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ABSTRACT:

Introduction/purpose: Althought many methods have been proposed to deal with the problem of material selection, there are
inherent defects of additive algorithms and subjective factors in such methods. Recently, a probability-based multi-objective
optimization was developed to solve the inherent shortcomings of the previous methods, which introduces a novel concept of
preferable probability to reflect the preference degree of the candidate in the optimization. In this paper, the new method is utilized
to conduct an optimal scheme of the switching material of the RF-MEMS shunt capacitive switch, the sintering parameters of
natural hydroxyapatite and the optimal design of the connecting claw jig,

Methods: All performance utility indicators of candidate materials are divided into two groups, i.c., beneficial or unbeneficial
types for the selection process; each performance utility indicator contributes quantitatively to a partial preferable probability
and the product of all partial preferable probabilities makes the total preferable probability of a candidate, which transfers a
multi—objective optimization problem into a single—objective optimization one and represents a uniquely decisive index in the
competitive selection process.

Results: Cu is the appropriate material in the material selection for RF - MEMS shunt capacitive switches; the optimal sintering
parameters of natural hydroxyapatite are at 1100°C and 0 compaction pressure; and the optimal scheme is scheme No 1 for the
optimal design of a connecting claw jig,

Conclusion: The probability-based multi-objective optimization can be easily used to deal with an optimal problem objectively
in material engineering.

KEYWORDS: multi-objective optimization, probability theory, preferable probability, material engineering, scheme selection.

Pe sowMme

Beeaenne/ueas: Hecmorpst Ha To, 4TO CyljecTByeT MHOKECTBO METOAOB pCLICHHUsI IIPOOAEMBI BHIOOpAa MaTepHasa Ha OCHOBE
AAAMTUBHBIX AATOPHTMOB, TaKME AATOPHTMBI IO CBOCH CYTH COACPXKAT HEAOCTATKH U cyObexTBHbIe (akroppl. C 1eAbio
IIPEOAOACHHUS HEAOCTATKOB 3THX METOAOB, HEAABHO OblAa paspaboTaHa MHOrOKPUTECPHAAbHASI BEPOSTHOCTHAS ONTHMH3ALMI,
KOTOpasi BBOAMT HOBYIO KOHIICIIIIMIO IPEATIOYTHTECABHON BEPOSTHOCTH, IOKA3HIBAIOIIYIO CTENECHb IPEAIOUTHTECABHOCTH
KaHAMAATA B [IPOLIECCE ONITUMU3ALMH. B AAHHOM cTaThe MCIIOAB3YETCsl HOBBII METOA B paspaboTKe ONTHMAABHOM CXEMbI MATEPHAAA
AASL EMKOCTHOTO IIYHTHPYIONIETO MEPEKAIOYATEAS] B PAAHOYACTOTHBIX MHKpOdAeKTpoMexanmdeckux cuctemax (PY MOMC),
I1apaMeTpax CHeKaHUs IPHPOAHOTO THAPOKCHAIIATUTA, A TAIOKE AASL OIITUMAABHOMN Pa3pabOTKH KyAaYKOBOH My(THL.

