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Abstract

Together with increased environmental concerns, the demand for substituting petroleum use with renewable resour

ces has increased as well. Cellulose is a biodegradable, natural polymer, which is available worldwide. However,

cellulose does not dissolve in water or in most common solvents. Lately, active search for green solvents for dis

solution of cellulose has been focused on ionic liquids. Using ionic liquids in dissolving cellulose has increased

FRPPHUFLDO LQWHUHVW DV ZHOO 7LO0O QRZ GLVVROYHG FHOOXORVH ¢¢EHUV KI
enthusiasm for widening the usage of this method into other areas too.

This master thesis contains a literature review and a research project. The literature review relates to sustainability,

FLUFXODU HFRQRP\ FHOOXORVH WH[WLOH ZDVWH DQG UHF\FOLQJ SRVVLELOLMW
DLP LV WR H[SORUH KRZ FHOOXORVH IURP WH[WLOH ZDVWH GLVVROYHG LQWR L
acetate (EMIM) could be used to produce every-day decorative objects. First, | compare composites produced of

WUDGLWLRQDO FRPPHUFLDO ELUFK SXOS WKRVH SURGXFHG RI FRWWRQ ¢EHUV
IURP FRWWRQ DQG O\FUD IURP DQ LQGXWWU LVDIOHMW H5 PHDGV B Q GDXDQH. V8 W H GP YA DHADWV |
D XVHU VWXG\ DV , ZDQW WR H[SORUH KRZ FRPSRVLWHY PDGH RI GLVVROYHG FI
UHFHLYHG E\ RWKHU SHRSOH )LQDOO\ , GHVLJQ D ARZHUSRW UHSUHVHQWLQJ |
PROG RI LW XVLQJ ' SULQWLQJ DQG SURGXFH LW XVLQJ GLVVROYHG FRWWRQ ¢

$FFRUGLQJ WR P\ H[SHULPHQWYV WKH ARZHUSRW VKRXOG EH SURGXFHG XVLQJ

solved only partially into EMIM. The mass should be coagulated within a mold in the water tank, and, further, the

ARZHUSRW VKRXOG EH DLU GULHG LQ LWV PROG 7KLV ZzD\ WKH PDWHULDO LV

LWV F\OLQGHU VKDSH LW FRPHV RIl WKH PROG HIIRUWOHVVO\ DQG LWV VXUIDF
SDUWLDOO\ GLVVROYHG ¢EHUV LV SRURXV DQG HVSHFLDOO\-LQ ARZHUSRW W]
EV PRLVWXUH DQG HQDEOHV DLU ARZ ZKLFK LV LPSRUWDQW IRU VRLO DQG SOC
shrinks less than an object air-dried without a mold.

JURP WKH SHUVSHFWLYH RI P\ SUHOLPLQDU\ UHVHDUFK ¢QGLQJdV GLVVROYLQJ"
ry-day decorative objects seem to have potential for further evolution.

Keywords: FHOOXORVH LRQLF OLTXLG VXVWDLQDELOLW\ WH[WLOH ZDVWH
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1. Introduction



Together with increased environmental concerns, the demand for substituting petroleum use with renewable resour

ces has increased as well. Cellulose is a biodegradable, natural polymer, which is available worldwide. However,

cellulose does not dissolve in water or in most common solvents. Active search for green solvents for dissolution

of cellulose has been focused on ionic liquids. Using ionic liquids in dissolving cellulose has increased commercial
LQWHUHVW DV ZHOO 7LOO QRZ GLVVROYHG FHOOXORVH ¢(EHUV KDYH PDLQO\ E
for widening the usage of this method into other areas too.

ODWHULDO EDVHG GHVLJQ SURFHVV HQKDQFHVY WKH H[SORUDWLRQ IRU ¢QGLQJ
ZLWK SURGXFLQJ QHZ NQRZOHGJH 3HUVRQDOO\ P\ LQWHUHMW LQ FHOOXORVH
MARTS summer school. Later, | made my minor in CHEMARTS, which focus on art and design, materials, and

sustainable use of natural resources.

