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My passion in life is horses. Luckily,
I have a work situation where at the
end of the working day I can devote
myself to it. Many others may have
to give up passions, due to pain in
muscles and joints caused by their
physically demanding work. This
thesis is my contribution to try to
change this, by improving technical
objective methods for measuring the
physical workload in the upper part
of the body. The methods may be
used e.g. as a part of the systematic
work environment work to achieve a
satisfying work environment that prevents development of musculoskeletal
disorders among employees.
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PlWQLQJDYPXVNHOEHODVWQLQJLXQGHUDUPDUQD YDUV\IWHWDWWI|UILQDGHQI|UDWWInHWW
PHUNRUUHNWPnWWSnPXVNHOEHODVWQLQJHQXQGHUDUEHWH
)\UDVWXGLHUJHQRPI|UGHVWYnLODERUDWRULXPRFKWYnXWHLIlOWSnROLNDDUEHWVSODWVHU
LVWlGEUDQVFKHQ,GHQI|UVWDVWXGLHQMlPI|UGHVHQELOOLJRFKOlWWDQYlQGLQNOLQRPHWHU
PRWYnUWUDGLWLRQHOODLQNOLQRPHWHU'HVVXWRPMlPI|UGHVWYnHQNODUHIHUHQVSRVLWLRQHU
QROOlJH  I|U |YHUDUPDUQD PRW HQ VWDQGDUGUHIHUHQV , IlOWVWXGLHQ I|U LQNOLQRPHWUL
XQGHUV|NWHVGHWRPDUEHWVWDJDUHVMlOYDNDQPlWDVLQDUEHWVEHODVWQLQJL|YHUDUPHQ
.YDOLWpQSnGHVVDMlPI|UGHVPHGNYDOLWpQSnPlWQLQJDUVRPIRUVNDUHJ|UJHQRPDWW
DQDO\VHUDYDUMHPlWQLQJWYnJnQJHUHQJnQJPHGGHQI|UHQNODGHUHIHUHQVSRVLWLRQHQ
VRP UHIHUHQV RFK HQ JnQJ PHG VWDQGDUGUHIHUHQVHQ , ODERUDWRULHVWXGLHQ I|U
HOHNWURP\RJUDIL MlPI|UGHV WYn ROLND PD[NRQWUDNWLRQHU KDQGOHGVH[WHQVLRQ PRW
PRWVWnQG RFK KDQGJUHSS  RFK I\UD ROLND HOHNWURGSODFHULQJDU I|U
XQGHUDUPVPXVNOHUQD H[WHQVRUHUQD  PHG YDUDQGUD L IRUP DY DPSOLWXG RFK
UHSHWHUEDUKHW DY GHQ HOHNWULVND VLJQDOHQ , IlOWVWXGLHQ VWXGHUDGHV KXU
PXVNHOEHODVWQLQJHQ XQGHU VWlGQLQJ VNLOMGH VLJ nW QlU PDQ DQYlQGH GH WYn ROLND



