., ~, (b,,,-b,.,)+ ~o1,,,, h.,,, (IJ'-,- b,.,) -t-2.cl-<., b'I,, (4, - h,.,) 
+ o(.r,r b:, + 2. c(s;, br., (6c,:1 + b,,.,) ~ 2. o<r,, b.,, ( h,,, + b,,) 
+ o(t;r( b:,., -+ b:_,) + ~ o(,',., ( 4,, bp + b,., h,.,) + ~o('=' b';; /J

13 

+- 2. o(<., ( h,,1 b,., + b.,., 6,.,) + o<7, 1 (.6:, + b:_,) • ~c(~, b~; ~., 
b., b b' I , -+ o<,.,,. ,.,, + Z o<,.,,, ,.,,, b,~~ + o<,,,,, ,,, , + o<,a,,, b,,., 

+o(,~,,~~J (1.4 ) 

The lowe r triangular term s o! fa] r ymm t r ic wit th ir tran pos 

terms, e . g., a 2 1 
= 

1 2, etc , The force tran formation t rms (b .. ) in th 
I I 1, J 

above equ tion a r e pre s nt don th following p g . The neraliz d mount 

dimensions u s d in th relations ar hown in Figur<- l. 2. 

6 



b, = COS9 cos'Y . ' 
b, I • s //( (} . 

• 
b,, • SIN Y cost; 

• 

b,,, = -1. s I.II '( 

l,r,, = f. c os-Y 

b,. 
1 

s SI/'( 9 
• 

L,,,, • co.s (!} 

bu= - s IN 9 cos r . 
b, 1 • co.s 6 

• 
J, &. = -Sllf 6' SIN Y ,, 
b,_ i a - h SI f( Y 

1,..,z: J:,_ cos -r 
I,. • co.s-9 ,.,, 
b s -S/IV9 

"· 2 

• w!e,.• : I,= ,I, SIN 9 + ~ CO.S (;) 

/z. :: ~ co.st9 -~ S1N9 

.I,_ SIN("f:+9) 
- cos(1f+9)-~SIN(1(+9) 

6 

I., - cos(>/"+ 9) ~ J:- S!N {y+Ef) 

1- f - 9 TAN Y 
y'" ~ f 
r f + 8 TAN Y 

>~ 2. f 
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a) Top View 

u c nt r Ii 

f 
d 

1 
line 

b) Sid Vi w in Bo r A i s Plan 

Figure 1, 2 G n r li:1.ed Tripod Mount Dim n ion 
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1. 2 Summary of Ml22 Tripod Mount Analyses 

The flexbility of the Ml22 tripod mount is computed in Section 3 

of this report. Equation 1. 4 was used !or this computation with the weapon 

in the reference position, i.e., (J =0°, Y =0°. Two different boundary . 

conditions we re selected !or this evaluation. The !irst condition is with all 

three legs of the mount pinned at the mount-ground interface. The second 

condition allowed the forward leg of the mount to be free in the forward (xl 

direction. These two boundary conditions give an approximate upper and lower 

bound of the mount flexibility as a !unction of the ground stiffness. 

Pinned 

[ a] = 

Frvat leg released 

SS.17 

[ d.] = - 3,·. 2.1 

-, 9.18 

30.78 _, 

i2 .1a •IO 
~7 /, 0'7 

- 19.88 

(in./lbs) 

- 3~.3./ 

3S"f.8G 

~,1.s-0 

_, 
~92.S"O x/0 (in/lbs) 

1/8.S:'JS-

The stiffness of the Ml22 Trip d Mount in the bore axis di , ection 

for a single degree of freedom system has been computed for the two dif! rent 

boundary conditions. The stiffness in the bor axis dir ction is the inver e 

of the o( l l term in the fl xibility matrix. For the 9 = 0~ Y : o• condition 
' the bore axis tif!ness is 18, 150 and 23, 200 lbs /in. Figure 1. 3 shows th 

affec t of levation and azimuth an le on the bore axi sti. fne s . 

Both the results of Figure 1. 3 and the comparison betw en Equation 

1. 6 and 1. 7 indicate that the flexibility of the tripod mount is strongly in-

9 

( l. 6) 

( l. 7 ) 
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fluenced by the ~arth-mount interaction. The earth's flexibility increases the 

flexibility of the tripod m o~nt. The effect of this influence is not as great in 

the bore axis direction as in the vertical direction. This can be seen by com­

paring Equations 1. 6 and 1. 7 where the o(l,l term represents the displacement 

in the bore a :.:is direction due to a force in that direction and o(
20 

Z represents 

the displacement in the x2 direction due to the force F z· 

11 . 



Section 2 

METHOD OF ANALYSIS 

The method of obtaining the flexibility mat't'ix of the weapon-mount 

system is developed using a generalized model o{ a tripod mount. The result 

of this method is a 3x3 matrix describing the Hexibility at the mount-we~po!'l 
interface. Figure 2. 1 shows three weapon coordinates; x

1
, x

2 and x
3. These 

we : pon coordinates move with the weapon both in elevation and traverse angle. 
Coordinate x

1 
is parallel with the bore axis at the weapon attachment to 'the 

pintle. Coordinates x2 and x 3 are perpendicular to the bore axis anq are 
in the vertical plane. Coordinate x 2 is at the pintle and coordinate x

3 
at the 

adapter. As shown in Figure 2. 1 the mount-weapon interface forces F 1, F 2 
nd F 

3 
correspond to the three weapon coordinates x 1, x 2 and x

3
~ The refer­

ence direction, when the elevation angle 8 =0° and the traverse angle >f =0°, 
is with the bore axis in the horizontal plane pointing along the direction o{ the 

forward tripod mount leg. It should be noted that throughout the analysis,thc 
foot pads of the mount are assumed to be supported in a horizontal p~ane, 

The flexibility method was selected to develop the mount d~fo.rma­
tion relations since it facilitates direct evaluation of the various deformation 

characteristics in the final tripod mount flexibility equations. The result of 
the analysis is the mount flexibility matrix (a] in terms of the three inter­
face coordinates, x

1
, x 2 and x

3
. 

The analysis of the weapon mount is accomplished by dividing the 

mount structure into three basic substructures which are 

1. The Mount Frame 

2. The Pintle 

3. The Traverse and Elevating (T & E) Components. 

These three substructures are shown in Figure 2, 2. 

The flexibilities (I(~ of each of these substructures are determined 
in terms of the substructure 's coordinates (S $) and their forces (P' s) . Each 
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substructure fl~xibility includes all of its pertinent structural elements. The 

three mount matrices are defined as: 

1) [ -<,..] 

2) [ o<,] 

mount frame 

pintle 

traverse and elevating components 
3) l-<t (9, t)l 

The coordinate numbering and positive sense for these substructures is 

shown in Figure 2. 2 
The three substructure matrices can be assembled into a single 

flexibility matrix as f Hows: 

(2. 1) 

For a given elevation and traverse angle, a force transformation relating 

weap'>n forces (F
1
, F 

2
, F 

3
) and substructure forces (P1---P13 ) can be de-

fined as follows: 

[P} = [h] fF} ( 2. 2) 

where [b] is the force transformation between the weapon forces {F} and the 

substructure forces f PJ. The force transfo!mation can be partitioned into 

three sections corresponding to each of the three s11bstructures as follows: 

mount frame 

pintle (2. 3) 

traverse and elevation components 

The weapon-mount flexibility matrix is f" nally obtained by a con­

grur.nt transformation of the subsystem's flexibility matrix using the force 

transformation matrix. 

[a] =[bf ['o<J [ b] (2. 4} 

14 
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Coordinate System for the Three Substructures of the 
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This can be rewritten in simplified form since the [-o< -1 matrix is a 

diagonal matrix. :T 

[ d ] = I [ b, ][ a<,] [ h, ] 
•• "'• I', t 

2. 1 Tripod Mount Geometry 

(2. 5) 

The geometric relationships of the mount and the weapon are de-

fined in Figure 2. 3. This figure shows the geometry and connectivity of 

the mount and mount-weapon interface. Lengths / 1 and JI( define the 

relative positions of the adapter hinged support point with respect to the pintl , 

The over-all pintle dimensions with respect to the intersection of the pintle 

rotation axis and the center of the head are defined by L, and ~ . 
The pintle support point on the mount frame and the traverse bar are defined 

by dimensions d, e, f and g. The weapon mount system is assumed to be 

hinged at three locations in the bore axis plane: 1) at the pintle-weapon 

junction, 2) at the adapter - T & E mechanism junction and 3) at the T & E 

mechanism-traverse bar junction. The hinged connections at the top and 

bottom T & E mechanism are significant because it allows only axial load 

along the line of action of the two hinges. Consequently the reactions of 

the weapon due to the pintle and the adapter are determinant. 

Tne geometry assumed for the analysis deviates from the actual 

structure in that the actual T & E mechanism is clamped so that it always 

remains perpendicula;r to the axis of the traverse bar, and in th assumed 

geometry this mechanism remains in the vert· 'cal plane through the bor 

axis. This results in a slight error of the T E loads and defle c-

tions, but t he over-all loads and reaction in the remaining porti ns o! th 

system are still correct as shown in Figure 2, 4. 

The traverse and elevating mechanism angle is defined from the 

mount and weapon geometry and the weapon position as shown in Figure 2. 5, 

The mechanism slope is: 

~I : co'• y - ~ COS (!J + /4 $ / N 9 - ~ 

a nd ~a= cl - e +la-~ ~IN{}--!. cos e 11 

where ?//': Af(C TAN ~ 
r ~. '""I a a 

and the length of the mechanism L is equal to V X, + X:Z 

(2. 6) 

(2. 7) 

(2. 8) 

16 
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z. 2 Force Transforination Matrix 

' I The ~rms of tHe force transformatioh matrix lb] presented in 
,' Equation z. 2 are develoP,ed in this section. Th~ ij th term of the trans -' ' I ' formation is defined ,as follows: 

' I 
b • = value of the i th i,ubstructure force, (P.), due to the ' i,'J application of a unit force at the j th ~y\tem coordinate • (F. = 1. 0) with all other system forces zero. • J : I The terms of the [b] mattjx are found by applying a unit force at each 

' 
I • system coordinat one1 at a time and computing the :tesulting internal forces 

tt the substructure coordinates (l°J - ..! - P 
1

~). 
Coml?utaticin of ·b. 

1 
Terms • 

1, , ! l 
1 , To compute the first column of the [b] force tranaf'orm,ati9n J'l!l&ti:ix, 

apply F 1 = 11 and let F 2 = F 3 = 0. Referring to Figure 2.1, it is recogniz? d 
that 11 force applied t the top of thf'. p'intle is resisted entirely by the pintle and • I 

I the mount l:ead; no' load exists in the T & E components. · ' 1 
I I I Figure z. 6 shows the reduction of the substruct\.re forces result -

ing from ·F 1 = 1. The substructure coordinates are obtain~d f;om 'Figure 2. 2. , I ' The pint~e forces., Figure z. 6a, are found by ' resolving F 
1 

= 1 into the 1P 
10 and P 

11 
' directions: 

1 

P = S/N 1 B ,. 
I D - C;OS () G, 

= I, ,o,, 

-- I, II, I • (2. 9) 

The forces on the head are found by first resolving forces in the vertical 
plane 

1

of the borl, axis 
1
to the center line of the h,ead, see, Figure 2. 6b, this 1 

I 
I yields · 

. T, 2 cos 9 

7; : SIN 9 
M I 

_/_ SIN 8 + .J., COS 9 
' ! 

(Z.10) 

I ' 

I, 



Note: 

P 10 and P 11 a re in 

the vc rtical plane 
through the bore 
axis, 

Pintle 

F: • I t 

a) Pintle Sub tructure Forces 

Bore Axi 

t~ 
I • tFWD. 

1 P, 

b) Mount Frame Substructur Fore s 

Figure 2. 6 R solution 0£ Forces due to a Unit Load t F 
1 
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T hen the fore • from Equation Z. 10 are resolved into the !rame forces 
as follows: • 

P. = T, COSY • COSY ~OS (} - b, I - , 

~= ~ a: SIN 9 - b._, 
P, - T SIN y. SINY cos(!) - b, I - -I , 
F! = -Ms1HY • -StNY(l,s,r18+1._cos 9) ::. b¥., 
P. & M cos r s cos Y(.1, s,"' g + J,. cos 8) - b;,, (z . u, r -

All other tripod mount forces are zero, i . . , P
6

=P
7

=P
8

=P
9

=P
12

=P 13 =0, 

and therefore their corresponding fore transformation term• b
6 1= 
• b 7,l~b8,l=b9,J•b1z,1=b13,1=0 . 

Computation of b . Z T rms 
1, 

Following the sam procedure used to find Equation z. 11 the 
substructure forces due to F z = I are as follows: 

P. - - SIN ti co• y = I,,, , -
Pa = cos 9 = bi.a 
P, SIN (JS / /II y - I,, z = -

S lit/ Y ( ,f, co&9 - ~ SI N 8) ' P., ':I :: b ~ .1 

~ = C O C Y ( 1, cos B -1z. S /IV 9) ; b.r.2 
P,. a cos B b,o,, 
P,, :. - SIN B :: b,,z 

As b for , 11 oth r tripod mount fore • nd th corr sponding fore 
transform tion t rm b. 

2 r z ro . 
1, 

Zl 

(Z. lZ) 



Computation of b. 
3 

T rms 
1, 

Th ·computation of the b. 3 terms is performed by app ying l, 
unit load for F 3• Thi ca e how ver differs from th previous two cas s 
because applic tion of F 3 re ults in reactions through both the T E 
components and th pintle. The applied load, reactions and geometry 
are shown in Figure 2. 7. First the static reactions R

1 
and R

2 
clue to 

F 3: J will be calculat d nd then the P 13 and P
12 

forces will be calcul led. 

e J~ 
Adapte J3 

P,J~ 

/P,~ 
~ech~__r--/T 

· -c:<__s- rav r Bar 

Pintle 

Section throu h bor 
axi v rlical plan 

Figur 2. 7 W apon R a tions For F 
3

: I 

Reaction R1 is obtain d by S l mrni n th !ore s in th R
1 

r ction. 

R 2 p SIN (1"+6) ' ,, (2. 13) Equilibrium of fore in th R
2 

direction yield 

R11 + I • P,, cos(t+ 9) (2. 14) 
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Equilibrium of mom nts bout O yield• 

1, R._ • 1., R, 

R. • jr R, 
J 

Substitution of (2.15) into (2.14) produce• 

therefore 
;[- R,+/ P,,cos(-,,.+9) 

(2. 15) 

R, 2 J;(P,, cos('f"+e) - 1) (z.t6J 
Subatracting (2.13) from (2 . 16) yield• 

0 = j;-(P,. coscy+ 9)- I) -P,, s IN ('1'+1) Therefore, P13 - which~. the b
131 3 

term - equals: 

F?. :a / - b,,, 
I 

,, cos(,Y-+9)- f StN(-, .. 1) 
~ R1 can now be found using Equation (2 .16): This reaction will b n 

to compute the pintle reaction. 