7KH VXEMHFW RI P\ PDVWHU WKHVLYV ZDV WR H[SORUH KRZ FHOOXORVH IURP WH

(WK\O PHWK\OLPLGD]ROLXP DFHWDWH FRXOG EH XVHG WR SURGXFH HYHU\ GI
VLWHV SURGXFHG RI WUDGLWLRQDO ELUFK SXOS WKRVH SURGXFHG RI FRWWRC
SURGXFHG RI FRWWRQ DQG O\FUD IURP DG IMQHIUX WW H VB OFRCD WH H G DODQ 16 S!HDUL MPWA I
SHUIRUPHG D XVHU VWXG\ DV , ZDQW WR H[SORUH KRZ FRPSRVLWHYV SURGXFHG
RWKHU SHRSOH )LQDOO\ , GHVLJQHG D ARZHUSRW UHSUHVHQWLQJ DQ DERYH
E\ XVLQJ ' SULQWLQJ DQG SURGXFHG LW E\ XVLQJ FRWWRQ ¢EHUV 7KLV PDVWE
empirical research project.



i ,
i . ._1_! .

2. Background

e



2.1 Literature review

2.1.1 Design and materials research

According to Solanki (2021), “Everything is made of something. Without this fundamental component, we would

KDYH QRWKLQJ WR GHVLJQ ZLWK RU IRU LQ DQ\ LQGXVWU\ 3 ODWHULDOV UHVH
replace the old ones. However, the adoption of a new material takes time, usually 20 years or even more, if all the

steps are taken into consideration (Maine et al., 2005).

$FFRUGLQJ WR 6ZDQQ WKH PDLQ GLIITHUHQFH EHWZHHQ H[SHUWV LQ QDWX
are learned to use problem-focused strategies whereas designers typically use solution-focused strategies. Accor

ding to Rust (2004, 2007), industrial designers can make their contribution to research projects by producing proto

types and studying applications, but they can also challenge the perceptions of the scientists, generate new ideas, as

ZHOO DV KHOS ZLWK FRPPXQLFDWLRQ DQG G'IMWHRLABDWILARQ RI| UH[\BIORWHKG MD KGHL
arguments by performing an interview study among British researchers at the university’s engineering department,

DV ZHOO DV DPRQJ SHUVRQDO IURP XQLYHUVIWKHUHYEDQFK ¥KXE'\SRX MK WHKIH LVROHP
DV UHSRUWHG E\ 5XVW $FFRUGLQJ WR WKH VWXG\ SDUWLFLSDQWYVY LQGXVWULI
FDWLRQV IRU VFLHQWL¢F LQYHQWLRQV GHVLJQ WKH ODERUDWRU\ DQG LWV IXC
VWXG\ ¢QGLQJY DV ZHOO DV KHOS ZLWK7RKRPIROPIRFDVQPURED UULHHY MW IIDW PD\ Sl
FROODERUDWLRQ ZHUH UDLVHG VFLHQWLVWYV PDQELRW Q) WHRIUI@ LEHH WLKIKD H BRYP SPHDW
QRW KDYH WKH WHFKQLFDO H[SHUWLVH ZKLFK LV QHHGHG WR7RRQWULEXWH WF

make this possible, Driver et al. (2011) stressed the importance of frequent contact between collaborators.

+RZHYHU WKH OLQN EHWZHHQ GHVLJQHUVY DQG PDWHULDOV VFLHQFH FDQ EH U
GHVLJQ zZzDV W\SLFDOO\ HIfSUHVVHG WKURXJK KDQGLFUDIWY DQG LW ZDV OLQN}
uLbov ,WIOl 7TRGD\ LQWHJUDWLQJ GHVLJQ DQG UHVHDUFK LV FRQVLGHUI
SHFWLYH RI PRGHUQ PDWHULDOV VFLHQFH ,WIOI $FFRUGLQJ WR $VKE\ DQ
designers, who co-operate with materials scientists, can have a relevant position in producing new material solu
tions, especially by focusing on sustainability, functionality, as well as on aesthetical aspects. A process, which is
GULYHQ E\ D GHVLJQHU ZKR LV XVLQJ D PDWHULDO EDVHG DSSURDFK FDQ JLYH
VWXG\LQJ DSSOLFDWLRQV IRU VFLHQWL¢F LQYHQWLRQV EXW E\ FUHDWLQJ FRP
+IlUNIVDOPL HW DO



10

2.1.2 Sustainability

,Q VXPPHU LQWHUJRYHUQPHQWDO 3DQHO RQ &OLPDWH &KDQJH ,33& UHOH
, 3& & 7KLV UHSRUW HVWLPDWHYVY WKH SUREDELOLW\ RI UHDFKLQJ WKH FUL
ULQJ WKH QH[W GHFDGH 7KLV GHYHORSPHQW SRVHV LQFUHDVH ULVNV IRU KXP
reducing inequalities and poverty. However, the report also points out that human actions can still affect the future

FRXUVH RI FOLPDWH 7KH FOLPDWH FKDQJH FDQ )&=kt @HePdrétitdasé | GLVFKDUJH R |
gases could be limited. This calls for changes in infrastructure, as well as in energy and industrial systems.