PD[NRQWUDNWLRQHUQD VRP UHIHUHQVNRQWUDNWLRQ YLG WYn DY GH I\UD HOHNWURG
SODFHULQJDUQD
5HVXOWDWHQ I|U LQNOLQRPHWULPHWRGHQ L ODERUDWRULHVWXGLHQ YLVDGH DWW
JUXSSPHGHOYlUGHWI|UGHQDEVROXWDVNLOOQDGHQPHOODQGHQELOOLJDRFKOlWWDQYlQGD
LQNOLQRPHWHUQ RFK GHQ WUDGLWLRQHOOD LQNOLQRPHWHUQ YDU PLQGUH lQ  JUDGHU ,
IlOWVWXGLHQYLVDGHUHVXOWDWHQDWWDUEHWVVWlOOQLQJDUQDL|YHUDUPHQXQGHUVWlGQLQJYDU
QlVWDQ LGHQWLVND PHOODQ GH WYn DQDO\VHUQD PHG ROLND UHIHUHQVSRVLWLRQHU )|U
HOHNWURP\RJUDIL L ODERUDWRULHVWXGLHQ YLVDGH KDQGOHGVH[WHQVLRQ PRW PRWVWnQG
± JnQJHU K|JUH HOHNWULVN VLJQDO RFK ElWWUH UHSHWHUEDUKHW lQ KDQGJUHSS ,
IlOWVWXGLHQYDUPXVNHOEHODVWQLQJHQXQGHUVWlGQLQJOlJUHQlUKDQGOHGVH[WHQVLRQPRW
PRWVWnQG DQYlQGHV VRP UHIHUHQVNRQWUDNWLRQ lQ QlU KDQGJUHSS DQYlQGHV
$UEHWVEHODVWQLQJHQ |YHUVNDWWDGHV I|U WYn LQGLYLGHU QlU KDQGJUHSS DQYlQGHV VRP
UHIHUHQVNRQWUDNWLRQYLONHW WUROLJHQEHURGGH Sn DWWGHVVD LQGLYLGHU LQWH DNWLYHUDGH
H[WHQVRUHUQDPD[LPDOWYLGKDQGJUHSS
.RQNOXVLRQHUQD I|U DYKDQGOLQJHQ lU DWW PlWGDWD IUnQ GHQ ELOOLJD RFK OlWWDQYlQGD
LQNOLQRPHWHUQ YDU IXOOW MlPI|UEDUD PHG PlWGDWD IUnQ GHQ WUDGLWLRQHOOD
LQNOLQRPHWHUQ 'HQ I|UHQNODGH UHIHUHQVSRVLWLRQHQ VNLOMGH VLJ QnJRW IUnQ
VWDQGDUGUHIHUHQVHQPHQHIIHNWHQDYGHQQDYDUI|UVXPEDUYLGPlWQLQJSnHQJUXSS
DY LQGLYLGHU /RNDOYnUGDUQD NXQGH VMlOYD PlWD DUEHWVVWlOOQLQJDU RFK U|UHOVHU L
|YHUDUPHQ 5HVXOWDWHQ I|U HOHNWURP\RJUDIL DQW\GGH DWW KDQGOHGVH[WHQVLRQ PRW
PRWVWnQGYDUHQElWWUHPHWRGlQKDQGJUHSSI|UDWWXSSQnHQPD[LPDONRQWUDNWLRQ
DYH[WHQVRUHUQDLXQGHUDUPDUQD3UREOHPHQPHGGnOLJWDNWLYHUDGHH[WHQVRUHUXQGHU
PD[NRQWUDNWLRQHQ NDQ XQGYLNDV JHQRP DWW DQYlQGD KDQGOHGVH[WHQVLRQ PRW
PRWVWnQGLVWlOOHWI|UKDQGJUHSS



