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Abstract : This article describes a procedure of printed board so fradio eectronic systems (RES) with
consideration for impact of mechanical load son the basis ofcombined application of CAE analysisand laboratory
tests of experimental printed boards. The model so foscillations of standard RES printed circuit designs in the
form of plate, used upon analytical solution ofthe problem in the simplest cases, are considered. The final task
is to optimize positions of printed circuit fixation.In addition, the main stages of simulation of radio eectronic
means in Creo Parametric system using specialized module Creo Parametric Mechanica are considered.
Application of the proposed procedures upon designing of module on printed circuit is demonstrated.
Elements of mechanical theory, mathematical simulation and finite d ement analysis have been applied (CAE).
The proposed procedure facilitates significant speed-up of development of radio eectronic means due to
systematic application of CAE analysis and systems of automatic designing. Another feature is application of
results of laboratory tests of experimental printed boards, thatis, development of ever-growing database containing
information about ultimate mechanical loads of various printed boards manufactured by different technologies.
Keywords : Radio dectronic means, radio eectronic modules, models of board oscillations, optimization of
printed board design, loading, mechanical analysis, CAE analysis, testing of printed boards.

1. INTRODUCTION

Automation meansare widely applied with theaim of decreasein material and timeexpendituresinvolved in
production of radio electronic means (BarabanovV.F. et a., 2011). In additionto the aspects of designing the
problems of engineering, operation, maintenance and disposd of productsaresolved by meansof software complex.

Themain unit of RESisradio electronic module, whichisload bearing structure with mounted electronic
components (including micro electronic units (AchkasovA. V., et d., 2014)) and whichismounted in higher level
modules (units, control panels, racks, cabinets). Board itselfisacomplex item, containing embedded distributed
capacitorsand resstors(MuratovA. V.,et a., 2006) and (MuratovA. V., et a., 2006).

Upon production of radio electronic device, of specidized target in particular, the specimen at final designing
gagesisintensvely tested for climatic and mechanical impacts occurring upon operation.

Thereveded draw backsof designshould bee liminated and this processis sufficiently complicated, sometimes
it requiresfor serious modifications of the product. It would be more reasonable at designing stage, using computer
samulation (CAE analysis),to test printed boards for resistance against variousloadings, including mechanical. In
thiscasethe amount of modifications can be significantly decreased, saving time and costsof designing.
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Radio engineering industry appliesvarious high-level CAD systems, covering wide rangeof RES development
gages Oneof such sysemsisCreo Parametric (former Pro/Engineer Wildfire) (Mineev, M. A., 2008). Unfortunately,
the mentioned system cannot simulate mechanica propertiesof such complex unitsasmultilayer printed boards
(MuratovA. V..et d., 2006), whereasthey are the main componentsof overal device. Multi layer printed board
gtsefisacomplex design, comprised of numerouselements interlayer dielectrics, switching conductors, filmresgtors
and capacitors, unpackaged microcircuitsand others.

Simulationitsfisdso sufficiently complicated dueto theinfluence of numerousfactors: materias, production
process, design and others. At the same time, upon analysis of mechanical properties of multilayer boardsthe
values of allowable loading should serve as guides. These values can be obtained only in laboratory tests of
experimental printed boardsincluding statistica processing of the results.

2.EXPERIMENTAL

Algorithm of complex analysis of mechanica propertiesof printed boardsin radio eectronic modules

Thiswork proposes an algorithm of optimum designing of radio electronic modulesby means of study into
mechanical propertiesof multilayer printed boards (Fig. 1). Thisalgorithm appliestest results of experimental
gpecimensas estimation criteriaof mechanicd reliahility. It takesinto account ultimate valuesof vibrations, shocks,
satic loadings of printed boardswith various number of layers, made of various meterials and by various processes.

Similar gpproach was applied in (Lozovoi, |. A.,et d., 2011) and (Lozovoi, |. A. et d., 2013)withregard to
radio electronic modules of thefirst fragmentation level.

Laboratory tests of experimental multilayer printed boards can be performed according to the schedule of
|PC-TM- 650 (IPC-TM-650 Test Methods Manual, 2003). The mentioned procedureincludesaset of mechanica
and electric tests, as well asinspection of dimensions. In order to speed up material ageing in the board sitis
recommended to apply thermal cycling described elsewhere (= 0752, .,et d., 2008).

The mentioned procedureincludes heating of productsto pre determined temperatures, holding and cooling,
thisprocedureisrepeated severa times. The number of thermal cycles dependson operationc onditions: themore
severe arethe conditions, the higher istheir number.