Bio-based materials have got attraction worldwide. The reason for this attention is the concern about the amount of

WKH SODVWLF ZDVWH SURGXFHG EXW DOVR UHDOL]DWLRQ@KRH WHHPOLPLWYV DQG
ELRHFRQRP\ FDQ EH GH¢QHG DV DQ HFRQRP\ ZKHUH IRRG HQHUJ\ SURGXFWYV
natural resources, which are renewable (Natural Resources Institute in Finland). Finland has its own bioeconomy

strategy, and this strategy underlines that 1. the dependency on fossil natural resources should be limited, 2. impo
YHULVKPHQW RI HFRV\VWHPYV VKRXOG EH LQKLELWHG HFRQRPLF GHYHORSPH
should be facilitated based on principles of sustainable development (Ministry of Agriculture and Forestry of Fin

land). In this process, forests have a central role. The traditional forest mill sites in Finland are in process of beco

ming bioproduct mills while the entire Finnish industry has been transforming itself into bioproduct industry. Wood

FRQWDLQV LQJUHGLHQWY ZKLFK KDYH GHYHORSHG IRU QHZ XVHV IRU H[DPSOF
DQG ZRRG ¢EHUV FDQ UHSODFH VRPH VIQWKHWLF XQ¥I)MWROQY/XBHHD RE GLPLQ!
Forestry in Finland). Further, recycling is an important part of bioeconomy (Natural Resources Institute in Finland).

7KH FLUFXODU HFRQRP\ LV DQ HFRQRPLF PRGHO ZKLFK VXSSRUWV VXVWDLQDE
VHYHUDO zD\V IRU HIDPSOH DV :FORVLQJ RI PDWHULDO ORRSV WR SUHVHUYH
V\VWHP DQG H[WUDFW WKHLU PD[LPXP XWLOLW\" E\ =LQN DQG -*H\HU RU DV
FH LQSXW DQG ZzDVWH HPLVVLRQ DQG HQHUJ\ OHDNDJH DUH PLQLPL]JHG E\ VOF
HQHUJ\ ORRSV" E\ *HLVVGRHUIHU HW DO 'LWKLQ WKLV PRGHO WKH IRFXV
and material of used products are not destroyed, but it is re-used to produce new productigBredl) ( Envi-

URQPHQWDOO\ VXVWDLQDEOH FLUFXODU HFRQRP\ UHTXLUHVKGHYHORSPHQW RI

European Union has launched an action plan to encourage European countries to move towards circular economy
(European Commission, 2015).

Biodegradability means the ability of organic substances to be degraded into simpler substances through the action

RI HQ]\PHVY VHFUHWHG E\ YDULRXV PLFUR RUJDQLVPV (FR]JHPD :KHQ WKLV SUR
FRPSOHWHO\ WUDQVIRUPHG LQWR VLPSOH LQRUJP R HPBR OHHFXD®GI\V DMLN IF KD W H L
mical compounds undergo biodegradation, although the time frame varies from days to centuries. According to EU
OHJLVODWLRQ (XURSHDQ %LRSODVWLFV D SURGXFW FDQ EH UHJDUGHG D
PDWHULDO FRQY Hawi\mihepaW By Edogiddl proc&gses within 6 months.
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Figurel. $ GLDJUDP WR FRQWUDVW WKH OLQHDU SWDNH PDNH ZDVWH" DSSURDFEK
get its inspiration from the following source: commons.wikimedia.org/wiki/File:Linear_versus_Circular.jpg.

Composting is an appropriate method of disposal for certain kind of products.