$EVWUDFW
Background: 5HSHWLWLYH ZRUN ZRUN SHUIRUPHG LQ DZNZDUG DQG FRQVWUDLQHG
SRVWXUHVDQGZRUNZLWKH[FHVVLYHRUVXVWDLQHGPXVFXODUORDGLVFRPPRQLQPDQ\
RFFXSDWLRQDO VHWWLQJV 6XFK ZRUN LV NQRZQ WR EH ULVN IDFWRUV IRU GHYHORSLQJ
PXVFXORVNHOHWDOGLVRUGHUVLQWKHQHFNVKRXOGHUUHJLRQDQGLQDUPVDQGKDQGV2QH
PHWKRG WKDW FDQ EH XVHG WR DVVHVV WKH H[SRVXUH WR WKHVH ULVN IDFWRUV LV WHFKQLFDO
UHFRUGLQJVWKDWUHO\RQVHQVRUVDWWDFKHGGLUHFWO\WRDVXEMHFW+RZHYHUWKHUHLVD
FRPPRQO\ KHOG EHOLHI WKDW WKH PHWKRGV DUH WLPH FRQVXPLQJ UHTXLUH H[SHQVLYH
HTXLSPHQWDQGDOVRGHPDQGWHFKQLFDONQRZOHGJHWRSHUIRUPDQGDUHWKHUHIRUHQRW
VXLWDEOHIRUDOOAims:7RVLPSOLI\WKHLQFOLQRPHWU\PHWKRGLQRUGHUWRPDNHLWHDVLHU
WRXVHIRUGLIIHUHQWDFWRUVLQWKHZRUNHQYLURQPHQWILHOGDQGWRUHILQHWKHVXUIDFH
HOHFWURP\RJUDSK\ V(0*  PHWKRG RI WKH IRUHDUP H[WHQVRU PXVFOHV IRU PRUH
DFFXUDWH HVWLPDWHV RI UHFRUGHG PXVFXODU ORDG Methods: )RU WKH LQFOLQRPHWU\
PHWKRGLQWKHODERUDWRU\RQHPRGHORIWKHQHZJHQHUDWLRQRIWULD[LDODFFHOHURPHWHUV
ZLWK LQWHJUDWHG GDWD ORJJHUV *& LQFOLQRPHWHU  ZHUH YDOLGDWHG DJDLQVW WUDGLWLRQDO
RQHV /7 LQFOLQRPHWHU  $OVR WKH GHYLDWLRQ DQJOHV RI WZR VLPSOLILHG UHIHUHQFH
SRVWXUHVIRUXSSHUDUPVIURPDVWDQGDUGUHIHUHQFHSRVWXUHZHUHHYDOXDWHG)RUWKH
ILHOG VWXG\ VHOIUHFRUGLQJV RI XSSHU DUP HOHYDWLRQV ZHUH HYDOXDWHG E\ DQDO\VLQJ
HDFK UHFRUGLQJ WZLFH RQFH ZLWK D VLPSOLILHG UHIHUHQFH SRVWXUH DQG RQFH ZLWK D
VWDQGDUGUHIHUHQFHSRVWXUH)RUWKHV(0*PHWKRGLQWKHODERUDWRU\WKHHOHFWULFDO
DFWLYLW\ RI ULJKW IRUHDUP H[WHQVRU PXVFOHV ZDV UHFRUGHG IURP IRXU HOHFWURGHSDLU
SRVLWLRQVGXULQJWZRPD[LPDOYROXQWDU\FRQWUDFWLRQV 09&KDQGJULSDQGUHVLVWHG
ZULVWH[WHQVLRQ ,QWKHILHOGVWXG\WKHHOHFWULFDODFWLYLW\ZDVUHFRUGHGXVLQJWZR
HOHFWURGHSDLUSRVLWLRQVDQGWKHWZR09&VGXULQJRQHZRUNLQJGD\RIKRWHOURRP
FOHDQLQJ (DFK UHFRUGLQJ ZDV DQDO\VHG WZLFH RQFH ZLWK KDQG JULS DV UHIHUHQFH
FRQWUDFWLRQ DQG RQFH ZLWK UHVLVWHG ZULVW H[WHQVLRQ DV UHIHUHQFH Results: )RU WKH
LQFOLQRPHWU\ PHWKRG LQ WKH ODERUDWRU\ DOO JURXS PHDQ DEVROXWH GLIIHUHQFHV RI
VLPXODWHGZRUNWDVNVDQGERG\SDUWVEHWZHHQWKHWZRLQFOLQRPHWHUVZHUHOHVVWKDQ
°,QWKHILHOGVWXG\WKHXSSHUDUPHOHYDWLRQVGXULQJZRUN WKSHUFHQWLOH ZHUH
DOPRVWLGHQWLFDO JURXSPHDQGLIIHUHQFHRI° IRUWKHWZRDQDO\VHVXVLQJGLIIHUHQW
UHIHUHQFH SRVWXUHV )RU V(0* LQ WKH ODERUDWRU\ UHVLVWHG ZULVW H[WHQVLRQ VKRZHG
±WLPHVKLJKHU(0*DPSOLWXGHVDQGORZHUFRHIILFLHQWRIYDULDWLRQWKDQKDQG
JULS,QWKHILHOGVWXG\WKHZRUNORDGGXULQJFOHDQLQJZDVORZHUZKHQXVLQJUHVLVWHG
ZULVW H[WHQVLRQ DV WKH UHIHUHQFH WKDQ ZKHQ XVLQJ KDQG JULS 7KH ZRUNORDG WK
SHUFHQWLOH ZDVRYHUHVWLPDWHGLQWZRVXEMHFWVZKHQKDQGJULSZDVXVHGDVUHIHUHQFH
FRQWUDFWLRQConclusions:)RUWKHLQFOLQRPHWU\PHWKRGWKHREWDLQHGGDWDIURPWKH
*&LQFOLQRPHWHUVZHUHIXOO\FRPSDUDEOHWRWKHGDWDIURPWKH/7LQFOLQRPHWHUV7KH
VLPSOLILHGUHIHUHQFHSRVWXUHGHYLDWHGVRPHZKDWIURPWKHVWDQGDUGUHIHUHQFHEXWWKH
HIIHFWRIWKLVGHYLDWLRQRQJURXSUHFRUGLQJVRIZRUNZDVQHJOLJLEOH7KHKRWHOURRP
FOHDQHUVPDQDJHGWRSHUIRUPVHOIUHFRUGLQJVRIXSSHUDUPHOHYDWLRQVDQGYHORFLWLHV