Meroasr: Bce mokasareAM IIOAC3HOCTH MATEPHAAOB—KAHAMAATOB ACAATCS HA ABE TPYIIIBI, IIOAC3HBIC HAH HEBBITOAHbIE
AASL TIpoLiecca 0TOOpa; KaXKADIH MOKA3aTeAb NMOAC3HOCTH BHOCHT KOAMYECTBEHHBIN BKAAA B YACTHYHYIO IPEAIOYTHTCABHYIO
BEPOSITHOCTb, 4 MPOMUSBEACHHE BCEX YACTHYHBIX MPCANOYTUTCABHBIX BEPOSTHOCTEH COCTABASICT OOIIYIO IPEANOYTUTCABHYIO
BEPOSITHOCTb KAHAUAATA, YTO NEPEBOAUT NMPOOAEMY MHOTOKPHTEPUAABHON ONTUMHSALMU B IPOOAEMY ONTHMHU3ALMH C OAHUM
KPHUTEPHEM U IIPEACTABASICT COOOI yHUKAABHBIA HHACKC B IPOLIECCE KOHKYPCHOTO OTGOpa.
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Pesyabratsi: Meab OKa3aAach IOAXOASIIHM MATCPHAAOM IIPU BHIOOpE MATCPHAAOB AAS CMKOCTHBIX IIYHTHPYIOLINX
TIEPEKAIOYATEACH B PAAMOYACTOTHBIX MUKpO3AeKTpoMexaHndeckux cucreMax (P4 MOMC); ontuMasbHbIe HapaMeTphl CIIEKaHHS
npupoaHoro ruapokcuanarura — 1100° C npu HyA€BOM AABACHHM CKATHSI,  ONITUMAABHOI CXEMOM IIPOEKTUPOBAHHS KYAQYKOBOK
My¢ThI ABAsETCS cxema N1,

BeiBoapi: MHOrokputTeprasbHas ONTHMH3ALIUS HA OCHOBE BEPOSITHOCTCH MOXET LIMPOKO HPUMEHATHCS IIPU IPHHATHU
OOBEKTHBHDIX PELICHAH ONTUMAABHBIX IIPOOACM B MATEPEAAOBEACHHUH.

KnwodueBo e CJ OB a: MHOTOKDHTEPUAABHAS ONTUMHUS3ALMSA, TEOPUSA BEPOATHOCTEH, IIPEANOYTUTEAbHAS
BEPOSITHOCTD, MATCPUAAOBEACHHUE, BEIOOP CXEMBL.

ABSTRACT:

YBoa/umm: Mako mocToju MHOro MeToAR 3a pelasarbe IpobAeMa CEACKIINje MATEPHjaAd 3ACHOBAHHX HA AAMTUBHUM ATOPUTMHMA,
TaKBH AATOPUTMH HHXEPEHTHO CaAPXKE HEAOCTATKE U CyOjekTuBHE PpakTope. Papu npesasuaaxkerba cAa00CTH IOMEHYTUX METOAR,
HEAABHO j€ pasBMj€HA BUUICKPUTEPUjYMCKA ONTHMH3AllMja 3aCHOBaHA Ha Bep0BaTHohH KOja YBOAM HOBU KOHLIENT MOXEHHE
BepoBaTHONE KOjU [TOKA3yje CTEIECH MOXEAHOCTH KAHAMAATA IIPU ONTUMU3ALUjH. Y OBOM PaAy KOPHCTH CE HOB METOA 3a H3BODeme
OIITUMAAHE IIEME 3a MaTCPI/IjaA 3a KaHaL[I/ITI/IBHy CKAOHKy IIaHTa y paAHOq)PeKBeHI_H/Ij CKUM MI/IKPOCACKTPOMCX&HI/I‘IKI/IM CUCTEMUMA
(PO MEMC), 3a HapaMeTpe CHHTEPOBAha MPUPOAHOT XMAPOKCHAIIATHTA, K0 M 33 ONITHMAAHO ITPOjEKTOBAE KAHIIACTE CIIOjHHUIIE.
Metope: Csu mnoxasaresu nepPOpPMaHCH KOPHCHOCTH MATEPHjasd — KAHAMAATA ACAE€ Ce HAa KOPHMCHE M HEKOPHCHE 32
ceaeknujy. CBaku nokasates nepPpopMaHCH KOPUCHOCTH KBAHTHTATUBHO AONPHHOCH ACAUMHYHO] IOXEAHO]j BepoBaTHONH,
AOK HPOI/ISBOA CBHUX ACAMMHYHHUX ITOXXCHSHHUX BCPOBaTHOha YUHU yKyHHy HO)KCAJHY BCPOB&THOhy KaHAHAAQTA, YHUMC CE HPOGAeM
BUIIEKPUTEPUjYMCKE ONTUMHUBAIMjE MPEBOAU Y npo6AcM JEAHOKPUTEPHjYMCKE ONTHUMU3AIMJE U TIPEACTABAA JEAMHCTBEHH
OAAy‘ijth/I HMHAEKC Y KOMIIETUTUBHOM IIPOLIECY CEAEKLIH]JE.