Formulation of the optimumdesigning isgivenin block No. 1. According to specifications, mechanical impacts
influencing onthe developed item during operation are summarized.

Inorder to initiate analysis of reliability of radio electronic device al required informationis acquired (block
No. 3).

It isnecessary to obtain dataon elemental base, materialsand their properties(F. L. Matthewsand ReesD.
Rawlings, 1999), aswell asontechnology of manufacturing of multilayer board. The bottle necksof designinterms
of mechanical reliability aredetected (1PC, 2010. |PC-6012C-2010),(GOST 30630.1.2-99, 1999).

The dataisobtained from ever-growing database (block No. 2), which contain dataonvibrational, shock and
thermal propertiesof active and passive e emental database. It aso containsinformation about physico chemical
propertiesof engineering materialsof radio electronic meansand printed boards.

The engineering processcanfollow two scenarios. If the design issmple, than the smulation can be speeded
up by means of analytica method. In more complicated cases, which aredominant, CAE anaysisisapplied. The
scenario isdefined inblockNo. 4.

Analytical solution of the problem (block No. 5) includesthe use of mathematical modelsfor typical methods
of board mounting. They areasfollows: clamping, free bearing or unfixed edge of plate or beam.

Theanalytical solution determineseigen oscillation frequencies of board design, stressesin certain design
sectionsunder theimpact of static loadingsand shocks.

Block No.6 checks sufficiencyo f theresultsof analytical solution. If the results satisfy designer, then further
designing stagesare approved. If theanaytical solution does not provide sufficiently accurate and definite results,
or analytical methods cannot be applied to the, then engineering analysisis applied on the basis of finite element
method (blockNo. 8).



Procedure of Complex Analysisof Mechanical Propertiesof Printed Circuit Boardsin Electronic Modules 229

Thismethod should be based on 3D mode of the developed design.

According to pecifications somelimitationsareimplied to the design, such asfixations, loadingsand materials,
then thesmulationis performed (blockNo. 11). Creo Parametric systemissdected asabas's, including modules
of CAE andysis.

It providespossibility of the most popular variants of smulation of mechanical loadings (static, modal, and
dynamic analyses).

According to specifications, the required testing modes are selected (blockNo. 28).

Creo Parametric system has powerful pos-processing program, which arranges analysisresultsintheformof
diagrams(block No. 12). It ispossibleto determine stressesin variouslocations of the desgnwith highlighting of
problemétic areas.

Block No. 8includesalso procedures of laboratory testing of experimental printed boards according to
international standard 1PC-TM-650 (IPC-TM-650 Test Methods Manual, 2003). Mechanical properties of
variousboardsmanufactured by various proceduresare analyzed (block No. 9). Thenthe data, obtained in block
No. 10, are statistically processed and transferred to specialized database (block No. 13). It includesdataon
ultimate values of vibrations, shocksand static stresses of printed boards of various designs, various precison
types and various manufacturing procedures. It should be mentioned that laboratory tests of one board type canbe
performed only once and thento usethe obtained datain numerousprojectsimplemented in different companies.

After CAE analysisinblock No. 14 theresults are verified using database (block No. 13). If the obtained
values of mechanic stresses exceed the threshold of reliable operation, or eigen frequenciesinthe operation range,
then the solution isadopted on optimization of board design (block No.23). The design can be either modified
(block No. 24), or materialswith another properties are used (block No. 25), or topology is changed (block No.
26), or another manufacturing technology isapplied for theboard (block No. 27). Subsequently theoverall cycle
of CAEanalysisisrepeated (blocksNos. 11, 12).

If the smulationresults are satisfactory (block No. 15), then the solution of manufacturing of experimenta
desgnisadopted (block No. 16) in accordancewithinternational and Russian standards (IPC/EIAJSTD-001D,
2010), (GOST R MEK 61192-2-2010, 2010), including itstesting on vibrating tables(block No. 18). Herewith,
the gipulated modesare gpplied (GOST 23752.1-92, 1992) (block No. 17). BlockNo. 19 verifiesconformity of
mechanical properties of manufactured itemwith the preset requirements. If the design did not passtedts, thenit
should be optimized (block 23) including development of modified experimental specimen.

If the design passeslaboratory tests, thenit istested in actual operation conditions (block No. 20), whereit
affected by other factorsinfluencing on reliability (moisture, dirt, salt spray and others).