SIN (~+IJ) 
R, ,. cos(y,+I) -jj- s IN (1"+8) 

~ 

(2 . 17) 

ded 

(2. 18) 

Since P13 and P 12 ar coline r ( s shown in Figur 2. 7), 

h,,,., = b ,,., 
P 12 = P

131 
th r !or : 

(2. 19) 
The mount !ore P 6 to P 9 du to the T E compon nts ar hown in 

Figure 2. 8. Fj 2 i r solv d into its v rtical nd horizontal dir ction 
a ahown. P 6 and P 8 ar obt in d from the quilibrium o! th trav rs 

23 
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bar in the vertical direction, 

P, = P C o.s '>Ir f + I TAN y • 
,1 T ~f 

Similarly P 
7 

and P 
9 

are obtained from the equilibrium in the horizontal 

direction. 

P, 
where P 12 = P

13 
and the equation for P

13 
was given in Equation Z.17. 

The pintle reactions are now obtair,ed using I\ and R
2

. The 

aubatructure forces were previously defined for F 
1 

= 1 and F Z = 1. 

Since Ri and R
2 

have been defined to be colinear wilh F 1 and F z , 
and h ve the same positive direction; the sub tructure !c-rce in the 

pintle and mount frame head b come 

P; - R, bJ,I + Ri b.i,I. 
from Equation Z.15 , Equation . Zl r..H.: v1nes 

Pi .. R, ( bJ,I + t b,,,.): J• • I 1' 2 'I r Ill, I/ I I , , , 

(Z. ZOa) 

(Z. ZOb) 

(Z. Zl) 

(Z . ZZ) 

The b' s in th above equation are defined by Equations z. 9, Z. 11 and Z. 12. 

ZS 



The substructur forces (P
1 

- - - - P 1 ) resulting from F 
3 

= 1 

are presented below as Equation 2. 23. In this equation the following should 

be noted: 

P
1 

through P 5 are obtained by substituting Equations 2.11, 2. 12 
and 2. 18 into Equation 2. 22. • 

P 
6 

through P 
9 

a re obtained by substituting Equation 2. 17 into 
Equation 2. 20. 

P
10 

and P
11 

are obtained by substituting Equatio s 2. 9, 2. 12 
and 2. 18 into Equation 2. 22. 

P 12 a nd P 13 are defined by Equations 2. 17 and 2. 9. 

P. a P,
3 

SIN ('t-+- 8) (cot s-4; $IN 9) cos Y -
P. a P,, SIN (,r+S) (s1N 8+J: COS9) 

P., • P. SIN(,;-+9)(cos9-4t JIN9) Slf'IY 
~ ~ 

= 
-::. 

~ :.-P,., SIN (,;-+B)[J, s11t1i+J,.cos8 

+ f,(.1, co,8-}. s,~i} SIN 't = 

P, .. P,, SIN (11"+ o)[ .I, $/lo/ 9+ ~c OJ' 9 

+ f.(,1,cos9-J. SIN 9J] CO$ Y -
I y 

c, P. COS'~ f-).TAH re = ,, r I 
f-, TAIIY p_. : P,, SIN 1f c.os Y 2,; 

.,1/' F +, rAH Y fa -= P,J co.r ,, ~:f 

P. = P, s IN""" C osr £+ # TANY , ,, r t..; 
P,

0 
= P,. SIN(?(+ 8)(SIN 9 + 1: cos 9) 

fl : {?i SI N(1° +8) ( cos 9 - £ S IN 9) r,, 13 ~ 

F?:,. = R3 

P,3 = cos(1"+8) -f, S!N(f + 8) 

26 
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I 

h., , 
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I 
I 2. 3 Genei-al Form of Substructure and Force Transformation Matrices 

I The-assembled force ~ransformation terms given in Section 2, 2 J ' l I 

are prer.;ented in matrix notation in Equation 2. 24. 

b,., b,,, '-u ' b,; 
' ba I 

' .. ~ 
b,., I &,,a b,,, . 

[b-] ~. 
~- f\., 

br,, &.,., h;,, ----i . 
'[ b'] = [ b,,] 0 I 0 ! . It.,, (2. 24) - 0 --- 0 , .,.., 

0 b [~] 0 ,.~, 
0 0 ~-·--b- °b,.,; ' ..... , ,.,, 
.b,,,, I 

"· s ' b•.• , - ----- ~ 6:. -0 0 ... ,6 
0 0 b,,, 

I 

The ter~• of thi!s transforililation were d~veloped in Section 2. 2. At that 
time it was shown that the zero terms in. the :mount transformation exist : . . because the T & E components were urloaded when unit loads were applied 

1 • I I a.t the p1ntle, The general form of the substruc~re flexibility matrix ['Cl(J is 
Cl(~, '-<,,. 0 o -<,,r o<,. ai,., ,-l,,, -(~. 1 I 

°'a.a o o .-('-" -c,., -/~-, Gf,., ,c,., I 
-~~J ~¥' 0 .(~I ,;(111 -

1

,.,,,--t-4":· 
'fv.r O .c,, . Cl((., -\, -",.11 

-c',r~, -(r,, '(,., °"' I 0 
,J I 1 ' t<c;, "'~1 -<c,t ~'-'1 

0 
( 2, 2 5) 

; 1,1 fl,,' 1,,, ' 
" J ' ,,, ~,, 

I -<,,, I 
- ~ - - - ·- - - - - - - -,~,=-",.::1 - ·o -
__ .:. __ 7 - - - - - ~-+ -~:-r,;.,,~ 

. I I -c,,,,, I . SYM. 
27 
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The zero terms in the mount frame flexibility matrix [ o(mJ, exist 
because the frame is symmetric in the plane formed by the substructure 
coordinates 1 and Z as shown in Figure Z. z. This results in no coupling 
between some coordinates, for example a horizontal force at 1 produces 
no transverse motion of 3, therefore o{,

1
3 • 0. The [ e('"J matrix has 

repeated terms, due to the symmetry of the frame and the symmetric loc~­
tion of the coordinates: 6 and 8; and 7 and 9; e.g., -<,,1 = o<,, and c( ,,, : -<p­
The terms in the substructure flexibility matrix remain in symbolic form 
for the general mount equations. When the equations are applied to a specific 
mount the °'~J 's can be given their numeric value. 

A general approach to determine the mount frame flexibility, [ o(,.. ] 
is presented in Appendix B. 

z. 4 Evaluation of the Tripod Mount Flexibility Matrix 
The tripod mount flexibility can be obtained using the flexibility 

and transformation matrices defined in the previous section. Equation Z. 5 
gives the matrix manipulations required to compute [ d ]. 

[a] = L [a.L] (Z. Z6) 
,••m,,., t 

where [a-·] = 

The f1 •xibility matrix [ d 1
] of each of the three substructures, 

and their COl .oution to the total tripod mount flexibility [ a] is evaluated 
in the remaining portion of Section Z. 4. 

Contribution of Mount Frame 

a."' 
J, Ir 

given by the double summation 

(Z. Z7) 
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By expanding Equation 2. 27 we obtain a general mount flexibility term. 

• °':• .bJ.i b,,.., + o(•.~ b1:; b.,1r + o<~ 3 b,,; ba1r + o(!f/ bf,j b~* 

+ o<r,, bt;j br,K + C(r.,a,; 4, + 1,, j b,, .. ) 

+ o(.,,., ( b,,; 4.1- + b,,, 4i) + c(~ I ( biJ b,,,,. + 4,i 4.) 
~ o(,,r (b,_; hr,/. + br,,; b,,"') + o(~,[ bu (i,,,1c + b,,1c) 
+ b,_,..( b,.; + b,,;)] +'\, [ bJ~ .... ~J + b.,Jb

1
; -t b,,)] 

+-< •.r ( b.,; b.r;1: + b,;; b,.,,) + o(._, [ b._; { 4,, + b,_ ,,) 
+ b,,1: (4,J + b,)] +ct.A 4/~i-+4,) ... ~ ... (h.,; +-4_)] 
+ <(~v (b,,; b.,f + ~; b,,i) + -<~, [ b,_; (h,.1: - 4) + ¼..(b,.;- {)] 
+ -<~, [ b,,j ( b?" - b,. 1:)+ b~,, ( b?; - b,.)] 
+ -<,,.,[ b~Jb~1:- ~) + b~" (b~; ;_ 4)] 
+ ot,,1[ b~j ( b,_,, - bi~)+ b.,,1r (6~; - 4. 1)} 

+ ·<.;, [ b,..; (b,_,, + b~) + b.r;" O,.; .. b,)] 
+c<r., [ b.r.j (/,~* + b,,1r) + br." ( b,,; + b,,;)] 

+ -<,.,( 1,,_ i q,, + b,,; b,,f + b,_ j b,. • ... 4 AJ + -<.;, (t ~. +4, j b,.,) 
+ «,,,[ b,. 1b,_,, + 4,1 b,., + b,,; 4," + b~i b,,'"] 
+ o(,,,[ b~jb,." + b,,j b~,] 

(2. 28) 
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The superscript,m,denotes the mount frame, thus cl.~ is the contribution 

of the mount frame flexibility to the j, k th term of the system flexibility 

matrix. The c?l.; terms of [ ] are evaluated using Equation z. ZS. 

Accounting f~r z~ro terms in the [b ] matrix as given in Equation Z. 24 
m 

the results are as follows: 

"' a,, 
• 

m 
a I 3 

I 

= o<,,, b,,~ b,,,. + o(,,z ( b,z bz,, + b,., b .. ,2) 

+ o<2,z bz.., ~,z. + o(~, b,., b~z. 

+ o(3," ( bl(,, b~ z. + b3,, hv, t.) + c(ti' b~, b'l,Z 

+ o( ~ .r ( bs;, q2 + b,,, bs;t) 

+ol..z,.s- ( bz,, b.s;z. + b.,,, b2_2) + o(.r,s- b.r;, b.s;2. 

o<~, b,,, b,,:1 + o(,,2. (h~, 4,, + ba,, b,,,) 

+ o(z, z. b2,, h2, 3 + o<.3,3 b,,, h,. 3 

+ o<3,,,, ( h'l,I b~3 + h3,, bl(,,) +o('l,'I bv,, b'f,3 
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+ o( 1,.s- ( br,, b,,, + b,,, br,3)+ a<.,,, q, {b", + 4,,) 
+o(,, 7 q, { 1,.,,, + b,,,) + a<.,.~ b.,, ( h", + b.,~) 

. + -<~,7 bz,, ( b7,2 + b,_,) + o(~, b,,, ( hr,,- b.,,) 
+- o( ,, 7 ~ / ( b,, 3 - b,, J) + o( '(, I b-( I { b.,:, - b 8, J ) 

+-('f;? b'l,I (6,,, -b,,,) +o(r,, hr,, (6~, + b,,3) 
+ -( r,1 b.r;, { b?,3 + b,, 3 ) + o(a,.r(h,.,, br,3 

+ br,, bZ,3) + 11(.s;.r bs-,, br,3 

a.;, = oe~, b,,,. b.,, + o(,,,. ( b,,, b~~ + I,~ 2 ~.,) + e<a,a 4z b,., , 

+"'.~, b,,3 b~, -r o(3." (IJ,,, 4,z + b~, b1,z.)-+ o(l(ct btz 4, 
+ o(,1.r ( b,,, br.z-+- b,_ .. b ¥;,) + <=<,,, ~z. ( b~., + b,. ,) 
+ o{,,1 b~i (b~,+ b,,,) + o(a,.,.(b~ br.3 + b.,

3 
b.r,J 

+ o(._~ ba,1. (br,, + b,.,) + °'z., b,., (h,., + b,,,) 
+ c<,,, b,,,. (b,,, - b~.,) -+- -<,,1 b,, (b,,, - b,,,) , 
-+ o<,,, b"',_(b,,, - b,,,) + 41(.,7 b,,,, (b.,,, - b,.,) 
+ c<.,, . .,. br,• br,, + o<r,, br,, (b,,, + b.,,) 
+ o<.s;, br,,. ( 6,,:1 + b,,,) 
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.. 

= "(,., b: + Z -< •.• ' b,,, b2., + o1.,. b,.: t -~,., • ~: 
I. • 

+~ o(J,'f b,, 4,, + o(Y,lf bl(,, + ~ o<,,r q~ ,b.r,:, , 

+~ '!(,., b,,: 0,,., + b,.,) + ~o(l
7 

b,,, 0,., + ·bv) ' 
+ ~ "<a,r b~,3 b s;, + 2. o<.,," bz,:J (b~~ '+ b,,,) 
+2.o( •. , bz.,(4, +h,_,) + ~ o<~, b;,, ( 4, - b,,~) 
+2.o(~, b,.,{~,-4,) . . , . 
+ ~ o<'/,, bl(,, ( b'- ~ - b,,,) + 2-<'f,1 _ bf,, t h~,

1
- b,,-~) 

+"'-r,, ft;, + .z o{.r;, b,,, { 6,,, + b,,,) , . ' 
+;?.o(s;? bs;, (6,_, -t- b;,,) + c(.;, (4~ + b,'-,) . 

! I I 

+2 o(._7 (b~, b,.,+ b,_, 4,) '+-<«-:,Ji;, t 
• 

+ 2.of.'-' {b,., 4, + b.,, b,.,) + o(~Jbt, + b:,) 
+ 2. o(,,; b.,,, b,,, 

Contribution of the Pintle 

This substructure's contribution to [aJ is , from Equation 2. 26 
• ! I 

[a~]= ,.,, 

b,~t 

q.,, 
Premul tpl ying 

b,.,, o<,o,,. + b,,,, of,,,, 
b,.,, -<,.,,. + 4,,. °',•.­
b,., ' "',., ,. + b,,, , o(,., ,, 

b .. ,, I 

t( ,.,.,. o(,.,,, h,. I , 

b,,t ol..11 4'• Cl{,,_;, b,, I I 
I . , 

b,, I 
I 

[ i,. J rb J by [b J t produces p p 

~ .. ,-<,~,, +b.,i\,11 
~ ... -<,.,,, + b,~,o<,~,, 

' 

32 
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b,.,, . 
' I 

b,.~ 
I 

,fl,,a I b,,,, 

'I 

(2. 29) 

(2. 30) 

I ' 

• I 



. I 

I o 

Completing the congruent transformation yields 

,· 
Corttribution of Travers~ and Elevating Components 

I . 
This substructure's contribution *o [a] is given by 

~ ' ~; [:•.•& ~:.~] [: 
b,~, b,, 

' , 

0 

0 

Evaluating thi~ congruent transformation yields I 

-t- ' a · 2 

a;,3 = o<,;,,,. b,, 3 + o<,~1 '' b ,~, 
I I I 

The remai~ing elements in the ,[at]_ ma~rix ar~ zero ,because of the' i 

zei:-,o terms in [bt], e. g. ; 

' 't' ·-t- ' t' ' t-a = a , 2 = a ,, , = a. 6. ,.I = 
~I I I ' 

I 

• !Total Tripod Mount Flexibility Mat rix. , 
, . I . 

The tripbd mount flexibility matr~x is given by ·summing the 
contributions from the three substructures. 