)RUWKHV(0*WKHXVHRIUHVLVWHGZULVWH[WHQVLRQPD\EHDPRUHDFFXUDWHPD[LPDO
HIIRUW RI IRUHDUP H[WHQVRU FRQWUDFWLRQ WKDQ XVLQJ KDQG JULS 3UREOHPV DVVRFLDWHG
ZLWKSRRUO\DFWLYDWHGIRUHDUPH[WHQVRUVFDQEHRYHUFRPHE\XVLQJUHVLVWHGZULVW
H[WHQVLRQDVUHIHUHQFH



$EEUHYLDWLRQV
&,±FRQILGHQFHLQWHUYDO
&5±FRHIILFLHQWRIUHOLDELOLW\
&9±FRHIILFLHQWRIYDULDWLRQ
*&LQFOLQRPHWHU±*XOI&RDVW'DWD&RQFHSWLQFOLQRPHWHU
,&&±LQWUDFODVVFRHIILFLHQW
,=±LQQHUYDWLRQ]RQH
/7LQFOLQRPHWHU±/RJJHU7HFKQRORJ\LQFOLQRPHWHU
0()±PD[LPDOH[HUWHGIRUFH
09&±PD[LPDOYROXQWDU\FRQWUDFWLRQ
09(±PD[LPDOYROXQWDU\HOHFWULFDODFWLYLW\
2+6±RFFXSDWLRQDOKHDOWKVHUYLFH
59&±VXEPD[LPDOYROXQWDU\FRQWUDFWLRQ
59(±VXEPD[LPDOYROXQWDU\HOHFWULFDODFWLYLW\
6'±VWDQGDUGGHYLDWLRQ
V(0*±VXUIDFHHOHFWURP\RJUDSK\
:06'V±ZRUNUHODWHGPXVFXORVNHOHWDOGLVRUGHUV



/LVWRIILJXUHV
)LJXUH6\VWHPDWLFZRUNHQYLURQPHQWZRUN
)LJXUH7ZRVFHQDULRVRIVWDWLFORDG
)LJXUH(OHFWURGHSDLUSRVLWLRQVIRUSDSHU,,DQG,9
)LJXUH7KHWZRPD[LPDOYROXQWDU\FRQWUDFWLRQV
)LJXUH9DULDWLRQLQWKHVLPSOLILHGDQGWKHVWDQGDUGUHIHUHQFHSRVWXUHV
)LJXUH7KHLQGLYLGXDOXSSHUDUPYHORFLW\GXULQJZRUNIURPSDSHU,,,
)LJXUH7KHFRUUHODWLRQEHWZHHQ0()DQG09(VKRUWYHUVLRQIURPSDSHU,9
)LJXUH0RWRUSRLQW 03 DQG,QQHUYDWLRQ]RQH ,= 

/LVWRIWDEOHV
7DEOH([DPSOHVRIUHSRUWHGDVVRFLDWLRQVEHWZHHQDGYHUVHSK\VLFDOZRUNORDG
LQYDULRXVERG\UHJLRQVDQG:06'VLQQHFNDQGXSSHUH[WUHPLWLHV
7DEOH([DPSOHVRIIDFWRUVWKDWDIIHFWWKHYDOLGLW\IRUWKHWZRWHFKQLFDOPHWKRGVLQWKLVWKHVLV
7DEOH6WXG\GHVLJQRYHUYLHZ
7DEOH3DUDPHWULFDQGQRQSDUDPHWULFWHVWVIRUGLIIHUHQFHV
LQSHUFHQWDJHRIWLPHDERYH°DQG°EHWZHHQ*&DQG/7LQFOLQRPHWHUV
7DEOH*URXSPHDQVRIULJKWXSSHUDUPHOHYDWLRQVUHFRUGHGZLWKWKH*&
DQG/7LQFOLQRPHWHUVDQGJURXSPHDQVRIWKHGLIIHUHQFHVEHWZHHQWKHVH
7DEOH*URXSPHDQVRIXSSHUDUPHOHYDWLRQVDQGWKHSHUFHQWDJHRIWLPH!°GXULQJZRUN
IRUWKHVLPSOLILHGDQGWKHVWDQGDUGUHIHUHQFHDQDO\VHV
7DEOH*URXSPHDQGLIIHUHQFHVDQGJURXSPHDQDEVROXWHGLIIHUHQFHV
RIXSSHUDUPHOHYDWLRQVEHWZHHQWKHVLPSOLILHGDQGWKHVWDQGDUGUHIHUHQFHDQDO\VHV
7DEOH7KHZLWKLQVXEMHFWYDULDWLRQRIXSSHUDUPHOHYDWLRQ
DQGYHORFLW\EHWZHHQZRUNLQJGD\VIURPSDSHU,,,
7DEOH7KHJURXSPHDQVRI0()DQG09(DWWZRHOHFWURGHSDLUSRVLWLRQVLQSDSHU,,DQG,9
7DEOH7KHPD[LPDOH[FHUWHGIRUFH 0() WKHPD[LPDOYROXQWDU\HOHFWULFDODFWLYLW\ 09( 
DQGWKHPXVFXODUORDG 09( RIKRWHOURRPFOHDQLQJIURPSDSHU,9
7DEOH3K\VLFDOZRUNORDGLQKRWHOURRPFOHDQLQJGXULQJRQHZRUNLQJGD\
7DEHO3RVWKRFSRZHUFDOFXODWLRQVIRUPHWKRGRORJLFDOO\DQGFOLQLFDOO\UHOHYDQWGLIIHUHQFHV