Pesyaratu: Bakap ce mokasao xao oAroaapajth MaTEpHUjaA TIPU CEACKLMjU MaTepHjasad 3a KAMalMTHBHE CKAOIKE IIAHTA
y pasHodpekBeHUMjcKUM MHKpoeackTpoMmexanuukuM cuctemuma (PO MEMC). OnrumasHu napaMmeTpH CHHTEpOBaiba
npupopHor xuapoxcuanarura ¢y 1100°C u Hyatn nputncak cabujama, a ONTHMaAHA LIEMa 32 MPOjEKTOBAMbE KAHIIACTE CIIOjHULIE
jecre mema 6poj 1.

3axwyyak: Bumexpurepujymcka onTuMusanuja Ha 6asu BeposatHOhe MOXe ce JEAHOCTABHO IPUMEHHUTH 32 OGjCKTI/IBHO pelaBame
OIITUMAAHOT HpO6ACMa y TCXHOAOI‘I/IjI/I MaTCPI/Ij aAa.

KEYwoRbDSs: BUIIEKPUTEPHjYMCKA ONTUMM3AlMja, TEOPHUja BepoaaTHohe, OXKepHA BCpOBaTHoha, TEXHOAOTHja MaTepHjaAa,
CeAEKIIMja IIEME.

INTRODUCTION

It has been more than 40 years (Ashby, 2000) early works in material selection appeared; many methods have
been proposed to analyze a big amount of data involved in the material selection process so as to obtain an
appropriate result.

Various algorithms (techniques) have been developed, including Ashby’s method (Ashby, 2000; Ashby
ct al, 2004), Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), Vlse Kriterijumska
Optimizacija Kompromisno Resenje (VIKOR), Multi Attribute Decision Making (MADM), Analytical
Hierarchy Process (AHP), Simple Additive Weighted (SAW) method and Multi-Objective Optimization
on the basis of Ratio Analysis (MOORA), etc (Zheng et al, 2021). Ashby’s method is difficult to be
applied in cases which involve multiple criteria of selection (Ashby, 2000; Ashby et al, 2004; Zheng et al,
2021). Deshmukh et al employed the multi-objective optimization (MOO) techniques of TOPSIS and
VIKOR to perform the material selection of the switching structure for RE-MEMS shunt capacitive switches
(Deshmukh & Angira, 2019). However, there exist inherent problems of additive algorithms and subjective
factors in the MADM, AHP, MOORA, TOPSIS and VIKOR due to their fatal scaling or normalization
processes (Zheng et al, 2021).

Recently, a new probability-based multi-objective optimization method was developed (Zheng et al,
2021), attempting to solve the inherent problems of personal and subjective factors in the previous multi-
objective optimization methods. The novel concept of preferable probability was introduced to reflect the
preference degree of a candidate in the optimization where all performance utility indicators of candidates
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are divided into beneficial or unbeneficial types for the selection. Each performance utility indicator of a
candidate contributes to a partial preferable probability quantitatively, and the total preferable probability of
a candidate is the product of all partial preferable probabilities from the viewpoint of the probability theory,
which is the overall and unique decisive index in the competitive selection process. The new multi-objective
optimization method was also extended with the application of the multi-objective orthogonal test design
method (OTDM) and the uniform test design method (UTDM), which results in appropriate achievements
(Zheng et al, 2021).

In this paper, the new probability-based multi—objective optimization method is used to perform the
optimal scheme in material engineering, which includes the selection of switching material of the RE-MEMS
shunt capacitive switch, the optimization of the sintering parameters of natural hydroxyapatite and the
optimal design of a connecting claw jig.