It is an environmentally friendly method for organic waste treatment as well as one option for recycling. An EU

KDUPRQL]JHG VWDQGDUG IRU FRPSRVWDEOH SDFNDJLQJ (1 ZDV LQWURGXFl
According to European Bioplastics (2015), the essential criteria for materials being compostable are as follows:

1. Disintegration (= fragmentation and loss of visibility): after three months,
WKH RULJLQDO PDVV VKRXOG EH UHGXFHG PRUH WKDQ
%LRGHJUDGDELOLW\ FR QY H v vRa@r Bylthe/dctibnRDnwiddigabishms) Q W R & 2
RU PRUH RI WKH RULJLQDO PDWHULDO VKRXOG EH FRQYHUWHG ZLWKLQ PR
$EVHQFH RI DQ\ XQZDQWHG HIIHFW GXULQJ WKH SURFHVV
OD[LPXP YDOXHV IRU KHDY\ PHWDOV DUH JLYHQ DQG WKH ¢(¢QDO FRPSRVW P X\
YDOXH ZLWK DEVHQFH RI HFRWR[LFRORJLFDO HIIHFWV RQ SODQW JURZWK

7R GH¢{¢QH D PDWHULDO DV FRPSRVWDEOH DOO WKH DERYH PHQWLRQHG FULWH
ELRGHJUDGDEOH PDWHULDO GRHV QRW GLVLQWHJUDWH GXULQJ WKH FRPSRVWL
GLVLQWHJUDWLRQ RI PDWHULDO LQWR PLFURVFRSLF SDUWLFOHY GXULQJ D FRF
postability if these particles are not totally biodegradable.

7KHUH DUH DOVR VWDQGDUGY IRU QRQ 3RHNDULWH WBLAMD U WH AV KIHVVDHPGIOD (1P HQ W
above, but the only difference is that this concerns any plastic material or product, which is not used in packaging

(XURSHDQ %LRSODVWLFV ,Q DGGLWLRQ WR WKHVH FULWHULD D SURGXFW
UHQWO\ QR VSHFL¢F LQWHUQDWLRQDO RU QDWLRQDO VWDQGDUGYV H[LVW IRU k
standards and their nationally adopted versions are created only for industrial scale composting.

11
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According to Muratovski (2016), designing sustainably is consideration of economic, environmental, and socio-cul

tural aspects when creating an object, a concept, or a system. Sustainable design strategies were launched by Victor

3SDSDQHN LQ WKH fV 3DSDQHN DQG DIWHU KLP PDQ\ SHRSOH DQG DSSUF
Sustainable design is a core element in circular economy. In this framework, producers actively take responsibility

IRU WKH ZKROH OLIH F\FOH RI WKH WKLQJV WKH\ FUHDWH LQFOXGLQJ GHVLJQL
of the product, as well as the limited number of different raw materials of which the product is made can help to

reduce the environmental impact. Aesthetically timeless and highly durable design products will retain their value

LQ WKH ORQJ UXQ 'XUDEOH SURGXFWV DUHQMW UHSODFHG DV IUHTXHQWO\ 3UlI
repair, as well as easy to recycle at the end of their lives. Thus, there is a clear responsibility in design and product

development teams when planning, prototyping, and producing new items for the market.

2.1.3 Wood and cellulose

Wood is an organic polymer, which structure is three-dimensional (Rowell et al., 2005). It contains mainly cel

OXORVH KHPLFHOOXORVH DQG OLJQLQ 6M|VWU]|P $SSUR[LPDWHO\ ZRRG
VH FRQWHQW UDQJHV IURP WR DQG OLJQLQ FRQWHQWHKHWLVHV IURP |
amount of these polymers varies between wood species, as well as between wood parts. The rest of wood consists

RI VRPH RWKHU FRPSRQHQWYV OLNH DVK 6M|VWU|P

Cellulose is a promising substance to replace oil-based plastic polymers. It is a polysaccharide with the formula

(CH,2, Q ZKHUH Q UHIHUV WR W K Hriguk 2)(SWwatleski & RIQO2FOR) AL hEv: plRr{s

FRQWDLQ FHOOXORVH LQ WKHLU FHOO ZzDOOV ,Q DGGLWLRQ VRPH EDFWHULD [
ZKLFK VHSDUDWHYVY FHOOXORVH IURP OLIJQRFHOOXORVH SODQWY OLNH ZRRG 6L
used as a pulg-igure3 $FFRUGLQJ WR D UHFHQW GLVVHUWDWLRQ E\ .RUKRQHQ W
VH KHPLFHOOXORVH DQG OLJQLQ &HOOXORVH IURP ZRRG LV K\GURSK
ZKHQ GHVLJQLQJ SURGXFWV IURP FHOOXORVH EDVHGKROWRSYSKRPRBLV]DMWIEHRQ6DKHE
can be done using diverse methods, of which some are chemical ones, and some are physical ones (Hubbe et al.,

2015).