I • 11 

33 

. ! 

' 
(2. 31) 

(2. 32 ) 
! 

(2. 33) 
I • 

(2. 34) 



where: [am] i given by Equation 2. 29 
[aP] is given by Equation 2. 31 
{at] i~ given by Equation 2. 33 

After summing Equations 2. 29, 2, 31 and 2. 33, the total flexibility expre s­
s ion s are given in Equation 1. 4. Th individual terms of the matrix are 

d., I a,,. a,, 
[a] I I - "' ai .. c\,., - 0l ii, 

(2 .. 35) 
, , 

a,, , a,, , a.J, 
' 

The stiffness matrix of the mount ia found by inverting Equation 2, 35. 

[ K] = [ a r 12. 361 
For the case of a weapon mathematical model with one main gun degre 
of freed om in t.~e bore axis direction , the pring stiffne ■ s is simply 

I<~. = ~ .. , • ,2. 37) 
Thi s corresponds to the coefficient c

2 (with proper consideration for sign) of 
the mount force expression given in USAWECOM Tech Rpt. 70-114 entitled 
"Mathematical Model of the Stoner S. 56 MM Medium Machine Gun, XM207", (Reference ). 

2. 5 Transformation to Other Weapon Coordir!.!.!!:.! 
The flexibility matrix derived above describes the mount fi xi ­

bility in terms of the three mount-weapon int•· rface coordinates ,, x
2

, x
3

. 
In some cases, other coordinates may be used in the dynamic analysi , for 
xample, it may be desirable to use the main gun center of gravity dis­

plac ments and rotation to describe the system's motion. In such a cas 
it i n ces ary to transform th~ mount fl xibility to corre s pond to the n w 
coordinates. This is accomplished by fir t developing th force transforma­
tion be tw n the mount int r!ace fore sf FJ and the main gun C. G. fore [F m g }• 

34 



{F} = [ b~,l {FIR,} 
wher [b ] th 

mg 
force transform tion matrix is determin d by th we pon 

eom try shown in Figur 2. 9. The interfa e and C. G. forces ar : 

F 
X 

F y 
M 

mg 

Fw ,,,., 

M "'' ~ __ ,....,► --- -----
Weapon C.G.~ F f 

•,., J, 

F. l -------------... -~ .,.4.....,-

yAdapl r 

Figur 2. 9 Weapon C nt r of Gr vity Coordin t s 

Th m in gun force tr nsform tion [b ] is v luated by succ ssiv mg 
tion of unit fore s t th cent r of gr vity coordinat s . 

ppH -

To obtain th !ir t column in th [b ] m trix, 1 t F = 1. Th m X 
horizontal , quilibrium yi ld m 

F = I 
I 

(2. 9) 

V rtic 1 quilibrium yields 

F;=-F, (2. 40) 

Equilibrium of mom nts bout th C. G. yi lds 

/4 +~ F. -(A: ~)F,: 0 

. 35 . 



Using Equation 2. 40 this b com 

th refor 

~+~f;+~~-.i;.F.: 0 
L __ Js. 
~ - L 

J 
To ob in the s cond column in th (b ] matrix, let F = 1. 

mg Ymg Horizontal quilibrium yi Ids F 1 =O. Equilibrium of momenta about F yi lds 

(1)( 1,-~) = 1, ~ 
th r for I - _& 

J, 
Equilibrium of momenta about F 

2 
yields 

th refor 

To obt in th third column o! (b J, Jet M =l. Th mg mg horizont 1 quil'brium yi ld F 1 =O. The v rtic 1 quilibrium yi Ids 
F 2=-F 3• Th um of th mom nt bout the point wh re th ad pter 
tt ch to th pon (wh r e Mmg = J nd F 

1 
= )) yie lds 

I + ~ J
3 

L __ ...1._ 
ra - 1, 

0 

(2. 41) 

(2. 42) 

(2. 4 3) 

(2. 44) 
From thr e lo din condition valu ted abov , th force transfo rm& -

36 



tion matrix [b ] becom s 
mg 

I 0 0 

[b~,] ls. (1--f.) I - --- - J. J, (Z. 45) , , 
A .I.e. , -1. ,I, ~ 

The flexibility, in terms of the main gun C. G. coordinat s is 

then :r 
[a-,] = [ b ., ] [a] [ b.,] (2. 46) 

Z. 6 Trip d Mount Damping 

The Hect of damping in a dynamic model is moat important 

when th yatem i exclt d at or close to one of its r aonant fr qu ncie . 

In th ca e of the tripod mount the weapon firing rat of 550 round• p r 

minute (9. Z Hz) are much lower than the fundamental frequency of 

th w pon-mount syst ms. Therefore, the effect of damping on th 

system' respons should b minimal. II it ii desired to includ dampir, t( , 

it an b t b rep sented a quiv-llent viscous d mping. For th 

dyn mic model described in 1 th d mping is introduc d throu h 

the mount force co f!icient c3 which i defin d as 

where ' is th p re nt of critical vi coua dampin and is 

pproximat ly . 03 for th tripod mount. m is th ombined m of th 

w pon nd mount nd kl,l i iv n by Equ tion z. 37. 

37 



S ction 3 
EVALUATIO OF THE FLEXIBILITY MATRlX FOR THE Ml22 TRlPOD MOU T 

Thi1 s ction pres nts th pplic ion of the tripod mount fl -ibility equation d v lop d in S ction 2 by computin the n x:ibility matrix !or th Ml22 Tripod ount. Th an lysis is perform d. a1 Ji scribed 
in ction 1, as foll ows : fir t, comput th thre substructure n xibility m tric s; cond, v lu te th fore transformation r lation1 !or th 

v riou w pon ori nt tion; third, combin th sub tructurc fiexibiliti s nd tr n form tions to obt in th to l flexibility o! th ., pon-mount 
y t m. Th n r 1 configur tion of th Ml22 Tripod Mount h obtained from th ECOM Drawin o, F 7790723, 

Th ity m true for the Ml22 Tripod Mount Fr m ar luat d her in, Th n xibility o! th fr me is described in t rm s o! it nin coordin t s which int r{ c with the pintl nd th 
tr v r in mech nism s shown in Fi ur 2. 2. Th numerical v Ju tion o! th fr m w p r!orm du ing th ICES computer program - STRUDL 

nc 2). Th id liz d !ram u for th lysil h shown in i ur 3, 1. • h fr m h s m mb rs o! uniform cross •ection, nd all m mb r h v ri id connec ion • Th fr m dim naiona w r det rntln d from USA WE COM r win a which r list d a th y a.re r nc d, In lud d 

fo r computin 

ripod Mount 

ndi to thi r por i a 1 nalytic 1 ppro ch 
xibility m true o! n ind t fram uch a th 

r m • Thi pp ndix i includ d, t nd r fr m pro r m r v il bl to th r d r such bov • th on nc 
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In order to determine the importance o! the earth's flexi.biHty 
on the frame ,two cases were evaluated. 

Case 1. All three legs pinned at the frame-ground junction 
so that the ends can rotate but cannot translat . 

Case Z. The front leg rele sed in the fore-aft direction 
with all other boundary conditions remaining the same as 
for the above case. The forward direction is shown in 
Figure 3. 1 as the x direction. 

The following nodal geometry was computed from the referenced drawings: 

Table 3. 1 Frame Joint Coordinates 

Joint No. X ( in.) y ( in.) z ( in.) 

I o.o o,o 7.3. 

~ -11.1.'13 1.,,, 3,338 

3 - II .il/3 -1, I 3, 3,336 

'f -t.3, /,03 7.2. 
s- : 

1.01 o.o r.a 

' -1.3' -/,03 7.2. 
1 s.a.1 o.o o.o 
8 -1'.1, -12.'ll 0,0 

9 -19.7' I 2, '{t 0,0 

'f , cro sectional prop rtie of m e mb rs (D to @ are presented on the 
fo llowing pag . Th s e prope rties r e u s d in the subs equent analysis. 
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I • 

Members@to{§): 

. a 
"'· 

These 1members represe.nt the head which is about ten times etiffer than 
the legs,therefolje assume A=2. 8 H1

2
, I=O. 29 in 

4
, J=O~ 58 in 4. 

The results of the two STRUDL-11 compu er ana.lyses .are pre­
sented on the following page. The coordinat~s of the flexibility matrix 
hav4r been ~revioqsly presented

1 
in Figure 2. 2. Note that the results are 

hormalized to the Modulus 1of Elasticity of the frame. 1The flexibility 
coeff~cients,! o/1 , = o(,.., • o(. : I( ,,, = .( • ,( .. O, as presented in 1 .,... ••' 11,.,. ~• .;r Section ~. 3. , ! , 1 

I These two cases show a two order 0£ magnitude increase in some 
of the flexibilities by releasin'g just:one tripod leg boundary constraint. : I The largest incre~se ·occui+s for the tripod head coordinates in the fore & 
aft anq. vertical di~ections, e.g., o( ,,, • o( 1 .& 'a,.J o(~ , be.cause when 
the mount is pinned t1le loads applied at the head are re1sieted mainly as a I 

i three dimen·sional truss. When ;the front leg is rel~ased the mount must I 
then resist the l~ads by bending of the legs, ·thereby resulting in much larger I 

: • ' deformations. The tripod mount displacements, resflting from forces P 3 or P 4 applied to the head do not change,·because these loads do not require a front I I 
leg reaction in the x ~ ;rection to resist the load. However, these would cha ge I 

i! any of the ·rear leg reactions were relea~ed. Tlle flexibility at the traverse 
ba:r attachment points do not chang~ as scverd.y· as the head because the 
travcue bar forc~s (6 through ~) ~re already resisted by the bending of the· 

: legs. I 

The results of these comparisons indicate that to corr.ectly model 
the tripod ~rame it is necessary to include the ~f!ect of the tripod mount 
supporting medium. Therefore, to prpperly idealize the ground flexibility, 

! . 
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three orthoginal springs in the horizontal plane should be attached to the bottom 
of each of the three legs. This additional flexibility can be easily incorpora­
ted into the structural model of the frame substructure. 
3. Z MlZZ Mou·nt Pintle Substructure 

The pintle flexibility matrix, [I(,] , will be determined in terms of 
its two coordinates f,0 and S,, and their corresponding forces P

10 
and P

11
. 

This matrix describes the pintle flexibility from the weapon attachment 
point to the center of the head. For the MlZZ mount, the pintle is idealized 
using the three elements shown on the following page. 
Element (i) Flexibility 

This element represents the lugs on the upper end of the pintle. 

fa, 
---.... ---1►~Q I. 

Area. = O. 53 in: 
2 

4 Inertia = . 025 in. 

1L 

---,-~ ---,~ ,,_ 
'Cf\ ~ 

~ ~ : W4ZJ---r-i 
SECTION A-A 

The flexibility matrix of element (D is a diagonal matrix since there is 
no cross ~oupling between the shear and axial coordinates. 

[~ = [:1• ~] • • 

I -£ 

J. 
A 

0 

0 

(!l + I< J, ) 
3I 0.11.rA 

Where the factor of O. 385 in the shear term comes from the relation ~ • I I 
f. Z..(l+llJ • -a"""'(-l+-0-.3-0 • 0,38J'-:' . 

• • Note that ~¥includes · deformation due to bending and shear 
because the element is of a low ac;pect ratio (k is shear shape factor) . 

. 43 
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Pintle, Ref. Dwg. 
No. Fll010412 

Weapon Attachment 
Point (Pinned) 

Head 
center 
line 

Figure 3, 2 Pintle Structural Model 

to,,/, 
~J,. _!f.r,f, 
~ 1;,,J'f.. /Q,,),/ 

Elemental Force j ~ 7I 
~l 

Q,,f, t, Q,,f. 

~r°Q,.J. 

Figure 3, 3 Pintle Structural Elements 
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I · 

~ 

3 

I/ 

Substituting the element dimensions into Equation 3. 3 gives 

r ~] = l © 

I 
E. 

1.07 
o.rl 

0 

Then preforming the calculations gives 

I 
£ 

Element @ Flexibility 

0 

This element represents the tapered body of the pintle. The element is 

as11umed to have a varying area and moment of inertia. 

Cross section at the top of element @ (x
2 

= 0). 

' 

-...::~-r ... • TV,_ 

1( AK'• 3 c'!fao1 • (1.-:>~X2>r.,~r). o. ass·· 

-
I 

4 o~, 
---- 0 .8.S- -·--.. 

(3. 4) 

Area u Axis Area Inertia 

c .Ol/'11 

~[.03.r(o.010.i,11= .o,,r 

( o.38)(o.i,) : o. II o 

(o./9'1Xo.aorf 
. 3 

.(_o.z.,)(o.J 8) = .00133 
I I. 

~(O./S's)(W:J0·U? : 0. /00 
1.(o,1,r){o.,.1r+ o.,s)(o.111~0.z.r}) • 

'f8 : ,0008'3 
.t 

J.. ?r: ( o • I z..r) • . 0 '19/ 
z.. 0,'32..7 ,.,,~ 

Includes only the t ransfer term, Ad2 

** Obtained from Reference 3 
* 
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I 

2. 

3 

'{ 

s-

I , I 
Cross section at the middle ~f element ® (xz'=l.15 in) 

J I 
~ -
0 

/~• .0.,1.r" \ ., . I ' ~ ~ s: :3 • 00 0 toe '( 
"' l.l!il °' cl 

\) I 

I ' 

I . I- o.,s': 
~ I. Is-"------

,, 
o. ~6' 

Area 
u 'Axis Area ,Inertia 

1 
J.; (0.12.s-t = . 0 '191 

2.[ ~ o,38 +0.2.,n 
0.1 2.. • .o,o3 

{o.38)( o.'{S) =0,/7/ 

2.[0.2,(o.'{r+;:_usy:, o.,s,· 

2 I (0.12.rJ' , . o'/9/ 

o.S'I( .a 
'". 

.o,o~ {o.t..1r)2 

, 
0.38 (~.C/S-) 
. / 2.. ; =.00t.89 

z.(iJ.2,)@.'IS'+().t.U,(o.'ll+o.2.,I) c 002.I/ :::::, 
'(8 t I 

' I 

:: .. 0002 

. o,a2 "'r 

. i Include s only the transfe _r term, Ad 
Obtained from Reference 3 
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• I 

I • I 

~ 

j 

'{ 

s 

I 

Cross section at the bottom of ~lement @ (x
2 

= z. 31 in.) 

_________ :-, .oBi" • 

,,, I 

2 

I 

0,'(3"-
. ,. 

0,38S-

~---- - f. '(S""------~ 

I 

r• o.,ar 
I 

I , 

H 

i I 

Area u Axis Area Inertia 
I A 

t ~ ( o. I 2. 5') I •. ()"'' I • .OIS'O * 

(i ~(o.•n!t-o.rt.0 
~ o.Zl J ~ 0, ,.r, /1.tf/) +.o,t] ' a 

"6.~~~~;a....,,~)----- + O.IJ7{~.2,7S-) t.n•· 

' , :: . o,ao . 
(o.s-d o.'lj) ~ 0.2,, 

a {o.31,rJ(-_0ss-~o,a,.r) • 0.3i~ 
: . 