BRIEF INTRODUCTION TO THE NEW MULTI-OBJECTIVE OPTIMIZATION METHOD

In the new probability-based multi—objective optimization method (Zheng et al, 2021) beneficial utility
index of material performance indicator contributes to a partial preferable probability in a positively linear
manner, i.e.,

P70 X5, 1=1, 2, ., n; j=1, 2.m. (1)

In Eq. (1), X is the i beneficial utility index of the material performance indicator of the j™ candidate
material; Py represents the partial preferable probability of the beneficial utility index Xj; n is the total
number of candidate materials in the material group involved; m is the total number of the utility indices
of each candidate material in the group; 0 is the normalized factor of the j, utility index of the material
performance indicator, aij=1/(nrj) and Xj is the arithmetic mean value of the utility index of the material
performance indicator in the material gropu involved.

Equivalently, the unbeneficial utility index of the material performance indicator contributes to a partial
preferable probability in a negatively linear manner, i.c.,

Py:B,-j(ijax"‘ijin - Xl_) Ji=1,2, ., n; j=1, 2.m. 2)

In Eq. (3), Xjmax and Xjmin represent the maximum and minimum values of the utility indices X of the
material performance indicator in the material group, respectively, and Bj is the normalized factor of the jth
utility indices of the material performance indicator, Bijzl/ [n(ijin+ijax)'an]-

Moreover, the total / comprehensive preferable probability of the i" candidate material is the product of
its partial preferable probability P;; of each utility index of the material performance indicator in the overall
selection due to the “simultaneous optimization” of the multi-objects in the viewpoint of probability theory

(Zhenget al, 2021), i.c.,

m

PizpiJ'Piz"'Pimznpij-
j=I (3)
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The total preferable probability of a candidate is the uniquely decisive index in the overall selection process
competitively, which transfers a multi-objective optimization problem (MOOP) into a single — objective
optimization one. The main characteristic of the new probability-based multi—objective optimization is that
the treatment for both beneficial utility index and unbeneficial utility index is equivalent and conformable,
which is without any artificial or subjective scaling factors involved in the process.

APPLICATION OF PROBABILITY-BASED MULTI-OBJECTIVE OPTIMIZATION IN MATERIAL
ENGINEERING

1) Multi-objective optimization in the material selection of RF#MEMS shunt capacitive
switches

Radio Frequency Micro Electro Mechanical Systems (RF-MEMS) is a promising technology for
implementing passive devices in future wireless communication systems (Deshmukh & Angira, 2019).
Switches have drawn more attention due to their frequent use in many cases in wireless communication
systems. An RE-MEMS technology-based switch has low insertion loss, high isolation, high linearity and less
power consumption (Deshmukh & Angira, 2019). Its shunt capacitive switch has two stable states i.c., up-
state and down-state (Deshmukh & Angira, 2019). Power can flow from the input port to the output port
in the switch upstate, while it stands at the off-state in its down-state (Deshmukh & Angira, 2019; Angira
& Rangra, 2015a; Angira & Rangra, 2015b).

The optimization of the performance of the switching structure involves many parameters (criteria), such
as pull-in voltage, RF response (insertion loss and isolation), maximum displacement, thermal conductivity,
ctc (Deshmukh & Angira, 2019; Angira & Rangra, 2015a; Angira & Rangra, 2015b). Since many parameters
are involved, it can be seen as a MOOP in the performance optimization of the switching material selection.
Therefore, a MOOP can be used to decrease human effort since a large number of materials are available
in practice, forming a material bank together with many manufacturing processes and selection attributes
(Zhenget al, 2021).

Yangetal pointed out that if different normalization methods are applied, significant different results may
be produced (Yanget al, 2021). Podviezko et al also stressed that different normalization of data applying to
popular MCDM methods such as SAW or TOPSIS could lead to significant differences in the assessment
(Podviezko & Podviezko, 2015). As a consequence, many researchers paid a lot of attention to the choice
of the normalization type. However, it is still puzzling which normalization method is better and how to
determine final results of material selection from different normalization algorithms.