Figure 2. A cellulose polymer chain. Source: Swatloski et al., 2002.



2.1.4 Nanocellulose

According to the European Commission, hanomaterial is a natural, incidental, or manufactured material containing

SDUWLFOHVY LQ DQ XQERXQG VWDWH RU DV DQ DJJUHIJDWH RU DV DQ DJJORPHUI
LQ WKH QXPEHU VLIH GLVWULEXWLRQ RQH RU PRUH H[WHUQDO GLPHQVLRQV LV
Commission, 2011). Cellulose nanomaterials show many special properties, which means that they have potential

WR EH XWLOL]JHG LQ PDQ\ ZD\V .DQJDV 1 DRORJFGHECRMXUGER VIHQ 6 DW HE MVHL Q@ HAWVH VBV
DV QDQRFHOOXORVH VKRZV OLJKW ZHLJKW LW KDV DOVR EHHQ XVHG DV FRQVR
%DVHG RQ WKHLU SURSHUWLHYVY WKUHH GLITHUHQW FODVVHV RI QDQRFHOOXOR

FHOOXORVH QDQR¢(EULOV &1) DQG EDFWHULDO FHOOXORVH .DQJDV
ways, like grinding and dissolving.

A traditional way to make nanocellulose is grinding. Many techniques have been developed to do it, but MasukoR
VHUYHY DV D IUHTXHQWO\ XVHG JULQGHU V\VWHP .DQJDV 7KLV JULQGHU
ZLWK WZR JULQGLQJ VWRQHV ZLWK FRXQWHUVHQVH URWDWLRQ OLVVRXP HW D

RQ FKDPEHU VHYHUDO WLPHV ZKLFK PHDQV WKDW WKH HQHUJ\ FRQVXPSWLRQ I
GHG FHOOXORVH LV FDOOHG PLFUR¢(EULOODWHG FHOOXORVH 0)&

Figure 3. An image of pulp, which is
¢EURXVY PDWHULDO PDGH E\ VHSDUDWLQJ

FHOOXORVH ¢EHUV IURP OLIQRFHOOXORVH
plants, either chemically or mechani

FDOO\ 3KRWR $XURUD 7DQL
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Cellulose does not dissolve in water or in most conventional solvents (Medronho et al., 2012). Thus, only special

VROYHQWY OLNH PHWDO FRPOCRRDLXPWKAUR[Q@BWWDQ@G DONDOL K\GUR[LGHV F
SRO\PHU VWUXFWXUH RI FHOOXORVH +HLQNKHRGH. RVAMKKDVODDJIJUHYEEY LR BVWXRIL
had major health and safety risks (Wanasekara et al., 2016). Thus, this generated the need for new techniques,

which would be more suitable to degrade cellulose (Liebert, 2010).

lonic liquids were rediscovered because of search for green solvents (Swatloski et al., 2002). They are salts, which
VWD\ OLTXLG DW WKH WHPSHUDWXUH®HHGLRQR&E RU OAKNN\ FQPQUGBIWWBRGYFHHEGQOXCQC
ZLWK D KLJK HI¢(¢FLHQF\ DQG KLJK VROXELOLW\ DSSUR[LPDWHO\ ZLWKRXW
res, which differs them from traditional cellulose solvents (Gericke et al., 2012). The chemical mechanism behind
WKLYV DELOLW\ LV WKH DQLRQV RI LRQLF OLTXLGLNQLQNMAWIFW ZLW % HMWFOK KMGUR [
RI WKHLU LRQLF VWUXFWXUH LRQLF OLTXLGV H[SUHVV VHYHUDO DGYDQWDJHYV
of any measurable vapor pressure, possibility of recycling, and high thermal and chemical stability (Laus et al.,

=KX HW DO GD &RVWD /RSHV HW DO 'LVVROYLQJ FHOOXORVH ZL\
PHUFLDO LQWHUHVW DV ZHOO $VDDGL HW DO JRU HIDPSOH LQ )LQODQG
QRQ HQLXP DFHWDWH KDYH EHHQ GHYHORSHG WR SURGXFH QH[W JHQHUDWLR!
loncelR (Hauru et al., 2014).