' .,. ( )a. • :ot1,1 i -i o. ,,.~ I I :)'(. 
1r (0.12..r 
'( . 

0.80'/ illf~ 

I 
* Include ■ only the transfer term, Adz 
** ·Optained from Reference 3 

• I I ,J 
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Based on the properties of these three 1ection■ , we can expre11 
the area and ~oment of inertia a ■ a linear function of it■ length x2. 

and 

A (x,) : o. 33 + o. a. oG -;r'.t 

I ( ,x,) = . 00 7 O + . 0 I 3 '( ~ 

The flexibility of element @ has the general form 1hown in Equation 3. 7, 

since there is no cross coupling between the axial coordinate (3) and the 

shear and moment coordinates (4 and 5). 

[ o(®] 
-<~ 0 0 

= - -;f,r 0 o( "l.:V , , - -0 
o( "" 

~.(r 

The strain energy approach i s used to evaluate the term■ of thh matrix. 
Consider the element axial force o

3
; the strain energy i■ 

l . '11 I 1 f .J/ U = J...J Q,a. dxa _ Q, Jr. 
Q3 i AE. - ~£. 0,33+0.Zos:r'z 

~ zr__ , )I o ~ ~ 
= ~ E. l-0 . 2 °' ,.J n o.,o'l-f n 0.3~ • ~E ( '/. 32) 

d
2 U 

:. a Q2. 
3 

-then 

The remaining terms are obtained by consideration of the bending strain 

energy. The moment in the element is 

then 

48 

(3. 5) 

(3. 6) 

(3. 7) 

(3. 8) 

(3. 9) 

(3. 10) 

(3. 11 ) 



Expanding an~ integratina Equation 3.11 pvea 

V ·ii: [ o; ,o,',.,, (i {.o,11t-2. {.0070){.o,i) 4-,oo,,l/h ·"" 

+ / ,.r(.0010)~- (. 00,0)
1 /n .oo,o) 

+i"''/Q 
1 

• (o3B-,Oo10/n.038-,oo,o+,oo,.J,,_oo,.\ 't'◄ r,ol3'/ ' / 

+ Q; .o,:'{ (/,, .o,e - fh .oo,o)] • 

Substituting Equations 3. 9 and 3. 13 into 3. 7 give ■ the flexibility matrix 
of elem nt @ : 

'l,32 o O 

49 
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Element G) Fl xibility 

Thi1 elem nth 1 1everal abrupt change, in it• crou ecUon. For 
simplicity, an v rage radius of O. 62 in. was used and the element wa1 a11umed 
to b of constant cros section. The area nd inertia of element @ii: 

a A = 'h' (o.,iJ • 1.11 ,,.~ 
J 

, 
I • .,, (o. ~ !), • o. II' , .. '! 

3 . 'I 

The fl x:ibility matrix of this el ment ha, the aame form a~ element @ 
sine there is no cros coupling b tw en th axial coordinate (6) and tlie 
shear and mount coordin tea ( 7 and 8 ). 

o(C':' 0 0 

[~] 
, - ~. - 0 o( 7.1 (3.15) -

I -0 o(,., c(,, I • 
The terms are giv n by 

"" • h. , o. ,1 .. o e o ~ 
""~~ --&. , E. ,.a., • c:;. 

I EA, , 
- ,~ (0.,1) = .., "2J.._ -I : "I a - ,t ~ • • £ "" 1,., E. 3 I, E r,J{o.,"/ ,. .t 

h., = (o. ,1) u O..S- , 
E z.r, E {Z)(o.11() : ,. ~ 

-
~1,8 • o( = 

,, 7 

(o,,7) ~ 8 3,..J._· 
, E. 

- ~, 
c(,,, :: - ' EI, E (0.11 ,) 

• (3. 16) 

Substituting Equation 3. 16 into Equ tion 3, 15 give 

0,80 0 0 

[~] I =- 0 ~.,2 '/,OS- (3. 17) E. 

0 '/.0.S- 8.3, 
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Combining the Three E lemenh into th Plntle Substructure 

Now .the thr e e lement flexibility matrices caa be combined to 

create the pintle flexibility matrix. Equation 3. 18 defiDaa the flexibility 

of th thre coupled elem nh of the plntle. 

['~-J 
[~] 0 . 0 

- 0 [~] 0 -
[~] 0 0 

The force transformation between the plntle aubatructan forces P10 and 

P 11 a nd the elem nt forces o1 - - - - 0 8 are given b~ 

(3.18) 

{Q} • [b]fP} u.19> 

whe re [b] is th force transformation ~trllc. The pintle substructure 

flexibility m&tr~ la: [a{,_] : [ b] ['~[I,] (3. 20) 

Due to the diagonal form of [" e(~. [ o<, ] can be expreaaed more compactly 

by p rtitioning th force t~ansformation matrix [bl. 

p (3. 21) 

then 

T 

[ o(,] = L [ bl] [ ~ l] [ b,] 
' •(})/IJfl) 

(3. 22) 

Thus the contribution of each lement to the tot&l d formation can be 

separately computed and then superimposed at the last atep. 

The force transformation matrix [b] la obtained by defining 

the int rnal pintle· forces (01 s) due to unit plntle substructure force s (P1 a). 
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Let P10 = l; th n !rom Figur a 3. 2 nd 3. 3 

Q = I I 
Q .. = 0 

Q, -: cos 71 
Q,. 1: SIN 7l 
Qr • ~ 
Q, • I 

Q., & 0 

Q, =~+~ (3. 23) 

Let P
11 = l ; th n from Figur a 3. 2 nd 3. 3 

0, - 0 -
Q,. - I 

OJ = -SIN7l 

Q" - cos 7l 
0~ - J,, 

Q, - 0 
Q, - I 

-o, h,+h~ 
(3. 24) 

Th fore tr na!orm tion m trix (b) ia d fined a th intern 1 
fore • due to unit ayat m !ore . Ther for , Equ tion 3. 21 can be written 
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u■in Equation• 3. 23 and 3. 24 

Q, I 0 

[R.j 
Q, 0 I R, ---- - - -- -
Q, C -s 
o., s C - (3_. 2 5) 
Q, - 0.'1 l.0'1 
- --- ------
Q, I 0 

Q., 0 I 
o, ,.,a '·"" 

wh r C = Coa (31°30') = . 85264 

S == Sin (31°30') == . 5225 

Evalu tion of Equation 3, 22 for elem nt (D : 

_L [ I OJ [~.02. 0 ] [ I O] =r. 
E o I O 2.'1. / o I 

J_ 
[ 

a
0
.02. o ] £. (3. 26) 

3.'I. I 

Evaluation of Equation 3, 22 for elem nt @ : 

I [ C s o.,r] f.S2 0 0 C -s 
t -s C 1.01 0 ,,,. ,, 10,.,, s C 

0 ,o,. ,, I 1.i. t'( 0.,1 1.01 

_, [ 173.81 2.13. 31 ] -- (3. 27) 
E. '-. 73.31 '11/S:O'/ 
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• 

Evaluation of Equ tion 3. 22 for el ment (]} . . 
. 

][ 7!0 ~] 

J_ u 0 '· 8 8 ] ·ro. 80 
0 0 I 

E I 3.0'/ 0 1.. '2. ~or o 
0 '(.OS- a.,~ ,.ea 

I 

[ 
30.'J.S- rs-. :1,] = ( 3. 28) 

e: S'S'. 3' IO'(. SO 

The lot 1 ubstructur flexibility [ ,J is found by summing the contribu-

• ons of the thr elements. Adding Equations 3. 26, 3. Z7 and 3. 28 produces 

the pintl flexibility matri . 

[ o( ~] [ : , .. ,. °",. II ] = o( ,,· ,, 
I I 

1 
10 

' 

[o(~] = E. [ 
Z.OG. IS 
3 ~ 8.70 

3.;l8. 10 ] 
S-73 .,'/ 

(3. 29) 

3. 3 Ml22 Mount Trav r e and El vating Component Substructure 

The computation of the flexibility matrix, [a t],of the T & E compon­

nt sub tructur i d t e rmin d for the two co rdinates ~ 2 and d13 and . 

th ir correspondin force P 12 and P 13. These two forces are equal, 

but were defined s parately in order to facilitate computation of the flexi­

ilities of the el ments within the substructur . The matrix, [a\ des­

cribes the deform tion characteri tics of th adapter, traverse and elevatir.g 

mechanism, and the travers bar shown in Fi~ure 3. 4. 

Ad pt r Flexibili y 

The adapt r fl xibility, o( 13 13 will be computed using strain , 
nergy. The adapter configuration is shown in Figure 3. 5. The adapter 

i divided into four elements @ , @ , @ , @ and the strain etle~gy 

i computed for e ch element in terms of P
1 

and P". The total strain 
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Traverae 

Figure 3. 4 ' 

b.t. 

i Sl~(t+ 
• I I 

, I . 

Figure 3. 5 

I 

l . 

We~pon Attachment_• 

• Adapt~r , 
I 

... 

1P,J, s,1 

Tra~erae and Elevating 
Mechanism 

The Traverse, and Elevating Components 
'· ' 

I' 
I 

Adapter, R.ef. Dwg. 
No. D7792990 

' 0. 
I 

.~ C~J(f' 
! 

·P. . . 
_...,;_..:..!J. SIH('f+B)• p' 

P. 2_ • I 7 c.o,('t+ B) • ~,, 

Dimen
1
aions and, Geometry of the Adapter 

I 

ss 



energy is the sum of the contribution from each part. 

Strain Energy of Ele ment @ 
Element @ is assumed to be pinned at the weapon interface and 

fixed to element @ . 

I 
The bending strai:) energy due to the vertical component of P,3 •• t..f!t:. J;r;. 
where M :11 ~ P1:a. The twisting strain ene r gy due to the horizontal comto-2. a D' 
nent of P 13 is ~ £d~ where Ts 7(b+JJ. The section properties of 
element @ are as rauows: 

I (o.17) ,~ 
., 

00 O 'I I 

~ = ~ 1,1,' = ,00161/ 

The strain energy of e lement (A) is 

- .L a. •• ,,, (!\P ')a: 
l! - ,2. ji £¾ dx,. 

0 

37 II 2. 
T p +½ 
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Strain Energy of Element ® 
Element@is assumed to be a solid square block with a circular 

hole down its 'center 

The bending strain energy due to P 1 ia l i M; J~.whe~e M: p'(J+ is). 
~ t,. " The axial strain energy due to P is z1fr. J1

8
where P • P. 

The section properties of element @ are as-tollows: 

A. :a (o.7,)(o.78)- f (o.~c:: o. 3,~ ,,,_r 

3 

I _ (0.1,)(0,78) I 1r ( .,. . 'I 
e - I 2. - 7/ 0. 3.S1 = . 0 ~ 7 0 "'· 

The strain energy of elementlmis 

a 1~2'r.,, 

V. = ½ /i. (d +:t'.)~ Jx, 
.t 

I P' 
- l9 f. (.Ol7) 

• 

•~a Z. r l'/.( 
I 3.E,,.,.7 P' + _!.. ~ p ::: 9F 2. E. 

Strain Energy of Element @ 
The xc dimension of element © is shown below 
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The bending strain energy due to P' is 1{ g Mt. d"K. where 
• e. Xa C 

The bending strain t:nergy due t o P11 
is if.cg.-..,& cJ r, where 

E Ze
1 

c 

The twisting strain energy due to P
1 is ir,gra d~ where 

Cr :r; 
The section properties of element @ are as follows: 

(0.31) (0.78)1 
3 

· . v 
IC :: / ~ , • 0 I Z. '"· , 
I :a (o,ze)(o.31) ~ . OOl'J'I ,•,,,v 

c1 IZ. 
3 

~ : t {. 79)(, 31) • , 00 77S°' c',,'! 

Strain Energy of Element @ 
The xd dimension of element @ is shown below 

M. ~ p'~. 
M, : i,_ pit~. 

I 

T•i Pel. 

The bending strain energy due to P 1 

The axial strain energy due to P 
11 

t ,l' 
is * . :rD J~where 

is i j'~ ,A&. c:J~ where 
i-E o J 
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The section properties o! element @ are as follows: 

A : (O. IB){o,78) = .D 
. & 

0./'/I '"• 

I _ [o.1s)(o.7s)3 

D - JZ -. : 00 712. ,.,._., 
• 

The strain energy o! element @ is: Jas, 
,i ~--" ,,. I v,; ... t ,.:x, 1 x/ Jx, + t ;1.~A. h, 

• ~ 0 L p'_' (o.,,). I e:. ro.,,; 
:: Z T 3E(.Oo71z.) + a. Z E (D,l't/) 

• .L ..!. P'z + ..1.. .& P''a. ~ E:. 2 E 
The total strain energy of the adapter is 

U = U +U -1- U .,. U ,.. 8 C 0 
substituting Equations 3. 30 to 3. 33 into 3. 34 gives 

V • -i 716:~ P'a + -k 7£ P":l 
Substituting P 1 = SIN( f + I) P J 3 a nd P 11 = COS('Jr+ 8) P 

13 
into this 

equation, we obtain 

U - .L :Tt'Ol 
- 2. E. 

The flex:ibilitY. influence coefficient is the second derivative of the strain 
e nergy fl( • ~1- therefore the flexibility of the adapter is "·" a " 

Traversing and Elevating Mechanism and Traverse Bar Flexibility 

(3. 33 ) 

(3. 34) 

(3. 35) 

This component is comprised of two elements: the T & E mechanism 
whose flexibility is a function of the length of the mechanism; and the traver se 
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1 • 

I ' 
bar, whose flexibility varies with the aximut\} angle. 

Traverse T & E Mech .. 

Since these elements ac(in series; the total flexibility of the two parts 
is the sum of the individual flexibilities , 

, I I 

(J. 36) I 

where ~Tis the flexibility of the .T ~ E mechanism, ; and . -<B. is the 
flexibility of the Traverse Bar. 

Traverse Bar Flexibility 

Constant EI 
assumed 

• P,a l 
9TA/.JY 14-

I 

~ f _-,----...,. _____ 

Figure 3. 6 Tr,werse Bar Structual Model 

,, 

Bar is pinned at 
its junction with 
the reat leg 1 

The deflection of the traverse bar at the unit load is 

1! ' 

: ( f' - S TAN l)Z. ( f + J ',AN. rf ; 
3EZ (R.-F) • = 

(f '-," TArl "'1')~ 
bE If 

(3. 37) 

• • : I 
From USAWECOM Drawing No. C7115350 the diameter of the 'traverse 
bar is O. 75 in. The inertia of th~ bcl;t' i~ therefore I = (i~ (.1sJ"= . 0155 in. 

4 

i I 

· 60 . 
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I 

-• " 

The other dimensions were pres~nted in Table 3.1 and are: ! =7.,14 in. ~ g=ll., 24 in. 

Equation 3. 37 becomes 

o( = 
, 8 

. : a 

[ 
.. • ' & , ] 

7. '" - II. 2.~ TAN Y 
1 

'(."ilS"S)(7. I~)£ 

I 

which is
1
the flexibiijty of the trave~se bar as a function of azim~th angle ' Y. 