Block No. 21 verifies conformity of propertiesof the designed itemwith the specification, and inthe case of
positive solutiontheitemisddivered to customer (block No. 22). Otherwise, it isrequired to repeat the process
of design modernization.

Upon analytical solution of the problem (block 5) theanalysisof mechanical impactsand determination of
dynamic properties, loadings, resonant frequencies of RES designsare based onthe use of partial differential
equations of dasticity theory and oscillationtheory (Gel’ PP, et d., 1984)and (Talitskii E. N., et al., 2001). Let us
consder basc models of main analytical problems of mechanical properties of RES designs. For some standard
RES designs (printed boards) themodel of plate transversal vibrationsisapplied.

M echanical vibrationsin homogeneousplate aredescribed asfollows:

2[0°€ | 9% 5
c [$+a—y]+f(x,y,t) - 8_t§ (1)
where c? = Tlp; @
F(x,y,t).
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Fig. 1. Algorithm of complex analysis of mechanical properties of printed circuit boards in eectronic modules.
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T istheplate stress; F(x, y, t) isthe applied force.
Whenthedesignisconsdered asdadtic plate, the partial differential equation of the 4th order isused:
foaa 0% 9% G

+ —m,¢ =
ox*  ox'oyt ') g @S =0 4

D
2
where D = %(1— o) istheplate oylindrical rigidity; o isthe Poissonratio; v isthe plate specificweight; ajisthe

plate eigenfrequency; d isthe plate thickness.
Boundary conditionsareasfollows:

late ed freel nted = 0_8_2<§+68_2§_0 5
—plate edgesarefreely mou £ = o 9 5)
o 3
—plate edgesarerigidly fixed g = 0;520; (6)
—plateedgesarefree a2 Tt T (7
0% 0%t
——(2—0)— =
Ox* ( G) Ox0Oy 0 ®)
Whentheplate isexposed to the action of loading (externa force) varying according to harmonic law:
Fix,v, 1) = flx,y) Snot 9)
Theequation of forced oscillationsiswritten asfollows:
()
DAZ&—%mzi—f(x,y) =0 (10)
0% 0%e 0%
2e = +2 +
Wme A a ax2 axayZ ayZ (]J')

The Lagrange equation sing enerdized coordinates, whichmake it possble to determine vibration properties,
that is, motion, speed, acceleration, by per turbing force are also used as mathematical base for simulation of
vibration actionsin RES designs.

d (9E,| OE,
= — “FE =0
dt[(’)c]k 9q, * =% (12
whereg, arethegeneralized coordinates (x =1 ) ;
A
U= 5

E, isthekinetic energy; F,—isthe generalized 9 external) force.
Inthe case of potentid character of generalized forces:

En
F = 9q. (13
where E, isthe potentia energy, the equationisrewritten asfollows:
d|0E,| OE,
E[aqk]‘a_% =0 (14)
d oL oL

and asfollows: Ea_q'k - 3_% =0, (15
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whereL =E, —E is the Lagrangefunction.
Simulation of one-dimensional oscillationsindesignsis based onthe Lagrange equation for systemwith one
degree of freedom, where expressonsfor kinetic and potential energiesare asfollows:

E = m&/2,E, —me?/2 (16)
. . o
wherem istheweight; g = T :

q—q,— istheoffset (deviation) of coordinatesq fromequilibrium
valueq,,, kisthe coefficient of designrigidity.
When oscillationsin such system aresmall, the Lagrange equationsarerewritten asfollows:

L = m&%/2—ke2/2 (17)
and the differentia equationisrewritten as.
me+ kg =0 (18)
or E+m,2E = 0, (19)
where E = %;
@y = k/m,

In the case of oscillations under the action of external force (forced oscillations) Eq. (19) is as
follows:

. 1

E+ 0,28 = ;F(f) (20)
When theattrition forcesF,_act intheconsidered subject, the L agrangeequation isasfollows:

mE+kE = _g¢ (21)
or E4+20E + 0,E = 0, (22)

where F = —ae’; ; aistheattrition coefficient; a/m = 2\ isthe decay factor.