,QWURGXFWLRQ

:RUNUHODWHGPXVFXORVNHOHWDOGLVRUGHUV :06'V 
7DNHQWRJHWKHU:06'VFRQVWLWXWHWKHPRVWFRPPRQRFFXSDWLRQDOGLVHDVHLQWKH
(XURSHDQ8QLRQ>@$ORQJZLWKKLJKPRQHWDU\FRVWVIRUWKHVRFLHW\:06'VLPSO\
VHYHUH FRQVHTXHQFHV IRU WKH LQGLYLGXDO LQ WHUPV RI SDLQ DQG GLVDELOLW\ > @
:06'VDUHLQMXULHVDQGGLVRUGHUVLQWKHORFRPRWRUV\VWHP LHVNHOHWRQPXVFOHV
WHQGRQVOLJDPHQWVFDUWLODJHQHUYHVDQGGLVFV 7KHVHGLVRUGHUVFRYHUDZLGHUDQJH
RI LQIODPPDWRU\ DQG GHJHQHUDWLYH GLVHDVHV VXFK DV WHQGRQLWLV WHQRV\QRYLWLV
P\DOJLDV DQG HQWUDSPHQW V\QGURPHV >  @ 7KH PRVW SUHYDOHQW SUREOHPV DUH
EDFNDFKHDQGPXVFXODUSDLQV WKHVKRXOGHUVWKHQHFNDQGXSSHUORZHUOLPEV >@

5LVNIDFWRUVIRUGHYHORSLQJ:06'V
7KHULVNIDFWRUVIRUGHYHORSLQJ:06'VLQFOXGHDQXPEHURIGLIIHUHQWORDGVVXFK
DV DZNZDUG DQG FRQVWUDLQHG SRVWXUHV UHSHWLWLYH ZRUN YHORFLW\  DQG H[FHVVLYH
DQGRU SURORQJHG PXVFXODU ORDG ([DPSOHV RI DVVRFLDWLRQV EHWZHHQ ERG\ UHJLRQ
DGYHUVHSK\VLFDOORDGDQGVSHFLILF:06'VDUHVKRZQLQ7DEOH:ULVWYHORFLW\
DQGIRUHDUPPXVFOHDFWLYLW\VKRZDVVRFLDWLRQVZLWKGLDJQRVHVLQWKHZKROHXSSHU
SDUWRIWKHERG\VXFKDVWHQVLRQQHFNV\QGURPHQHFNSDLQDQGVKRXOGHUSDLQ7KLV
LV GXH WR WKHQDWXUH RI WKH ZRUN $V DQ H[DPSOH DVVHPEO\ ZRUNVXFK DV SXWWLQJ
WRJHWKHUSDUWVIRUDJHDUER[LVRIWHQKDQGLQWHQVH KLJKYHORFLW\ DQGWREHDEOHWR
VHH SURSHUO\ WKH VXEMHFW PXVW EHQG KLV KHDG IRUZDUG 7KXV DV DQ LQGLUHFW
FRQVHTXHQFHRIWKHKDQGLQWHQVHZRUNWKHVXEMHFWLVDWULVNIRUGHYHORSLQJSDLQLQ
WKH QHFN 7KLV WKHVLV IRFXVHV RQ UHOLDEOH DQG FRVWHIIHFWLYH PHWKRGV WR DVFHUWDLQ
ZRUN SRVWXUHV DQG YHORFLWLHV LQ WKH XSSHU DUPV DV ZHOO DV PXVFXODU ORDG LQ WKH
IRUHDUPV
$OVRSV\FKRVRFLDOZRUNFRQGLWLRQVVXFKDVKLJKZRUNGHPDQGVDQGORZMREFRQWURO
KDYHEHHQDVVRFLDWHGZLWKPXVFXORVNHOHWDOGLVRUGHUV>@2WKHUDVSHFWVRIZRUN
PD\ DOVR DIIHFW WKH GHYHORSPHQW RI PXVFXORVNHOHWDO GLVRUGHUV VXFK DV JHQHWLFV
OLJKWLQJ YLEUDWLRQV WHPSHUDWXUH DQG QRLVH >   @ )XUWKHUPRUH OHLVXUH
WLPHDFWLYLWLHVPD\SOD\DUROH>@