Nanocellulose is generally considered biodegradable. As it is a type of cellulose, it is most probably degraded by

FHOOXODVH HQ]J\PH VHFUHWHG E\ EDFWHULD DQG IXQJL ZKLFK H[LVW HYHU\ZKF
PDUDQ HW DO ORUHRYHU VL]H RI QDQRFHOOXORVH PROHFXOHV VXJJHVW
(Hubbe et al., 2017). The issue of biodegradation has been studied in many research projects, also in Finland. The

Finnish study by Vikman et al. (2015) reported that all studied NFC-based products turned out to be biodegradable

LQ OLQH ZLWK WKH (XURSHDQ VWDQGDUG (1 DQG QR HFRWRJ[LFLW\ ZDV RE\



2.1.5 Textile waste

JURP WKH JOREDO SHUVSHFWLYH SURGXFWLRQ RI WH[WLOHY FRQVXPSWLRQ RI
WLSO\LQJ 'DKOER HW DO KDW FRPHV WR )LQODQG PRVW RI WKH WH[WLC
$FFRUGLQJ WR D 1RUGLF FRPSDULVRQ DWW GMHDWROR WKARWHRUYDULWRKW WHHWLOH
ERWK LPSRUWHG DQG KRPH PDGH WR )LQQLVK XVHUV ZDV FD WRQV ZKLF
ELWDQW 7RMR HW DO $ QHZHU )LQQLVK VWXG\ I[IURP WKH \HDU VKRZH(
KRXVHKROG WH[WLOHYVY KDG UHPDLQHG TXLWH FRQVWDQW 'DKOER HW DO
transferred to second-hand shops and charity, and ca. 50 000 tons were transferred to waste management (Tojo et
DO ORVW RI WKLV ZDVWH ZDV XVHG WR ODQG¢(0OO RRMRHOW OWR LQFLQHUD
, Q UHF\FOLQJ RI WH[WLOH ZDVWH ZDV VW LKA RQ UPXMNH OQOFRRIRPHYHO
3DFNDJH RI (8 DGRSWHG LQ RUGHUV WKDW DOO PHPEHU VWDWHYVY RI (8 PXV
WLOHV E\ DQG HDFK VWDWH PXVW FRQVLGHU DOUHDG\ E\ KRZ LW LV JRL
(XURSHDQ 3DUOLDPHQW 7KH PDLQ PDWHULDO UHF\FOLQJ URXWHV IRU WH
FDO DQG WKHUPDO UHF\FOLQJ )RQWHO@®Gighr®4. +HLNNLOI 5RRV HW DO

Figue 4 OHWKRGV IRU UHF\FOLQJ WH[WLOH ZDVWH 7KH ¢JXUH KDV JRW LWV LQV!
DQG +HLNNLOI

15
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,Q PHFKDQLFDO UHF\FOLQJ PDWHULDO LV UHF\FOHG LW LVE MW\ OXR @WHCPRDWG -
FRPPRQ PHWKRG IRU UHF\FOLQJ WH[WLOH ZDVWHF EROQOXWPLQH® QG VLAS QMDD VR
UHF\FOLQJ WHFKQLTXH IRU ERWK QDWXUDAK D TG DNQWYW\RLFVKENM UVHBRBVTHW D
PHFKDQLFDO UHF\FOLQJ UHGXFHV WKH VWUHQJWK Rl WKH PDWHULDO VLQFH WF
GLQJ DQG FDUGLQJ DQG DIWHU WKDW UH SURGXFHG LQWR QHZ WH[WLOH VWU>
O\ UHF\FOHG QRQ ZRYHQV DUH SURGXFHG FRPPHUFLD®DHFFRWU-VHFKDRWDO DSSO
KHU J)LQQLVK FRPSDQ\ 3XUH :DVWH 7H[WLOHV RSHUDWHV LQ ,QGLD DQG PDQXII

pre-consumer materials (www.purewaste.com).

&RWWRQ FRPSULVHV FHOOXORVH ¢EHUV DV LWV FHOOXORVH FRQFHQWUDWLRQ
LQ PDQ\ DFLGV OLNH VXOSKXULF DFLG EXW LW GLVVROprddass{3¢e® O ZLWKLQ LRQL

SDJH LV GHYHORSHG WR UHF\FO HiguiSHFLDOO\ FRWWRQ EDVHG WH[WLOHYV
Figure 5. &HOOXORVH ¢EHUV DGGHG WR LRQLF OLTXLG &EHORKORVH ¢EHUV GLV

PDVV VROLGL¢{¢]HVY ZKHQ SODFHG LQWR WKH ZDWHBUDDTINQL WKH FRDJXODWLRQ






























































































