I 

Ta,ble 3. 2. shows how the flexibility of ,the traverse bar is affected biy varia-. ,. 

tions in azimuth angle. 

I 

Table 3. 2 
I I 

Traverse Bar· Flexibility for _various Azimuth Angles· 

Azimuth Flexibility ( o(
8

) 
Angle ( '1) (lbs /in. ) 

I 
i o· I 3,9 I '7' /E 

i : 

6. I I 3,70~/E 
I 

I ,3• 
I I :I., 918/£ 

' ~o~ I 1,766/'"E 

~G• 6GO/£ 

Traverse and. Elevating ,Mechanism Flexibility 

The flexibility in 'the T Sc E . Mech. is. due to ~he bending in the 

screw assembly. Since the length of the mechanism varies with weapon 

I , 

• I 

elevation and azimuth ahgle so doe.s its flexibility. '.l'he flexibility will be 
I I . I . 

computed as a function of the mechanism length. F~r any given weapon 
' I • , 

attitude the screw asserobly length can be pompU;ted and the corresponding 
I , 

flexibility obtained directly. Figure 3. 7 shows the compon1ents of this 
' ' ' 

mechanism. 
I 

From ~SAWEyOM Drawing Nos. F779lll9 and .F7790723 the 

length of the mechaoism as shown tn Figu~e 3. 8 when the elevation and 

azimuth. angles al'!e zero is 41 99 in. Thi~ is used as , the r~ferente length. 
I , I I 

The flexibili~y !~r the re·ference• length is as follows: 

I • 
i 
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Figure 3, 8 

Figure 3. 7 

I. 'IJ," 

'I.,,· ~ 
I. 7.s'" 

L 
o.s;.* 

Length o! 
Assy. (L) 

' 
' 
' 
' 
' 

Upper Screw, Re!. I)v.,g. 
No. C6166488 

Screw, Re!, I)v.,g, 
No. C6108210 

Sleeve, Re!. I)v.,g. 
No. C7793005 

The Traverse and Elevating Mechanism 

O.S'I A • o.~O"I ... . "· 
I . . oo,, i " ·" 

o.o. o.7J..,. 

A • o.1t~ 
r. o. o., I" 

o.o. 1.00" 

I. 0. o.8t .. 

... , ; I• .oo, 3 '"· 
., 

Dimen_sions and Ge ometry of the Traverse and Elevating Mechanism 
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Th~r•: •;~ ~~;" j:h:mt[:~•nd: 
where M(x) and P are J~om geometry shown in Figure 3. 8). 

(3. 39) 

M co1> ~ ( o.a1 + ,.a~-~~-•z ,,_,) P,. 

2. d P= P,z. 
Subs tituting M(x) and Pinto Equation 3. 39 gives 

[ 

A,'il 

U : .L P,: Io. 7S7 + o. I I .s--x +. 00 '13.S-~,. d?( 
a. E O .0033 "·'' 

+Jo~;;.,+ 0.11.f¼-,.. 0011,r,I Jx + fo. 7s1+0.11.r,(+ .oo 'r'3S"X-"J . oo, 3 + . o o ~ 3 J ~ . 0 2. 7 + . 00 '3 't a~i ~1 

Z. '12. + I. 7.S- + 0.82. ] (3. 40) + o. %,O'( 0.2.0 '( + o. ,,, 0.116 + o. ZS-8 

EvaluatingEquati n 3, 40 a 

V = ...L _11 (9 .3 2) 
2. E 

Thei:i 

932 
£ 

This same computation was performed for other mechanism lengths and 
the results are s hown in Table 3, 3. As seen from this table the flexibility 
of the T & E Mech.is close to being a linear function of the length, L. 
Using the end points from Table 3, 3 we obtain 

oi.T ( L) = ,[..s-21 + ~o~(L- 2. 99)]-½ 

o(T ( L)= (aoG L - ,s:) £ 

• 63 • 
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Table 3. 3 Traverse and Elevating Mechanism Flexibility for 
Various Mechanism Lengths 

Mechanism Flexibility (9'r) 
Length (lbs /in.) 
(in.) 

t. ,, 5'2.I/E 

j, '' 7~7/E. 

'I. 'i 'J t 31/e: 

'I.,, ,3VE 

S':'{9 . /
1
03.S-/E 

S:~9 ,, 138/E. 

C.9~ 1,3'1,/E. 

The total flexibility of the T & E components o( 12 , 12 is given 
by Equation 3. 36 as the sum of the flexibility of the T & E Mech. ( -<-r' and 
the flexibility of the Traverse Bar ·( o(B). 

c( ,a ,a -= o{T + o(• 
' where o(B is given by Equation 3. 38 and o(T is given by Equation 3. 41. 

Substituting these two equations into Equation 3. 3 6 produces the flexibility 
of the M122 Mount Traverse and Elevating Component Substructure. 

where L is computed by Equation 2. 8 and ¥ is the azimuth angle of the 
weapon. 

3~ 4 Flexibility of the Ml22 Tripod Mount 

(3. 42) 

The flexibility matrix of the Ml22 Tripod Mount can now be computed 
by combining the individual flexibility matrices of the three substructures. 
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These substructure flexibility matrices are combined uaing the force 
transformation matrix [b),as was shown in Section 2, to produce an equa­
tion for each element of the Tripod Mount Flexibility Matrix. Thia 
matrix was presented in Equation 2, 35 aa 

a,, a,, a,,, 
[a] 

I . 
d2, a,,, J,, 

' ' 
a~, 

'i 
a,~ , d,, , 

Since the matrix is symmetric (a .. = a .. ), only the upper triangular portion 
\J J; 

needs to be computed to completely define the system's structural character-
istics, The indivi:iual terms of [a] were given by Equation 2, 34. 

Since the flexibility matrix of the weapon mount is a function of elevation 
and azimuth angle and is comprised of many terms;only two examples will 
be illustrated, The first example is the variation of the d, 1 term of the , 
flexibility .matrix as a function of elevation and azimuth. This term 
corresponds to the flexibility of the mount in the bore axis direction, The 
sec~nd example is the flexibility matrix for the complete mount for the ref­
erence position, e. g, , zero elevation and azimuth angles. 

Figure 3, 9 presents the Ml22 Tripod Mount geometry used for 
the numerical evaluation in this section. 

Ml22 Mount Flexibility in Weapon Bore Axis Direction for Varying Elevation 
and Azimuth Angles 

The a
1 1 

term will be considered in detail because it corresponds , 
to the mount stiffness term in the machine gun equations of mction in 
USAWECOM Technical Rpt, 70-114: Reference 1. From Equation 2, 34 the 
a

1, 1 term is 

a,, 
I 

--
,,, ,., 

a,,, + a,,, + 

65 
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Figure 3. 9 Dimensions and G • eometry of the Ml22 T • ripod Mount 
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Substituting the a
1
, 

1 
term for each of the three substructures (Equations 

Z. 29, 2. 31 and 2. 33) gives 

a,, 
I 

& a 
-=- o<,,, b,,, + 2. o1,,,. b,,, 1:,.,, + o<..,. b.,, + 

+ 2. -<A,.r b.,.,, br,, + o(~, b,~ + 2 .(~" b~,, 

(3. 44) 

The substructure flexibilities ( o( 1 s) have been computed in Sections 3. 1, • 
3. Z and 3. 3. The variation in stiffness due to elevation ( 8 ) and azimuth 
angle ( Y ) is specified through the (b' s). Substituting the b' from Equation s 
2. 9, 2. 11 and 2. 12 into Equation 3. 44 produces the general expression for 
the flexibility of the Tripod Mount in the weapon bore axis direction. 

a • a = o(. COS{} COSY + 2o(, & cos9 SIi+/ {} cos Y 
1, I jl , . 

+ ola i s 11./ 8 + 2J,(,,. cos•r-cos 9 {), s,N 9+ /4 cos 0) 
I I 

+ 2. ~ ¥ SIN 9 COS Y ( J, SIN f) + J.. COS~ + ~ SIN 
I 
Y COS 

2
(; 

I ~3 

-2..~~,"cose s11lt(J, SIN r; + iz cos9) + wt'I,,, s1,lr(J,s11111-J,,c()s~
2 

I. f .,a. ,. 
+ o<.rJ- COS 'Y l'J,SIN {} +J2coS91 + o/.. ,o, 10 SIN f) , 

+ .,2 a< SIN 0 COS{} + o(_ COS i 0 
10, II I~ II 

Equation 3. 45 has been evaluated for several values of elevation and 
azimuth orientation~ 
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The e( coefficients in Equation 3. 45 have been evaluated for two different cases of mount - ground boundary conditions. The first case assumes all three foot pads pinned at the ground junction. The second case assumes the forward leg is released in the fore-aft (x) direction and the forward leg is free to move along the ground. 
Tables 3. 4 and 3. 5 present the computation of a

1
, 
1 for var J ing 

e levation and azimuth angles. The individual terms in this summatiof\ are presented in order to indicate the contribution of the various element flexibilities to the system's flexibility. Table 3. 4 contains the n ·exibilities. • for the mount with all three foot pads pinned to the ground, and Table 3. 5 contains the flexibilities for the mount with the forward leg released. Comparison of the computed flexibilities shows the effect of azimuth angular variation on the bore ax.is flexibility is small compared to the effect of eleva­tion angular variation. 
For a single degree of freedom system, the stiffness is the recipro'cal of the flexibility. Tables 3.4 and 3. 5 also present the stiffness k1~1 corres­ponding to each a

1
, l° The stiffnesses computed in these tables were presented in graphical form in Figure 1. 3. The pinned mount is always stiffer than the mount with the front leg released in the forward direction. The mount stiff­ne ss variation with elevation is more regular for the pin ended mount than fo r the released mount because of the small coupling terms o(l, z in the mount frame substructure flexibility matrix. The comparison of these two cases demonstrate the necessity of incorporating the mount and its supporting medium into a single model. 

j Ml22 Tripod Mount Flexibility Matrix for Zero Elevation and Azimuth Angles 
The complete mount flexibility matrix [ d ] has been computed for the weapon in the reference position ( 9 = o0 and Y = o0 ). Both the pin e ded and the front leg released mount frame flexibilities are used. 
First, several preliminary computations are required. The angle of the T & E Mech, must be computed. From Equation 2. 6 

.x;=c;sY-~cosB+~stNO -}, 
and ;t"a = d - e + .la + fa s IN 0 - 4 cos r; 
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For the reference ·case, /) = o0 and Y = o0
• The other dimensions in 

the above equation are given in Figure 3. 9, therefore 

~, ::: • 11. 2. 'I - 9. 3 G + 0 - 1: B. 8 a o 

'Xa = 7. a o - 3. -:, '( + 'I. o I -t- o - 2. B s ~ 'f. , , 

The equation for the T & E Mech. angle 'yr ie 

'f = AR.CTA N ~~-: AR.CTAN O • 0° 
and the length of the T & E Mech. is, from Equation z. 8: 

The flexibility of the T & E Components which are functions of 8, Y and -Y,­
can now be defined. From Equation 3. 35 

• 

From Equation 3. 42 

o<,2,12 ~ ~ [ ;!Ob L - ,s- + (,.z . ..-, - /4".S-. 0 TAl•/1-f] 

"t [ .ZOGL - ,s+(G.z . .n- - 0)2] 

: J_ [ 'I 8 If b. 1] E_ , . 
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The force transformations for this case are: 

h, ' =- b, z. 0 b,, - 0 :. -I 
I , 

ba, = 0 b,1 = I b,U = 0 , 
I , b., I .. 0 

bJZ : 0 b~, - 0 I 
I , 

b'l,I : 0 b,., z. - 0 bt, =0 , , b.r., : '(, 0/ b,,. :- /.88 br., = 0 I , , 

b,,1 = ½ 
k?o' = 0 b,o.i - - l b,,, - 0 I , 
b,, I ::: I b II ,. ; 0 ba, ~ ½ , , 

I 

b,, ::::. 0 
I 

b,o 1 - 0 I 

b,,,, 0 
b,2, - I , 

b,,, 
I - I 

where b. 1 are computed from Equations 2, 9 and 2. 11, b. 
2 

from Equation 1, 
1, 2. 12 and b . 3 from Equation 2. 23, 1, 

The mount flexibility terms are obtained from Equation I. 4 . 
Substitutin~' the force transformation values given above into these equations 
produces the flexibility terms of the .1J matrix for the reference position, 9 = 0° and Y= 0° . 

a, t. - o{~z + I. 88 o<,,r + 1-/. 01 o(~S" I 

+ o(,0,11 
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_,_ 

a,,t. • . o(.r,, + 2. (I.BB) o(._.r +- I.BB,.o(.r,r + o(,.,,. 

d,, 
' 

Substituting the substructure flexibilities ( o( 1 s) computed in Sections 

3. 1, 3. 2 and 3. 3 into Equation 3. 46 produces the tripod mount flexibilities. 

All computations include the mount Young's Modulus for Steel of 2 9 x 10 
6 

psi. 

Ml22 Tripod Mount With All Feet Pinned 

a = / [,3.Z.O + 2. ('l.o~(-38.lf'' + '/.~l,.(.rs.,z.)+.S-73. &"'/ii 
,,, a,1110' ~ . ~ 

·.= '/3. 8~ "10' (i.11/1,) 

a , , [ '·"'z. + ,.sa(-3e.'I,; + 1(.01(2.'l.30} 
~~ z.tj,c!O' 

+ l{,OI (I.BB)(s-s.C-2.) + 328. 701 

= ~ 7. "/ 'J " 10-' (c·,..//1,) 

cl :: I , [-/"'I.II/+ '/.OI {2.G3 . .r.l}1 = 30.78 KI0
6{i~/fi 

,,, ~9•10 1 

a,. 2. = 
' 9

1 ,{79.s-, +2. {1.s1)(2..'l.3o)+ 1.sl'(s-s.~z) 
J: IC /0 

+ ~oc.,s] = ~o. 1.s-,.10& (,,./1,) 
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i 
I 

a a,3 = 2. r, ~,o• [ I Sf.7. '( . + /. 8 ~ '. U3. ~.rj] , ., 

= 2_ 2 • 3 2 X ID~ ' (, "·/,,) 
I 

I I 

a7.Y :: / '[1 ( S,2 34t.7)+ * (G'/9. ,r) + 'I, '1'1,.1 + 12.01 I 
I 1.,,c/O J 

In matrix form 

1(3.82 2.7. "' 30,78 

[a]= ! 1t 10 ~ . (•"✓ll) 
I 

~ 7, "' 
a. o. ,.r 22.,2 (3,47) 

30. 78 %2, ,i 2..?'· t>? I 

I 

Ml22 Tripod Mount Witli Frortt Leg Re straint Released 
. ! 

a~,~ 
2

~,.
1
~,[l,S3,.8 + 2.{'r'.ol}(-~t7.S:1) f '/,0,/,.{Ba.. :,s-) 

+ .S-73, ~'{] = ss-. 7 7 IC/0~ 

1 

( C1t,/I,): 

a, z. • C, I ,[-3,¥.f".Z.8 + J.88(-aZ.7,81) + '{.01 {'IGS.O,) 
1 Z.. x. /0 • • 

+'/.ol ( 1. ss)(~i.,.s,'+3'2.S.7o] = -'3&. 2.1 ~1;' (,·.~IJ) 

I 

a,,,= 2..
9

:
10

, [ -~,,'(.~ ~ '{.01(,,2.s~J],: -19.BS ,c1~'(c: •• /1J) 

a,., -::: 
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In'. matrix form 

S'S:17 -'3'9 2.1 -,, ... 
I a.]~ I 

I - 3,. 2.1 -:SS-9. It;' a. ,~ . .s-o ,(3. 48) 

-/9. 88 
I 

2.'J t.,o I '(80, ,r 
The mount flexibility matrix :for these two cases vei:if; that the 

, I ' mount flexibility is strongly influenced by the mount frame bo~dary condi-
tions, The mount with front leg rel~ased is more {fexible than the 

1
mourit 

, witp all legs pinned, Coordinate Z has the largest increase in flexibility 
because the relec\sed frame must resist a vertical force at the head by 

! 

frall:le bendin wherea s the pinned mount resists the same loading as a truss' 
I ' 

with axial loads. 
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Section 4 
Mathematical Model of the Tripod Mount with Forward Leg Lift Off 

The mount flexibility equations developed in Section Z of this report 
describe a linear structural system where the three feet of the tripod 
mount were constrained to remain in the horizontal plane. This linear 
representation of the mount is insufficient to completely describe the 
system, since under certain firing conditions the forward leg of the 
tripod mount will lift off the ground. During firing of the weapon, the 
inertia and/or applied loads of the machine gun can become large 
enough to cause a tensile force in the front mount leg. This tensile 
force would have to be resisted by an equal and opposite tensile force 
through the front leg foot and in turn across the foot-ground interface. 
This is not possible since the class of mounts under consideration can 
transmit only compressive forces across the mount-ground interface. 
Therefore, when the summation of the forces produces a tensile force 
in the front leg, the linear mount model is no longer applicable and a 
new mathematical model is required. 