7DEOH([DPSOHVRIUHSRUWHGDVVRFLDWLRQVEHWZHHQDGYHUVHSK\VLFDOZRUNORDGLQYDULRXVERG\UHJLRQVDQG
:06'VLQQHFNDQGXSSHUH[WUHPLWLHV
$GYHUVHSK\VLFDOZRUNORDG
6XVWDLQHGPXVFXODUORDG
([SRVHGERG\
UHJLRQ
1HFN

9HORFLW\

$ZNZDUG
SRVWXUHV

6KRXOGHUSDLQ
>@

7KRUDFLFRXWOHW
V\QGURPH>@
1HFNSDLQ>@

6KRXOGHUPXVFOH
7UDSH]LXV 

8SSHUDUP

6XEDFURPLDO
LPSLQJHPHQW
V\QGURPH>@

%LFLSLWDO
WHQGRQLWLV>@
,QIUDVSLQDWXV
WHQGRQLWLV>@

&HUYLFDO
V\QGURPH>@
)UR]HQ
VKRXOGHU>@
6XSUDVSLQDWXVW
HQGRQLWLV>@
,QIUDVSLQDWXV
WHQGLQLWLV>@

1HFNSDLQ>@
,QIUDVSLQDWXV
WHQGRQLWLV>@

7HQVLRQQHFN
V\QGURPH>@
6KRXOGHUSDLQ
>@
&DUSDOWXQQHO
V\QGURPH>
@
/DWHUDO
HSLFRQG\OLWLV>@
0HGLDO
HSLFRQG\OLWLV>@

/DFNRI
PXVFOH
UHFRYHU\

7HQVLRQQHFN
V\QGURPH>@
6XEDFURPLDO
LPSLQJHPHQW
V\QGURPH>@
6XSUDVSLQDWXV
WHQGRQLWLWV>@
6KRXOGHUSDLQ>@

)RUHDUPPXVFOHV
([WHQVRUV 

:ULVW

+LJKPXVFXODU
6WDWLF
ORDG
PXVFXODUORDG

3DLQLQ
HOERZKDQG
>@
&DUSDOWXQQHO
V\QGURPH
>@

GH4XHUYDLQV
GLVHDVH>@
/DWHUDO
HSLFRQG\OLWLV>@
5DGLDOVW\ORLG
WHQRV\QRYLWLV>@

3K\VLFDOORDGDWZRUN
7KHSK\VLFDOORDGVGXULQJZRUNDUHRIERWKSK\VLRORJLFDODQGELRPHFKDQLFDOQDWXUH
7KH SK\VLRORJLFDO ORDGV LQYROYH WKH UHVSLUDWRU\ DQG FDUGLRYDVFXODU V\VWHPV $Q
LPSRUWDQWPHDVXUHLVR[\JHQFRQVXPSWLRQLQUHODWLRQWRWKHPD[LPDOR[\JHQXSWDNH
FDSDFLW\SHUNJERG\ZHLJKW 92PD[ ZKHUHRIWKH92PD[LVDFFHSWDEOHIRU
SURORQJHG SK\VLFDO ZRUN ZLWKRXW EUHDNV >@ 7KH ELRPHFKDQLFDO ORDGV DUH WKH