Equation of forced oscillations of such system isasfollows:

E+20E + 0,2 = F). (23)
For practicaly important case, when theimpact isharmonic, wehave:
] _ F, .
E+2E+osE = SN m (24)
where F(7) = Fsin(yt)/m (25)

For plane and spatia subjectsthe model of mechanical systemsisapplied with severa degreesof freedomg,,
wherel = 2; 3. Inthiscasethe sysemenergy iscaculated usng quadratic forms:

1 n ..
E, = 52 M4 (26)

% i,k=1

1 n
E = Ezkl-,kq,-qk

i,k=1
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where, 4 arethegeneralized coordinates and their derivativeswith time;

my = my, ky=kyo (ik=1n).
Then, we havethefollowing Lagrangeequation:

Z(mik ék—i_kiqu) = 0. 27)
=1

Equation (23) can be also applied for analysis of impact loadings; here with, equivalent frequency f,and
parameters of equivalent shock pulse (acceleration a,and duration ¢,) are used for external shock impact
(Pestryakov V. B., et al., 1992)

aofo = | alt)ar (28)
0

wherea(f) and ¢ aretheamplitude and duration of actual pulse, respectively.
Formulation of the problem of board design optimization

The problemsof design optimization areaso solved upon designing of radio electronic modules. One of such
problems of optimization of mechanical propertiesof radio eectronic modulesisreduced to basic Eq. (29), the
processisreduced to determination of minimumamplitude of eigen ostillationsof radio dectronicmodules However,
it isrequired to takeinto account that such engineering tasks, aslocation of components, weight, dimensions, have
higher priority.

The values of target function are determined by differential equation of forced oscillations (10, 11), which
describe mechanical oscillations of plate upon external actions:

extr§ (X, 9), (29)
whereg (X, 6) isthetarget force of eigen oscillation amplitude of radio modules:
€ (X, 8) —> min, (30)

where X arethecoordinates of mounting point, d isthethickness of printed board.
Parametric limitationsontheresearch area:
X, = X2, +A;
Vi = y9j+A; (31)
0<y<bh (32
wherex,, y. arethe coordinates of mounting point; Xrei VR arethe coordinatesof printed board component(radio
component, printed track and so on); Aisthetolerance; aisthe PB length; bisthe PB width.

Therefore, taking into account Egs. (31) and (32) thelimitationsof the research area:

D. = {X|x,=x3, +Ay,=y3, + 4
0<x<a;0<y<b}, (33
Dy = {8] 5, < d(w) <3}, (34

Thelimits, 8, —PB minimumthickness, 5,—PB maximumthickness, are determined upondesigning of printed
board and depend on many parameters, namely: number of PB layers, electrical and electromagnetic properties of
materids, cost, engineering limitationsand so on.

o(w) = kw+ 9, (35
where 5(w) isthelinear function determining the PB thickness, wistheinteger equalingto 0, 1, 2, 3...n, determining
the number of iterations, k isthediscretization coefficient, k£ < 1, thelower isk, thelower isthediscretization step.
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Thefollowinglimitation should be satisfied upon optimization and designing of radio modules:
fy £ 24, (36)

where f, istheeigen frequency of oscillations of radio electronic modules; fopisthe maximum vibration frequency
during product operation. However, at f, » higher than 500 Hz, similar frequency offset isunreasonable, in such
cases polymer dampersarethe most efficient, which reducessignificantly the amplitude of resonant oscillations.

In addition to determination of minimum of target function (29), whichisapplied inthe casesof radio module
mounting in holes, the required mechanica properties can be provided by analysis of solutionsof the differential
equation (10) with enumeration of boundary conditionsat PB edges, that is, rigid clamping, free mounting, or
exclusonof any fixation.

2.RESULTS

Asan example of implementation of thisprocedure aradio eectronic module was simulated with regard to
mechanical properties. Radio eectronic moduleisaon-board desgnwith four factory holesfor fixation and eight
holesfor mounting of L C indicatorsof two types. I naddition, theboard also contains L EDs, electric connectors
and other components.

Intheinitial variant the board was rigidly fixed via4 existing holes, the surface was loaded by 10 N inj
perpendicular to the board plane.

Creo Parametric software has possibility of automatic generation of grid of finite elements. The external
appearance of thefixed board with grid elementsisillustratedin Fig. 2.

e coohoge pencepinany
Z" caobagn guacapraing

Fig. 2. Fixed board with grid components.

The number of grid eementsinfluencesonsmulation accuracy. Thesmaller isthe size of grid finite element, the
higher isthe accuracy, however, thisleads to significant increasein analysistime, which requiresfor significant
resources of computationd platforms. Creo Parametric hasthe optionto vary grid Size invarious design elements.
Whenincreased accuracy isrequired, the size of elementsis decreased, whereasthe size of other elements can be
sgnificantly higher.

Simulation results of static mode areillustrated in Fig.3. Thelighter isthe contour, the higher isthe board
deflection.
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3,997

Fig. 3. Structural analysis, staticmode.