Developed in this section is a mathematical model of the weapon­
mount system which allows the front leg of the mount to lift off the 
ground and allows the weapon - mount system to rotate about an axis 
through the feet of the two back legs. This model is termed a nonlinear 
model since it incorporates into the mathematical model a nonlinear force 
deflection relation for the forward tripod l eg. This section also presents 
the following: 1) the conditions under which the linear and nonlinear 
mount equations are to be applied, 2) the equat.ions of motion for both 
the linear and nonlinear systems,and 3) t he flexibility for the nonlinear 
tripod mount mode 1. 

The mathematical n,ndel of the tripod mount developed herein 
assumes that the equations of motion will be solved via a digital computer 
program utilizing a step-by- step numerical integration technique. This 
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type of computer program is requirecl since it is necessary to deter­
mine at each time step of the integration whether or not the front leg 
is in contact with the ground. When the leg is in contact with the ground 
the linear mathematical model developed in Section 2 is use to 

describe the response of the system. When the !ront leg is not in 

contact with the ground, the nonlinear model is used. 
Initially the system is at rest and the front leg is subjected to a 

compressive load due to the force of gravity. As the analysis progresses 
and tl e forces are developed due to weapon firing, the condition of the 
mount must be checked to determine if, or when lift off occurs. The 
condition of lift off can be defined by either of the following two methods: 

1. Front Leg Axial Force - The axial force in the front leg 
can be computed by using the three following quantities: 
the weapon displacements; a transformation to the front 
leg element displacements; and the force-deflection re­
lation of the front leg. 

2. External Equilibrium - Summa'don of moments due to the 
weapon inertial forces and g avitational forces about the 
a~s through the two back feet. 

The latter approach has been adapted for the analysis since it is the 
more direct of the two methods, 

Figure 4. 1 presents the coordinates and forces acting on the 

weapon, This figure shows the degrees of freedom of the main gun 
in the bore axis direction and the forces due to the operating parts of 
the weapon, The actual programmed solution of the weapon model would 
include the coordinates of the operating parts and their forces. For 

the present analysis these are grouped together as two forces and termed 
"operating parts forces", 

The equations of motion of this system prior to front leg lift off 
are presented below in matrix form ~here mis the mass of the weapon 
plus an effective mass of the mount, The stiffness matrix of the mount 

is obtained by inverting the main gun flexibility matrix d~fined by 

Equation 2. 46 in Section Z,e. g., (k]=(amgr 
1

. Since the frequency 
of the exci~tion is considerably less than the fundamental 
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~ 

t 
J,. \Mount Head l ~ ce~te r line 

J, --l_rAzimuth Axis of r Rotation 

Notes: 

S cti on i s Vertical Pla ne through Bore Axis 

F and F are operating part forces 
X y 

F O and F O are C.G. forces 
xmg Yme: 

M i s moment about C.G. 
mg 

I is m ass moment of inertia of system about C.G. 
C 

mis mass of weapon plus e!!ective mass of mount 

Figure 4. 1 Weapon Coordinates and Appliecl Forces for Linear Model 
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frequency of the weapon -mount,the damping terms have been omitted. 

mo· o 
om o .. 

1 + 
k ~• k,,a I<,,. 
k •. , ¼a lc,,1 

F;, 
0 

'f -- F,. (4. 1) 

o o Ic. ,,,, k,,, k,,z k,, 1 ,.., ~ 'J. -~ ~ 
At .each time step of the integration process, the system is checked 

to determine i£ the front leg has lifted of£ the ground. This is 

accomplished by the summation of moments due to the external forces 
which are the reactions of the operating parts (F and F ) and the 

xo Yo 
system's weight (W); and the inertial forces about the 0-0 axis as shown 
in Figure 4. 2. As shown in this figure, the moment is M and is positive 

0 
£or a vertical force down at the C. G. 

When the moment M is positive, th e system equilibrium is 
0 

maintained by a vertical compressive (upward) reaction force acting 

on the foot of the forward leg. When this moment becomes negative 
a vertical tensile force would be required at the forward foot. Since the 
ground-foot interface cannot transmit tensile forces, the instant that 
the mount becomes zero is the critical condition and defines when lift 

of£ occurs. The computation of the moment for this condition in terms 
of the applied forces is performed as follows: 

The horizontal and vertical position of the weapon's center of 
gravity in the bore axis plane are obtained from Figure 4. 2 a s 

The center of gravity with respect to the axit of rotation is given by 

~ : b - ~ C OS y 
c = b _ c 

3
0 $ y ( J, + Jr cos B + it s IN 8) 

a,c = cl+ xi( 

= d +1,.-~s,HO +.{ cos 8 
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a) System's Dimensions 

8 ___ .,_ 

1,. 

~3 ·~ 
b) Vertical Plane Through the Bore Axis 

Figure 4. 2 Generalized Tripod Mount Dimensions for the Linear Model 
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The main gun forces and moments are obtained from Figure 4. 1 
as follows: 

(4. 3) 

The external and inertial forces of the model must be resolved into 
vertical and horizontal forces in the bore axis plane as shown in Figure 
4. Z b. 

L = SIN 9 + Fw_ CO${} rv • %m, r,,., 

~ = ~ cos 0 - F;_ SIN 9 
m, ,-,,., -

These forces ancl the moment M mg are rotated to the local x, - -y, z axes 

(4. 4) 

at the center of ·_•avity of the weapon as shown below 

"j- ---local C.G. coordinate 
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The C. G. forces and moment are 

f:.. = FH cos y 
% 

F, = r=;. SIN Y 

F,, - ~ -
M_= M cosy 

(4. sy ,. 
'"' 

The moment of these forces about the 0-0 axis from Figure 4. 2 is 

Mo=~ ( w' - ~)+le. ~ + M
1 (4. 61 

Sub stituting Equations 4. 3, • 4. 4 and 4. 5 into 4. 6 yields M in terms 
0 of the external, inertial and gravitational for ces . 

M0 = X. I,/ + ~ [ J. cos Ycos 9 +fa cos Y-~ SIN 9] 

-~ [Jc eosYs1N9 +"cos)' +.t;, cos 9), 
+ z tn [--:i. co.s Ycos9 +X SIN 9] ~, ,c C 

+ fm, m [~COS"( SIN 6 +~ Co.s I) ] 

-;(3 Ic c os r (4. 7) 

As discussed previously, when M become s zero the front leg is in 0 the incipient lift off c ndition, 
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Whe1n the front leg lifts off the ground• a ne~ set of equations 

are , required to de,cribe the· system's response; since' the system now' 

has a rigid bddy degr~e of freedom, allowing the weapon-mount system 

to1 rotate ~bout the 0-0 axis. The only elastic dqformation which can 

occur, mu~t be in the plane 1formdd by the 0-0 axis and the weapon c. G, 

The foices perpendicular to this plane cau,se rigid body rotation of the 
I 

system about the 0-0 axis, The coordinates for this cohdition are 
I : 

shown in Figure 4. 3. The equations of motion for the nonlinear system 

are sh[o: q;l]ow[:i,) , [le,. 0 ] [x,.) = [F,.] 

0 Io lA + .i 0 ; 0 }lo) lR. (4. 8) 

I 

10is the ma r s moment of inertia of the system about the 0-0 
. . 2 I a., • axis, 1. e., m r + COB 

C C 

I 

• M is the moment of external and gravity forces about 
0 _ I 

the 0-0 axis, From Jj:quation 4. 7;, M is ] 

M
0
'=X

0 
ti+' F;., [ }-.cosYcos9 +j.;~s'¥'-;l(~S1N 9 

, -F,,. [ J-c cps YstN 9 + ~ cosY+ )'0 cos 8] (4. 91 

and F ' is the component of the forces which lie in the C. G., 
r I 

1 0 - 0 plane, al<;>ng the line of action in the radial ,direction. 
I , I 

F is 1 computed by resolving F and F into ·the radial direction. · 
r • Xo ' Yo , 1 

Since F , F and F are all in the vertical plane through th bore 
x y , r • 

, axis,1 the definition ·of F given by a rotatiop transformation is r . 

1 F.. =/;, 1

cos(8.-10)+F11. SIN(9c-DJ 
r . m, . C 'MJ . 

The displacem~nts compu!ed from the nonlinear system's 

equation& of motion, Equation 4, 8, are related to the weapon's C. G. 
I I • 

coordinates by ~ transformation similar to that given for the forces, 

As shown in Figure 4, 3b the displacement norrrtal to the C. G., 

0-0 plane x~ is f elat~d to ~he rotation about th~ y ~xis by the radius 

of rotation r . 
. c 
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(i_ i: ""c AH A o ;l'c 

ec: ARCTANt Cos9 

r. c-,. /z_a + 4.I. . c y o 'c 

-
a) Weapon and Mount 

' \ Local Coordinate 

\ z,. 
T/-

b) Weapon Cen_ter of Gravity 

Figure 4, 3 Tripod Mount Coordinates for Nonlinear Model 
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Resolving x the radial displacement into the weapon's main 
r 

gun coordinates x and y yields 
mg mg i\ 

z,,,,= x,. cos ( Be - 91 

,,,., = X'" SIN { 9c - 9) 
Similarly, resolving x into local coordinates yields 

n 

~.,= ;t',, [ - ~/H 90 cos Y cos 9 + C<,.S ~ $ IN 9] 
IL = x, [ cosB0 cos 9 + SIN 80 co.rY s 1N 9] 
tr., n 

The rotation of ,A into the bore axis direction produces 

,4,~'4,cosY 
Combining Equations 4. 11, 4. 12, 4. 13 and 4. 13 defi es the trans-

formation from the x and A coordinates to the main gun 
r l"'o 

coordinates x , y and A 
mg mg rmg· 

'J 
/3 ,,,, 

r; s1N80 cosYcosB-cos~ s1N9 

-~ COS8ocos9 +3IN BoCOSYSINI 

COSY 

(4. 12) 

(4. 13) 

(4. 14) 

( 4. 15) 

This transformation also relates the cceleratione of the corresponding 

coordinates. 

The nonlinear equations of motion are used ae long as the rotation 

/Jo of the mount is negative. When A becomes equal to or greater 

than zero the analysis revert back to the linear system of equations. 

The numerical integration then proceeds as described for the linear 

equations of motion. 

4.1 Tripod Mount Radial Stiffness 

The radial stiffness k used in Equation 4. 8 will be obtained by 
r 

first deriving a , and then inverting it to yield k . The radial mount 
r r 

flexibility a cannot be obtained using the mount flexibility matrix 
r 

previously derived in Section 2 since the front leg of the mount has 

lifted off the ground. In order to determine a it is necessary to 
r 

assume that the horizontal reaction force in the y direction is equally 

divided between the two back foot pads. With this assumption the mount 

flexibility can be easily determined using the flexibility method since 

the remaining reaction s are given from equilibrium relations. 

The radial stiffness of the tripod mount will be derived from the 

structural idealization shown in Figure 4. 4. The model consists of 
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. 
ELEMENT COORDINATE SYSTEM 

Axial 
1,4,9,12&19 
Transverse 
X-Y Plane: 3,6,7, 11,14, 15 & 18 
Orthogonal: 2, 5, 8, 10, 13 & 16 

Coordinate 17 is Vertical and 
coordinate 20 is collinear with 
coordinate 19. 

Figure 4. 4 Elements of the Nonlin~ar Tripod 'Moun 
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' ·, 

' I 

' I 

six substr1ucture ~lements whose flexibilities have be~n ~efinecl in 

other sections of this report. The flexibility of elements{D.(D,(D 1 

an'~are defined in Ap~endix iB, and the flexibility of elements@and@ 
are treated in Section z. 

The flexibility J'Tlatrices of these el~ments, obtained from their f I 

respective sections, are ~hown below. 

[ o(J=[~]=, 
o(~, o : o i .~Ji,. 0 0 

0 o(.Z L 0 - - 0 ~I o (4.16) , - . E. . a , . ' 

0 0 o(,, · O 0 · 1--✓-.. 
' 3ir.,_ 

! ' 

SYM. 

~ 0 d . 0 0 
~-

1t1z 0 J~ 0 
J 3X. 

6. a 

'I 

c:: .J_ '))4 
Ia 

,o 0 . (4. 17) I 

E ' 

1~ ,_ J!½ 
• I ,I,. ' , 2.Iz 

SY~. 
1:u 

I. 
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The dimensions and cross section properties used in Equations 4. 16 

and 4. 17 ~re shown in Figure 4. 4 

(4. 18) 

(4. 19) 

The evaluation of the flexibilities of elements@ and @ were discussed 

in ?ection 3. 

In ord r to compute the radial flexibility d,_, it is first necessary 

to develope the force transformation relating the radial force F to r 
t ~1e twent'f element forces, o1 - - - 0 20. As shown in Figure 4. 5 a 

unit force F = 1 is applied at the C. G. of the weapon in the vertical 
r 

plane of the bore axis. The resulting interncll element forces Q. 1 s 
1 

ar the desired force transformation terms. The reactions at the 

rear legs are shown in Figure 4. Sb and c. The horizontal reaction 

force in the y direction is assumed to be eqully divided between the 

two foot pads (R
3 

and R ). This ass mption is reasonable since ... 

majority of the horizontal force in the bore axis plane is reacted by 

the pintle. This is due to the greater rigidity of the pintle as compared 

to the T & E mechanicism. The y direction component of the horizontal 

force on the pintle divides equally between the back two legs since 

the mount frame is symmetric about the X-Z plane. 