IRUFHVWKDWDFWRQWKHERG\ZKLFKDUHDFRPELQDWLRQRISRVWXUHWKHERG\¶VPDVV
DQG FKDQJHV LQ GLUHFWLRQV DQGRU YHORFLWLHV DFFHOHUDWLRQV  RI WKH ERG\ 7KH
PDJQLWXGHRIWKHIRUFHWKDWLVUHTXLUHGWRFUHDWHDPRYHPHQWRIDERG\SDUW IRUFH
PRPHQW FDQEHFDOFXODWHGE\PXOWLSO\LQJWKHSHUSHQGLFXODUGLVWDQFHIURPWKHSRLQW
ZKHUHWKHIRUFHDFWVWRWKHFHQWHURIWKHERG\SDUWE\WKHERG\SDUW¶VPDVV$VDQ
H[DPSOH WKH IRUFH PRPHQW RQ WKH QHFN ZKHQ WKH KHDG LV IRUZDUG EHQGHG WR
DSSUR[LPDWHO\ ° IURP WKH XSULJKW ERG\ LV FDOFXODWHG E\ PXOWLSO\LQJ WKH
SHUSHQGLFXODUGLVWDQFHIURPWKHQHFNWRWKHFHQWHURIWKHKHDGE\WKHPDVVRIWKH
KHDG ,Q WKLV WKHVLV SK\VLFDO ORDG LV GHILQHG DV WKH ELRPHFKDQLFDO ORDG LH WKH
PHFKDQLFDOIRUFHVWKDWDULVHLQWKHERG\GXULQJZRUN3HUWLQHQWDVSHFWVRIWKLVORDG
LQFOXGH SRVWXUHV YHORFLWLHV DQG PXVFXODU ORDG DQG DUH DVVHVVHG LQ DPSOLWXGH
GXUDWLRQDQGIUHTXHQF\GLPHQVLRQV

5HSHWLWLYHZRUN
5HSHWLWLYHZRUNPHDQVWKDWWKHVDPHZRUNF\FOHLVUHSHDWHGRYHUDQGRYHUDJDLQ
WKURXJKRXWWKHZRUNGD\,QKDUPIXOUHSHWLWLYHZRUNWKHF\FOHWLPHLVVKRUWDQGWKH
SDFHLVKLJK7KHUHIRUHLQWKLVFRQWH[WUHSHWLWLYHZRUNLVFKDUDFWHULVHGE\DKLJK
YHORFLW\,QFRPELQDWLRQZLWKDKLJKIRUFHWKHULVNVRIGHYHORSLQJ:06'VLQFUHDVH
IXUWKHU2QHFRQVHTXHQFHRIPRQRWRQRXVPRYHPHQWVIRUHJWKHIRUHDUPDQGZULVWV
DUHGLIIHUHQWW\SHVRIHQWUDSPHQWV\QGURPHVVXFKDVFDUSDOWXQQHOV\QGURPH'XH
WR WKH UHSHWLWLYH PRYHPHQWV WKH WHQGRQ VKHDWKV PD\ VZHOO DQG EHFDXVH RI WKH
OLPLWHGVSDFHLQWKHFDUSDOWXQQHOWKHPHGLDQQHUYHZLOOEHVTXHH]HGEHWZHHQWKH
VZROOHQWHQGRQV7KHFLUFXODWLRQGHWHULRUDWHVOHDGLQJWRQXPEQHVVDQGSDLQ>@

$ZNZDUGSRVWXUHV
$QDZNZDUGSRVWXUHLVDSRVLWLRQZKHUHOLPEVDQGMRLQWVGHYLDWHH[WHQVLYHO\IURP
WKHLU QHXWUDO SRVLWLRQ $ZNZDUG SRVWXUHV FDQ FUHDWH ODUJH IRUFH PRPHQWV RQ WKH
MRLQWVDQGWHQGRQVDQGWKHPXVFOHVRSHUDWHOHVVHIILFLHQWO\([DPSOHVRIDZNZDUG
SRVWXUHVDUHZRUNLQJZLWKHOHYDWHGDUPVDERYHDFHUWDLQGHJUHHRUZRUNLQJZLWKD
EHQWDQGRUWZLVWHGQHFN>@