Whileanalyzing theresultsin Fig. 3. it ispossible to state that the maximum travelling of board sectionsis
observed initsmiddle and equalsto 3.5 mm, which issignificant. Typical also isthe existence of non-uniformly
loaded sectionsdue to board mounting configuration I n addition, increased von Misesstress of board sectionsin
thevicinity of holeswas detected, equalingto 40 MPa.

Modal analysisdemonstrated that thefirst resonance occursat 62 Hz (Fig. 4), whichisunacceptable, snce
the upper boundary of operational frequenciesis 120 Hz. According to operational specificationsit isrequired to
provide 2-2.5fold reservewithregard to lower boundary of resonant frequency, and the desgn should be optimized
inorder to satisfy the condition of mechanical strength uponimpact of external vibration.

Fig. 4. Modal analysis of the PCB first resonance, 62Hz

In order to increase eigen frequencies morerigid fixation of board is required, as well as application of
materials with better strength propertiesor decreasein the board surfacearea. It isimpossibleto decrease the
board surface area, sinceit hasrather dense arrangement, and application of other materialslead to significant cost
increase. Hence, optimization was performed by increaseinboard fixationrigidity.

Five variant soft he design were analyzed upon designing of radio electronic module. Thefinal variant is
illustrated inFig. 5. The board is mounted via8 existing holes and via2 additional holesinthemiddle.
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Fig. 5. Thefifth variant of the design, 10 holesand 3 LEDs are fixed.

Resonance of LEDswasaso revealed. It was decided to fix the LED andsinthe cover.
Theresultsof static and modal analysesof optimized design areillustrated in Figs. 6-9.

1.834e-01

Fig. 7. The 1st resonance, 310 Hz (5th variant of the design).
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Fig. 9. The 3rd resonance, 362 Hz (5th variant of the design).

3.DISCUSSION

Whileanalyzing Fig. 6t is possbleto state that maximum travelling of board sectionsequalsto 0.18 mm,
whichisinsgnificant.

Results of anadlysisof resonant frequencies(Figs. 7-9)demonstrate that their valuesare higher than operationa
maximum of 120 Hzby 2 timesand even more.

Onthebassof theresultsit wasassumed to develop an experimenta specimen andto test it.

Therefore, onthe bassof the given example it wasdemonstrated that systematic application of CA analysis
significantly speeds up the designing procedure, sinceit isnot required to develop experimental specimen for
further field tests. It should be aso mentioned that the highest effect isobserved upon overal application of the
developed designs by such engineering calculations. However, extraordinary experienceisrequired for correct
interpretation of smulation results and decison making, only quaified expertspossess such experience. Asarule,
thereafew such expertsinthe companies, they cannot pay attentionto al projects dueto thelack of time.

The proposed procedureimprovesidentification of smulation results. Inthefutureit will be possible to develop
dedicated expert system (D. Waterman, 1983), (P. Jackson, 1990) onthe basis of experimenta data by qualified
experts, thus determining the optimum designing approach. Such expert sysemwill makeit possibleto speed up
both designing and accumulation of required experience by recent graduates. Development of the expert system
requiresfor extended scrupulouswork and financia expenditures, however, itsapplication will Sgnificantly reduce
such expenditures.
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4. CONCLUSIONS

The proposed procedurefacilitates sgnificant acceleration of development of radio electronic devices. Thisis
supported by two factors. Thefirst factor isbased on systematic application of CAE analysis, aswell asCAD
systems. The second factor includes existence of dedicated ever-growing database with information about ultimate
mechanical loadings of various printed boards.

Many Russan companiesinvolved indesigning of radio electronic means usually maintain extended list of
desgned meanswhere standard designs of printed boardswith unified Szesare gpplied. Application of the proposed
procedureswould allow to use this database without additional laboratory tests.

The considered models can be used upon analysis and optimization of designs of radio electronic modules
(printed boards) onthebasis, for instance, of dgorithmsproposedin (Lozovoi, I. A.,et d., 2011) and (Lozovoi, |.
A.etd., 2013). Inaddition, the designeditems can beimproved by involvement of intelligent sysemsof decision
making (expert systems) (D. Waterman, 1983), (P. Jackson, 1990).

Itisassumed that the proposed procedurewill beimproved further. One of the promising waysis development
and application of automated systems of decison making onthe basis of expert systems. Thistool wouldimprove
sgnificantly designing efficiency of radio dectronic means.
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