From Figure 4. 5 the reaction R
1 

through R6 are: 
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a) System's Geometry 

COi § SIN'( 

z 

orizontal Plane 

t SIN~ 

l B.. a-b T,,11Y s,N 8 a ... ~ TAH y I 
SIN~ ~ a ~ ~a + 
c) Reactions in the Vertical Plane 

Figure 4. 5 Base Reactions for a Unit Load at F r 

89 



.,, 

R, = - S/1( ~ d+ ~;Al( '(' 

R n g+ b TAN 'Y 
2. = -cosuc cosY ~cl 

R = - COS' o, s IN y 
3 ~ 

R =-cos/}. cosY a-bTAN y 
'I C ~a 

R == - s 'N 8 a - h ,AN Y 
,S' C 2d 

R, = R3 

Prior to computing the force transformation .-n.,.trix, it is 

first necessary to calculate the weapon-mount interface forces. 

As shown below, for a unit load at coordinate F , the main gun 
r 

forces are: 

The force transformation from the main gun forces (Equation 4. Z 1) 

into the weapon - mount interface forces is obtaine d by multiplying the 

90 
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main gun forces by the force transformation [b ], Equation 2. 45 in mg 
Section 2. The results of this matrix multipication are the mount 
forces (Equation 4. 22). 

F = • COS (Be. - 0) 
I 

Fil = -i cos(B.-9) + (1-j) SIN{0.-9) 

~ -= f co~-(e,_-0J+f sm{o.-o) 
The pintle element forces a17 and a18 are obtained by u s ing 

the pintle force transformation terms blO, i and h 111 i from Equation 
1, 5 of Section 1. The pintle coordinates 10 and 11 as sho n in Figure 

1. 1 are the same as the pintle coordinates 17 and 18 shown in Figure 

(4. 22) 

4. 4. The matrix multiplication to transform the local C, G. coordinates 
into the pintle element forces is as follows: 

tQ,J = b,. I b,oa b,o.' F, 
I I I 

Q,, b,, I b,, z. b,, 3 
,=-1' 

I ' I F, 
The resulting pintle elemental forces are 

Q = SIN 0 cos {{}c:.-9) + cos6[- ;~ cc..,s(9c-9) 
11 ,C3 

+( 1-j;) s11v(9.-9)] +[ f cos(@.-~ 

+-J: s,N ( 0.-~] (t3)[s11v 9 +-'3 cos.9] 

Q = cos 8 cos(0c-8) - SIH 9 [-4 cos {8c-fJ) ,, "· 
+(I- -J:)s11-1(&r.-O) l + [ t cos(B,-9) 

+f, s,N (e.-e)] ~3][cos9-i' s,,.,9] 
h J SIN{_J-+0) 

were .3 = cos(?f+B)-.; SIN {1/1'"+0) 
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The T & E me chani s m forces 0
19 

and Q 20 are obtained from the 
for ce transformation terms b12, i and b13 , i in Equation l. 5. The 
matrix multiplication is 

fo,,) = 

O~of 

0 

0 

0 b,a 3 , 

0 

The resulting T & E mechanism elemental forces are 

Q,, = ()2.o = 1.i [ :t cos(Be-B) +'.¥,SIN (0.,-.9) ] 

where j :: --::-----,.---/----~---
) '( COS ('If+ 0) - £ SIN ( 1f' + tJ) 

3 
The element (D forces (0

1, o
2 

and 0
3

).as shown in Figure 4. 4, 

(4. 24) 

are obtained by rotat ion of the end force reactions using Equation B-4b 
from Appendix B, a follows: 

Q, cos7l,_cos7l
3 

S 1N7l
1 SIN 11.t C os-71:, R, 

(;1. -cos7l,.s 1N7l, co.s713 -S IN7'la51N7l:, R2 

03 - Sll{flt 0 COS7lt R, 
where R

1, R
2 and R

3 
are given by Equation 4. 20. 

The element Q) forces are obtained, as shown above, from 
Equation B-4d in Appendix Bas follows: 

Q, ccs "fl,.ccs 7l
3 S IN7l1 - SIN"fla.cos-71, R~ 

O,o - - cos"flf it17l3 cos71., s 1117l~s '"''Yi~ R.s--
Q,, SIN7lA 0 C o.r71t R~ 

where R
4

, R
5 

and R
6 

are given by Eyuation 4. 20. 
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o,~ 

Q,, 

Q,'( 

·Q,.r 

o,, 

The eleme nt @ forces are given from E quation B-4c a s 

cos7l,_c;os7l
3 

-cos71
1 

c 1N7l, cos7l3 -s1N7lf'Nfl.., 

s '"'7l., cos1ffos711 

co.1'11 -cos7l s,1171 -·t, ~ , 

-J. co~n s ,,/n 
~ 'li '(:s J;z cos71, -/4 s1Nfl!'N1'l, 0 

0 

0 

0 

0 

0 

0 

where R
1
, R

2
, R3 are given by Equation 4. 20 and P

8 
and P

9 
are 

r ewritten from Equation 2. 20 as 

~ = Q S 1//' f + S r A N y 

8 t9 C r ~ f 

R = Q s1Nf cosY f+ 9 TANY 
9 ,, a.. f' 

The element force a.
19

has already been calculated and is presented 

in Equation 4. 24. 

The ele ment @ for ces are obt~ined from Equation B-4e a s 

foll ows: 

cos7lfos7l
3 S1N7l

3 

-cos"n s ,,.,rn cos71 'l#. •• '(3 .1 

S 1N1f, COS7lf os7l 

cos71 ~os71 s111 
3 2. 

-.la.cosns,t,171 .lacos7l J,.s11171s1t17l o 
'l.._ 3 I .-, 3 

0 

stNT(~ o cos71~ o 
-JJ2 StN"n O -Jz. cos")') 0 'Cz · 'la 

where R
4

, R
5 

and R
6 

are given by Equation 4. 20 and P 
6 

and P 7 a r e 

rewritten from Equatio n 2. 20 as 
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~ = Q SIN V/' cos y f- S TAN"( 
1 ,, r R.-r 

The radial d ' :\"ection flexibility i '? given by t he congruent trans ~ . . 
. ormation, which is shown in Appendix A (Equation A -12) aa 1 

a"= L bj ('o<,] [b) 4. 29) 

where the b column matrix and o( diagonal matrix a r e s hown be low. 

b, . Q, 

ba Qa 

ba Q, 
- 6¥--;- o,, 
, b, Q; 

bCD 
b, Q, 
b., Q., -b@- ' Q. r.,_, 

-1,@- - ---
{b} b, Q, 

- -- - b;o Q,o 
-~~- b" Q,~ 

b@ --- -
b,.,_ Q,. -6~-
b,3 Q,, 
, b,., ~ 
b,s o,r I • 

'b,, I Q,, 
-I>;- o,; ' 1 

b ,a . o,, - - --
b,, o,, 
bAO Oao ' 
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' I 

I I 
where the Q's are given by Equations 4. 23, 4. 24, 4. 25 , 4. 26, 4. 27 
and 4. 28, and • 

I ,• 

I 

.....;here the o( 's are given in Equations 4.16, 4.17, 4.18 and 4.19. 
Due to the dia~onal form of r-o(-], Equation 4. 29 can be expressed 

as a stimmation. 

The desired radial stiffness is ·the in erse of the radial flexibility, e.g., 

k=-a'· ,. . ,.. 
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Appendix A 

Introduction to the Fl xibility Methods of Matrix Analysis 

A brief introduction is presented into the general concepts of the 
flexibility method of structural analysis . A more through presentation is 
contained in References 4, 5 and 6. The flexibility method can be applied to 
both determinate and indeterminate structures. The first section of this 
appendix deals with the application to determinate structures . This section 
illustrates how the flexibility matrix of a complex structure can be obtainea 
from the individual flexibility matrices of its substructures. The second 
section of this appendix will deal with the application of the flexibility matrix 
to indeterminate structures. This section will show how to : 1) operate on an 
indeterminate structure to make it determinate, 2) obtain the flexibility matrix 
for the determinate structure, and 3) obtain the final flexibility matrix of the 
indeterminate structure by performing a force elimination operation, 

Application to Determinate Structure 

The structure to be analyzed is divided into elements describing 
its deformation properties. Two coordinate systems are selected, one 
ior the over-all structure (external coordinates) and the other for the elements 
(internal coordinates~ The over-all structural coordinates are selected based 
on consideration of the external forces and the coordinates desired for the 
Hnal flexibility matrix. The element coordinates are selected based on ease 
of computing static displacements in the element, 

The flexibility matrix for each clement can be expressed as: f c(} :: [ o(l] [8} 
where {Jc) • displacements of i th element coordinates 

(A - 1) 

[ o(r] : flexibility of i th element 

{A} = forces of i th element 

All the element flexibility equations ca be combined into one equation 
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of unconnected e lements as follow s : 

s, 
Si 

P, 
Pa 
I 
I 
I 
I 

~ 

(A-Z) 

or [~) : ['o(~ {P} 
Using the equilibrium conditions of the· structure,the system forces { F} 
can be transformed to the element forces { P} wh~re (b] is the force trans·­
formation matrix. 

{P} = [ b] fFJ • (A - 3) 

Since the structure is determinate, [b) can be computed diNctly from the 
equations of equilibrium. 

The flexibility matrix of the assembled structure. [a] can be 
determined from the elemental flexibility matrices [-<:] using thP. force 
transformation [b]. This is accomplished as follows: first consider the 
structure (assumed to be linear) is acted upon by its system forces, then 
the strain energy in the structure is equal to the work done by each 
force, F., moving through its corresponding displacement, 1 
£or the strain energy is as follows: 

u = t t ~ %, ,. i L F J r x 1 
"I The flexibility equation of the complete structure is 

{Z} = [ a] [F} 

x . . The equation 
1 

(A-4) 

(A - 5) 

Substituting fx} from Equation A-5 into Equation A- 4 yields an equation 
£or the strain energy as follows: 

U = ½ LFJ [a][F] (A-6) 

Similarly, the strain energy in the i th element of the structure can be shown 
to have the same form as Equation A-6. 

(A-7) 
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The total strait} energy £or all the elements is the sum of the individual 

elements . 

(A-8) 

This can be rewritten to correspond to the matrix form o! Equation A-2 

which yields 

(A -9) 

The strain energy of the system is the same regardless of the fo r m used t o 
describe it. Therefore, equating Equations A-6 and A-9 

l~ [a] [F} - lPJ ['o<,] f P) (A-10) 

Subs tituting Equation A- 3 into Equation A - 10 produces the following equality 

LFJ(a][FJ LFJ[b]l'o<J [b] [F) (A-11) 

Then from Equation A-11 we can evaluate the flexibility matrix [a] as follows: 

[a] = [ b t['o<,] [ b] <A -12) 

The matrix product in Equation A-12 is a congruent transformatio11 which gives 

the assembled structure flexibility [a] in terms of the force transfo r ma-

ion [b) and the unconnected clement flexibility [- a( ...J , 

Application to Indeterminate Structur 

Here, as for the determinate case, the s tructure is divid into internal 

elements for which the force deflection relations can be established, and 

external forces and coordinates de sir _d for the fin 1 flexibility ma t"ix. The 

unconnected flexibility equation of the e lements is defined the same as for a 

de terminate structur ·S, 
[ o<,] [ -<,] P, 

8l Pi I = ' I 

' I ' I ' I 

s .. '( o("] P.t 

o r 

Since the structure is indeterminate the force transformation matrix, [b], 

cannot be evaluated directly from the equations of equilibrium. The basic 

structure must be "cut" so that the cut structure is determinate and also 

kinematically stable. The redundant forces at these cuts can then be evalu-
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ated to satisfy the compatibility conditions of the structure. The cut structure 
is called the primary structure. The forces and displacements of the external 
coordinates are {FJe and fx)e. The forces and displacements of the redundant 
coo rdinates are fF)r and {xJr. The cut structure is determinate and 
the internal element forces can be eadly evaluated. The element forces due to the external forces are 

[P)• • [ b.][F)e 
(A-13 ) 

The element forces due to the redundant forces are 

(A:-14) 
The actual uncut structure element forces are a superposition of the forces 
due to the external a~d the redundant forces. 

[P} = {P}e + {P}" = [ b.][F} • +[ b,.] [F}" (A-15) 

Equation A-15 can be rewritten in a partitio ed matrix form as follows : 

(A-16) 

rF}" Note that the redundant !or es 11 are stil . unknown. The i th column 
of [br] gives the values of ( PJ when F; = 1 , similarly the i th column 
of [b J gives the values of {P} when F: = 1. 

The system flexibility matrix, [a] is given from Equation A- 12 as 

[ d] .. [ b r ['o<J [ b] 
For the indeterminate structure, [b], is given by Equation A-16 as 

(A-17) 

Substituting Equation A-17 into Equation A-12 yields: 
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[d] 

I 
[dl.,.: [c1]1• 
----,-- --
(d]i,: [ cl]~a 

' , 

where [ a] = [ be]1'~(J [ b~] ~, 
[ a] = [ ber['0 <.J [ br] ,,~ 

[a.] :: [ br t['o<J [ ~]' a,, . 

[a.) = [ b,. ]l' o<j [, bt] 
2,2. 

I The strain energy of the structure is given by Equation A-6 

where Fe 
~ 

I 
Substituting Equation A-18 into Eq"1:ati~.1 A-6_ produces 

u = t l F J[a ], , [F) , ' . ' 

+ ±[[_FJ[c1 ].f •J ·+ lFj[ a']JF'~ 
+tlFJ[a] [F1 

.c,a ! 

I • 

The second term of this equation can be written as L F 'J [ d] • • {F ~] 
1.,1 
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, I 

I' 
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, I 
be t ause LF ~[a] {F,. J = LF 'J[ d) 

1 

(F ~J. : ·The actual de ~ 

n ~ ,.~ a,, . {FJ• e tions 01· the s ructure are due to the external forces , only. 
• ~V • • , 

Thus applying Ca.sti~ia~o• S Second 
I 
Theorem ( i1f • &, ) give S 

' 
x,., • 0 • .. f .,,. : " • t z, - -

I ' 

1 Applying Equation A- 20 to Equation A-'12 (f~r ; = 1, 2- - - ) gives 

(a) {F • J + [ a] [ F '"} = ~ I ·i 

I ,,, I ,. • .t,l ' . 
Solving Equatio~ A-21 for f F_'l we obtain 
I 11 J I ' 

{r"J :a . - [ a f [ aJ [r:tt] 
.t,l 1.,1 ' 

Substituting f Fr J into 
1
Equa~ion A-15 yields 1 

(A-21) 

(A-22) 

(P} 
, I -I 

- [ b.·]' [ F~? - [b,.][ a').,i [ d]._,_fF•J 
I I 

i ' 

= [l be l -[b,][ao~ 1.,,]rF1 ' (A-23) 

• ' I 

Fr'o:rp Equation A-18,thei flexibility equa~on of the strueture is 

= 
[a.], ; : [ a L,l 
--~~---
&] I [a] I 

z,, I ,,. 