A) Utility indices of the material performance indicators in the material selection of RF - MEMS
shunt capacitive switches

In the study of Deshmukh & Angira (2019), the optimal objectives for this purpose are low pull-in voltage,
low RF loss, high thermal conductivity and maximum displacement of the beam structure. As a result, the

square root of Young’s modulus of the material £°7, the electrical resistive coefficient P, P, the thermal
conductivity of the material A, the ratio of the fracture strength ¢ s to Young’s modulus E of the material,
o/E, are taken as the optimal utility indices of the material attribute indicators (Deshmukh & Angira, 2019).
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B) Divisions of the utility indices in the material selection of RF - MEMS shunt capacitive

switches

From analyzing the requirements of the optimizations of the bridge of RE-MEMS shunt capacitive switches,
i.e., higher pull-in voltage (VP ), lower RF loss, higher thermal conductivity and the higher maximum
displacement of the switch beam (Deshmukh & Angira, 2019), the utility indices of the square root of
Young’s modulus of the material, E’%° | the thermal conductivity of the material, A, the ratio of the fracture
strength G¢, to Young’s modulus E of the material, 6¢/E belong to the beneficial type of the material
performance index, while the electrical resistive coefficient, p A belongs to the unbeneficial type of the material
performance index in the assessment.

C) Assessment results

The values of the conventional material performance indicators for various materials are given in Table 1
(Deshmukh & Angira, 2019).

The partial preferable probabilities of the utility indices of E®°, A and P, and o¢/E and the total preferable
probabilities are assessed according to Equations (1) through (5), respectively, shown in Table 2. In addition,
the ranking here by using the new probability-based multi-objective optimization method is given in Table
2 together with those of Vikor and Topsis from Ref. (Deshmukh & Angira, 2019) for comparison.

TABLE 1
Conventional material performance indicators for various materials

Electrical
Young's |Tesistive Thermal Fracture |;s A B
Mat. | modulus [COefiCient oo g ctivity | Strength 3
FigPa) |7t IWimeK) | Sp04Pa) |10
107%
N1 193 .99 a0 345 1.7376
Au 70 2 44 315 220 2.1429
Al 70 2.32 204 47 0.6714
Ag 23 159 407 110 13253
Pt 163 105 73 125 0.7440
Cu 117 1.68 386 314 2.6838
Cr 273 129 a0 370 1.3262
W 411 .28 163 1725 41971
o 209 G 24 59 575 3.2297
Fe 211 961 73 540 2.5592

(Deshmukh & Angira, 2019)
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TABLE 2
Partial preferable probabilities and total preferable probabilities

for various materials for shunt capacitive switch optimization

Rank

here
i 01072 |0.0884 [0.0421 [0.0825 | 03766 |6 g =]
A 00646 | 01420 [0.1684 [0.1451 | 22423 |3 1 1
Al 00645 |0.1375 [0.1081 (00310 | 03005 |7 4 4
Ag 00704 101520 [0.2176 (00612 | 1.4242 |4 3 3
Pt 01001 |0.0470 [0.0380 00342 |00631 |10 i) g
Cu 00235 | 01510 (02064 [0.1239 |2.2248 |1 2 2
Cr 01280 |0.0187 [0.0481 (00612 |0O0712 |9 10 10
W 01566 | 01085 [0.0872 [0.1937 |2.8697 |2 9 7
Co 01117 |0.0872 [0.03269 (01490 |05971 |5 5 5
Fe 01122 |0.0575 [0.0290 [0 1181 |0.2975 |8 7 a8

It can be seen from Table 2 that the appropriate material from the new multi—objective optimization
method is Cu, which is different from those of Vikor and Topsis from (Deshmukh & Angira, 2019); this is
because of the inherent defects of personal and subjective factors in Vikor and Topsis (Deshmukh & Angira,
2019).

In fact, the evaluation result of the new probability-based method for multi—objective optimization in
material selection is no need to equal to those of other previous approaches exactly due to their involvements
of personal or other subjective coeflicients.