(A-24) 

which can be expanded as !ollows 

[Xe} = : [al,, {F~ J -t [ a l,ifF '? 

• I 

~nd I r~~ 1 :: [.dJ.,, {Fe>] . + [ a ],.1f F'"] ! (A-25) 

The flexi}?ility m1rix of the a'ctual indeterminate structure is obtained by 
I , } I 

substituting , {F." into f xe above. Then', 1 _
1 

. 

[teJ = [ a],, [F ~] - (a],,.[ a]~,.[ a li,/F·J 
I I 
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or (Xe) : [[al,,,- [ci),JdClO.J
1
,,] {i=eJ (A-26) 

The ystem !lexibility qu tion i fx } = ( ]{F J, thus from Equ tion A-26 e e 
the system !lexibility m trix is _

1 

[ d] = [ a];,[a.]~,[a.lJa].,, <A-21> 

Thls is commonly re!e red to aa the reduced flexibility matrix. 
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Appendix B 

Method to Det rmine the Flexibility Matrix for the 

Tripod Mount Fram 

The frame of the MIZZ Tripod Mount ia an indetc.rminate atructur . 

A presented in the bod of tl1i report, the flexibility matrix for the mount 

frame was computed using the ICES STRUDL-11 computer program. 
There are many computer program available for computing the flexibility 

matrix of ind terminate frame • Thia appendix present■ a method for com­

puting the flexibility of the tripod mount frame in th event no existing com-

puter programs ar availabl 

for a di git.al comput r. 

Thia m thod, if desired, can be programed 

Th m ount fr me fl xibility matrix [ o(,.. ] can b computed 

numerically in s trai ht forw rd mann r uaii g th flexibility method of 

structural an ly i s . Th structur 1 configuration for which the analysis i 
performe d i shown in Figur B-1. , 

Th mount fl ibilitY, will b d termined i terms of the nine coor -

d!nat s J
1 - - - - o

9 
nd th i r co rre s ponding for ces P 1 --- P

9
. Pin end d 

onn ction w r um d for th mount m od l t th junction of the ground 

and th mount 's lhr !e t. Th rcfor only thre reaction forces exist at 

th nd o! h J Th !ran nd b k 1 of th mount h v bot xi 1 

nd tr nsv r fl ·bili . All th ree l r ri i dly attach d to th h d 
which i d t o b ri id b c us it i much stiff r than th l a, 

To t rt th n mount i s brok n into its !iv fl xibl 

el m nt . Th ind p nd n Co r e o
1 

hrou h 0
19 

r d !in d for th 

l m nts wn in F igu r -2 . 

Th ·bility m tri !o r ch of the 1 m nt is iv n b low. 

r for m mb r of unifo rm cro a ction, ho v r th y can be 

m odi!i d for nonuniform m mb r in hi h c a the t<i would ch n bu 
th rcmainin r main th am. All lem nts in 

Fi ur irc ul r, fo r I = I . 
U V 

- 0 0 1~. 0 0 o(4, 

[~] - 0 ~- 0 I .1.' - - 0 ~ 0 - E I 

1,¼z, 0 0 ;r,_, 0 0 
I 
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Fron~ Le 

... 
Back L g 

R, 

C 

d. 
b 

4 

El m nt Coordin t 

.11., A,., I., 
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o(f.f 0 0 _.I~. 0 0 , 

lkz [~]=[ ~] = 0 o<_,.,r 0 ...L 0 0 E. .. , 

Jy{r_ 0 0 ~' 0 0 

~7 ., 0 0 0 -0 a( •• ~, 0 0 , 
I 

[~]=[~] = 0 o(,, «\,, 0 0 , 

0 0 0 0( -.,. - ol,,, 
0 0 0-~. o<,, , , 

¼ 0 0 0 0 
0 1' 1" 

0 ½r. :½"r. 0 
-J. 0 J~I£ 1n6. 0 0 

(B-1) 
-E , 

J~a. 0 0 0 ¼A Ia. 

0 
,,. 

ix-0 0 - ~ I1. 

In th c of d rmi n 
ly d rmin d inc th r 1 

s rue ur th y t m' fl ibility i 

th 1 m n !ore s (0' 
y t m !ore (P 1 ) nd 

1 · lysis. How v r, th 
i indete rm.in t to th third d 

tructur 1 m od 1 of th trip d mount fr m 

Th ind t rm.in t ord r i qu 1 to th numb r of unknowns minu 
numb r of ind p nd nt qu tlons of quilibrium, For th tripod fr me 

r 9 r cti n ( Ri h rou h R9) nd i u ion of equilibrium (thr 
tion nd hr r n), Th r for th tripod fr m is ind t rmi,. t 

to h third ord r, which m k th d t min tion of th fl bility m rix mor di!ficul . 
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The indeterminate mount structure is "cut" to remove 3 redun­
dants while still maintaining kinematic stability. In the case of the mount, 
it is convenient to cut the structure at reactions R

3
, R

4 
and R

6 
shown in 

Figure B-1. 'I:he resulting structure is then both determinate and stable, 
Now the force transformation relations of the cut structure are given by 

Q, P. I 
I I 
I I 
I I - be b,. I I -

(B-2) I ,, 
I 71-I RI Q,, ~ 

where the terms in the transformation are: 

b = value of i th element force (Q.) due to P. = 1 (P. = O; for all i/j) e. • l J l 1, J 

and b = value of i th element force (Q.) due to R. = 1 (j = 3, 4, 6) r. • 1 J 1 J 

These force transformations can be directly evaluated from statics 
since the cut structur is determinat . Th structure has six unknown reactions 
and six equations of quilibrium, Th se quations of equilibri m including 

11 the applied loads and reactions of the cut structur re: 
1) Equilibrium of forces in x dir ction. 

P, + P., + P, + R 1 + R., + R., s 0 

2) Equilibrium of forces in y dir c~on. 

P. + R, + R, + R, = o 
3) Equilibrium of fore s in z direction. 

(S- 3a) 

(B -3b) 

(B- 3c) 
4) Equilibrium of moments bout x a·· s (positiv mom nt v ctor is in po itiv x direction). 

- P, J + ~ + P, f - P. f - "R, d -+ R 8 d. :r o (B -3d) 

5) Equilibrium of mom nta bout y xis (po itiv mom nt vector is in positiv y dir ction). 

P, d+Ps+P.9+~e+~3+P,e-~c 
+ R.,. b + Re b = o 
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6) Equilibrium o! mom nts about z axis (positive moment vector is in positive z direction) 

- Rf+~ f + R 6 c + R, a - R, b - R-ra. - R., b = o (B-3£) 
After the six reactions have een computed from Equations B- 3, 

the element forces, Q .. must be determined. This is accomplished by l ,J 
relating the reactions in the local x, y, z coordinates to the element forces 
which are oriented with respect to the axis of the leg aa shown in Figure 
B - 3: 

For the forward leg 

Q, cos71
1 - s'" 71, 0 R, 

Ql = SIN 71, COJ 71, 0 Ra (B-4a) 
Q, 0 0 R~ 

For the right back leg, fir st rotate from local x, y, z coordinate s through 
angle 7liabout Z a ·s which gives 

T = Rf cos71 2 + R~ s1N7l2. 

Q = -R SIN n1 + R, co.rn ' ~ l '(z 

Then rot.l.te through 7l, angle bout 0
6 

axis which gives 

o,, cos7l,_cos71, SIN 11, .5' I I'# 11~ COS 1l, R,, 
Qr -cos71,. s '"'71, cos71, - S'IH7l,_ $ 11,11. R,. 

(B-4b) Q, -S1N7la_ 0 COJ 7l a. R, 
T h forces at the upper le elem nt can b computed from the lower leg 
fore s plu prop r ro tion of PS nd P 
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7l
1

: o\RCTAN c~h 

Figure B-3 

a) Forward Leg 

Right Back 
Leg 

b) Right Back L g 

Angular Relation Between Mount Reactions anl:i Element Forces 
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Q ,o = QI( + SIN 7l, Pa + C0.S'7l,cos11a P, 
! O,c. = Qs- + .cos71,fs - S lf'I 7l3 co.r7la P, 
O,a = O.r J,. 
Q,1 :: Q, - ,SIH7l,_~ 

Q,,, = - O" 12 
. I 

which becomes 

Q,~ c~~ ,.cos7l3 s,,q, s '"''Tl cos71 s 111713 eo.s71cos7l . .. J A 3 ; 

QI/ -cos7l.s1Ji7l 1 cos71 -SJ/t/7l SIH7l cos71
1 

- COS 7l SIN 
! J : a • A ,3 

Q,,. - -i. cos11: 'H11, /~cost -,/z s 11l7lf 1117l, 0 0 -
O,i - S'(H7'l.t 0 COS'7la 0 - Sll{7l~ 

Q'{ J.t SIN7la . 
I 

-~ cos7l2 
0 0 0 

rollowing a simil.ar sequence, the left leg ele 1ent forces are given by 

and •· 

o,, 
Q,. 

Q,7 

o,, 
I 

Q,, 

Q7 . cos71,.cos71, ' s1N7l
1 

Q1 = - C0$7l.f'"'1l, cos7l~ 
Q, SIN7l,_ 0 

co17l,.cor7l
1 i5'h{7l3 - StH7lfOS-7l, 

I 

- cos7ll"'7l~ cos 1l, !ttN 7l StNTf • .l ~ 

- s1N7l.,co&_7l
1 

R7 

s1H 7l11 s1N7l R, 
cos7t

2 R, 

S'1N7l1 C'Oj'7l/os~ 

c os71, - COS1lf'"Ti, 

-), cos7ll"'Tl2 lzcor7l, lzStH7lf. IN7l, 0 0 

S1N7la. 0 co.r71, 0 SIN7l2 
-J,. s '"'7la 0 -..Ii cos71 0 0 

' I. I 

Each co umn of [b] is determined by a simultaneous solution 
I 
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R.r 

R, 

Pa 

P9 
(B-4c ) 

(B - 4d) 

R1 

Ra 
R, 

~ 
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of Equation B-3 and substitution of the results into Equation B-4 . For 

example, column 1 of [b] is determined by letting P 
1 
=l; P 

2 
- - - -P 

9 
=O and 

R
3

=R4=R
6

=o .. n which case Equation B-3 becomes 

I + R, + R7 = O 

R, = o 

Ra+Rr+R• - o 
-R + R -= o .r • 
d - R2 C + ( R.,. + R8 ) b = 0 

R1 a+ R, b c o 
Solving these equations gives 

A= I 
R = -I 

I d 
Ra = c+b 

R,,. • - ~ r1 + b) 
R7 = o d 
R 8 = - . 2. ( c + 1,) 
R, = 0 

all other P's and R1 s are zero. 

Su stitution of these values into Equation B-4 gi es 

Q, = - cos 71, • ( d ) b, I - s1N7l1 c+I, - , 

Qz. - -SIN7l
1

+ cor7l1 [c:+ I, - ba, 
I 

Q3 - 0 b,, -
- J Stl'/7/. 

' 
CJ,, "~, ~ (c+b) , 

Q, : - .d cos 1l:a "'-' 2(c.+ 1,) -- , 

110 



Q, - 0 = b, I -
I 

Q7 - J SIN7l1 b.,., -- • 2(c+b) -
I 

Q, - J 
C OS7lJ b,,, - -«(c•I,) -

Q, :. 0 = b~, 
Q,o = - d. s,r-171J b,. I 1. (c+b) - , 

' 
Q,, - - ~ (c ~I,) cos71., - b,ll - - • 
Q,i - d. ,1,. cos 11. b..,, - 2. (c 1-1,) -
Q,, :: 0 -: b,,_ I 

I 

°''( 
0 - 'It;, = -

Q,r d 
s '""7l, - b,,, T - Uc1-Z, -

I 

Q,, J 
cos71J b,, I = - Z{t:+ I,) = 

I 

Q,1 - J. l.i co.r71
1 bn, -

Z(c +lo) -
I 

Q,, - 0 
b,,' 

- = o,, =0 , 
::ti b,,,, 

The remaining columns of [b] are determined in the same 
fashion. The total transformation matrix is given in Table B-1. The 
angles an lengths given in the table are defined below using the follow­
ing outline dimensions of the mount as shown in Figure B-1: a, b, c, I 
d, e, m, k and h. J:; 

. L :: [ d• + cc- ~J~],. 
I 

C c-h 
:::. cos-7l = .;I. 

I I I 

S : SIN 7l : T.J 
I I . ' 

S ,, a -m :.S/N,( : 
1 
~ 

'- a {(b-k)'+(a-m) J 
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C _ COS _ [(b-k)2 + (a.-mf ]l-i 
3 713- [(b-k)a+(a.-m)~ +d-Jii 

S = s , N 11 = ---::-_____,;.d,;,__~~-3 • 
3 [(b-k),.+(a.-m)"+da]Jf 

1~ =f f• a-~Sa.C, 
~ 

1. =..:l__n 9=h-LCC .., s ..;¥._ I. ~ ~ 
Other geometric patmetera used to define the force transformation matrix 
in Table B-1 are as follows: 

f• -T+f- P ~ k p. r: 6.+f r ac+I:, 
= £(c+b) - a. (9 + c) 

ct 
Pa. p, z C = P, s 2.. a. (c+ h) • ac+-1:, c+ I:, 

Pa = -a(~+c)- f (c+b) P - I f,o s 
&+c 

7 - c+ b a. 2.. a. (c + l,) 

pl{ - J - c+ h 
Columns 1 to 9 of Table B-1 make the [be} portion of the force 

transformation matrix (Equation B-2) and c lumns 10 to 11 form the [b J 
r 

portion of the transformation. 

The individual elemental flexibility matrices are placed in one 

matrix [""~ - J: 

SYM. 
Multiply the flexibility with the transformation matrix using a congruant 
tranafo'rmation: 
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where [ a,,,] 

[ a,,~] 

[a~,] 
[a~~] 

= 

= 

= 

= 

[ b:] l"'~ [ D. ] 
[ b.1°] ['o<~ [ b.] 
[ a1,r = [ h;]['-<j[ b.] 
[ b:f o<~ [ b,] 

I 
Finally the desired mount flexibility is obtained from the reduced flexi-

• I 
bility matrix which was presented in Appendix A as Equation A-27. • 

[ o(,,,] = [a~,]- '[ a,,.2][a;,!][ a.,J. • . , (B-7) 

Summary 
I Numerical computation of the mount frame flexibility matrix can 1 

be obtained using the method described above. , 
1) Compute ("c(...,], [b ] and [b ] from mount geometry, material e r 

proper ies, and cross section prop rties.-
2) Multiply these matrices ~o obtain [a11], [ai], [aij~ ·and [az.zl• 
3) Invert [a ] f 
4) Compute f-( ]. 

m 
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