2) Optimization of sintering parameters of natural hydroxyapatite

Abifarin conducted the optimization of hydroxyapatite (HAp) mechanical characteristics using Taguchi
grey relational analysis design which includes hardness and compressive strength (Abifarin, 2021). Three
levels of sintering temperature and two levels of compaction pressure are employed during sintering
(Abifarin, 2021). The design and the results are shown in T able 3. Again, the probability-based multi-
objective optimization is used to conduct the assessment with hardness and compressive strength as the
beneficial type index. The evaluation results are shown in Table 4.

TABLE 4
Evaluation results of HAp

Mo | pressure Ternperature Hardness Compressive
“C Strength

1 0 200 0.54 0.39

2 |0 1000 0.838 0.58

3 |0 1100 0.940 0.54

4 |5 S00 0.656 0.34

S |5 1000 0.923 0.5

E |5 1100 1,102 .69
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TABLE 4
Evaluation results of HAp

Partial preferable
probability Total
No [Hardness |Strength pre10°  |Rank
1 01079 01168 1.2596 |6
2 01674 01737 29069 |2
=] 01378 0.2515 4.7225 1
4 01311 01018 1.2340 |5
= 01356 0.1497 27781 4
& 0.2203 0.2066 45518 |2

Table 4 indicates that the optimal sintering parameters of natural hydroxyapatite are at 1100°C and 0
compaction pressure.

3) Optimal design of a connecting claw jig

Yan et al conducted the multi-objective optimal design of a connecting claw jig with ANSYS Workbench
finite element analysis software (Yan et al, 2021). The maximum equivalent stress (MPa) Y7, the weight (kg)
Y>, the minimum safety factor Y3 and the maximum deformation (mm) Y, of the claw jig are taken as the
optimization objectives, while the thickness of the substrate FD; (mm) x; , the angle of the connecting claw
Al (°) x2, the thickness of the connecting claw FD, (mm) x3 , and the outside diameter of the jig base Ry
(mm) x4 are taken as the input variables.

After the simulation and the analysis, three candidate schemes with good objective functions are selected
by the system, as shown in Table 5. The object Y3 is a beneficial type index, while Y}, Y5 and Y. sare all
unbeneficial type indexes. The evaluation results are shown in Table 6.

Table 6 shows that the optimal scheme is scheme No 1.

TABLE 5
Three candidate schemes of the connecting claw jig

Original X]_ X2 ) XB X4 Yl Yz YB Y4
() () () MPay | (g) (o
scheme |5g 73 38 325 151,22 |6.176 |16532 |1.171
1 54125 | 7313 |35414 |31.051 |128 42 |5.615 | 1.9467 |0.923
2 45125 | 7377 | 37982 | 3235395 |143 31 |5.577 | 1.7444 | 1.043
3 46625 |¥6.38 | 39908 |30.715 [161.48 |5.620 | 1.5482 |1.375
TABLE 6

Evaluation results of the connecting claw jig

Partial preferable probability Total
No. Ty Y, Yy 7 Pt*100 | Rark
03700 | 03327 |0.3716 |03870 |1.7697 |1

0.3358 [0.3349 |0.3329 |0.3532 [1.3229 |2
] 0.2942 |0.3324 |0.23955 |0.2598 |0.7507 |2

—

g™
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CONCLUSION

The application of the new probability-based multi—objective optimization method in dealing with three
optimal problems of material engineering has shown that: the appropriate material (Cu) is successfully
selected, which meets the requirements of the optimizations of the bridge of RF # MEMS shunt capacitive
switches; the optimal sintering parameters of natural hydroxyapatite are at 1100°C and 0 compaction
pressure; and the optimal scheme of the connecting claw jig is scheme No 1. The main feature of the new
probability-based multi—objective optimization method is that the treatment is equivalent and conformable
for both the beneficial utility index and the unbeneficial utility index, without any artificial or subjective
scaling factors involved in the process.
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