+LJKPXVFXODUORDG
+LJKPXVFXODUORDGLVRIWHQGHVFULEHGDVKHDY\OLIWLQJFDUU\LQJKHDY\ORDGVDQG
SXOOLQJDQGSXVKLQJRIKHDY\ORDGV8VLQJKDQGKHOGWRROVVXFKDVFKDLQVDZVDQG
VFUHZGULYHUV DOVR RIWHQ UHTXLUHV D FRQVLGHUDEOH DPRXQW RI IRUFH 'RVHUHVSRQVH
UHODWLRQVKLSVEHWZHHQGLIIHUHQWGLDJQRVHVLQWKHQHFNVKRXOGHUUHJLRQDQGPXVFXODU
ORDGRIWUDSH]LXVDVZHOODVUHODWLRQVKLSVEHWZHHQGLDJQRVHVLQHOERZKDQGVDQG
PXVFXODUORDGRIH[WHQVRUPXVFOHVKDYHEHHQUHSRUWHG>@6WUHQJWKWUDLQLQJ


KDVEHHQUHSRUWHGWRLPSURYHHJWKHSHDNIRUFHRIWUDSH]LXVDORQJZLWKPXVFOH
ILEUHJURZWKDQGDQLQFUHDVHGFDSLOODULVDWLRQRIWKHPXVFOH>@)XUWKHUPRUHLWKDV
DOVR EHHQ VKRZQ WKDW VWUHQJWK WUDLQLQJ LQFUHDVHV WKH PD[LPDO DFWLYLW\ RI WKH
WUDSH]LXV ZKLFK LQ WXUQ LQFUHDVHV VKRXOGHU VWUHQJWK LQ ZRPHQ ZLWK WUDSH]LXV
P\DOJLD >@ $Q LPSURYHG VWUHQJWK GHFUHDVHV WKH UHODWLYH ZRUNORDG ZKLFK PD\
LQGLUHFWO\LQFUHDVHSDLQUHGXFWLRQ

6XVWDLQHGPXVFXODUORDG
6XVWDLQHGPXVFXODUORDGLVRIWHQGHVFULEHGDVDORZLQWHQVLYHORDGGXULQJORQJWLPH
SHULRGVZLWKRXWVKRUWEUHDNV>@7KHUHLVQRLQWHUUXSWLRQLQWKHPXVFOHILEUH
DFWLYDWLRQDQGWKLVOHDGVWRDQH[KDXVWLRQRIWKHILEUHV2QHK\SRWKHVLVWKDWKDVEHHQ
VXJJHVWHG WR H[SODLQ WKH SDWKRPHFKDQLVPV RI VXVWDLQHG PXVFXODU ORDG LV WKH
&LQGHUHOODK\SRWKHVLV ILUVWXSDQGODVWWREHG DQGFRQFHUQVPXVFOHILEUHVZLWKORZ
UHFUXLWPHQW WKUHVKROG OHYHOV >@ 7KHVH ILEUHV PD\ EH DFWLYH WKURXJKRXW HYHU\
FRQWUDFWLRQDQGWKXVYXOQHUDEOHWRVXFKORDG6XVWDLQHGWHQVLRQPD\OHDGWRHQHUJ\
GHSOHWLRQDQGDFFXPXODWLRQRISKRVSKROLSDVHVLQWKHPXVFOHILEUHVZKLFKGDPDJH
WKHFHOOPHPEUDQHV>@7KLVLQWXUQOHDGVWROHDNDJHRIDOJHVLFVXEVWDQFHV HJ
6XEVWDQFH 3  ZKLFK KDYH EHHQ VKRZQ WR EH HOHYDWHG LQ VXEMHFWV ZLWK WUDSH]LXV
P\DOJLD>@

6\VWHPDWLFZRUNHQYLURQPHQWZRUN
6\VWHPDWLFZRUNHQYLURQPHQWZRUNUHIHUVWRWKHHPSOR\HUV¶ZRUNWRLQYHVWLJDWHWKH
ZRUNHQYLURQPHQWWRLPSOHPHQWFKDQJHVDQGWRIROORZWKHPXSLQRUGHUWRDFKLHYH
DVDWLVI\LQJZRUNHQYLURQPHQWDQGWRSUHYHQWDFFLGHQWVDQGGLVRUGHUVDPRQJWKH
ZRUNHUV )LJXUH 
Surveillance±7KHSK\VLFDORUJDQLVDWLRQDODQGVRFLDOZRUNLQJFRQGLWLRQVVKRXOG
EHLQYHVWLJDWHG2EVHUYDWLRQDOPHWKRGVTXHVWLRQQDLUHVDQGWHFKQLFDOPHWKRGVDUH
XVHIXOWRROVWRH[DPLQHWKHSK\VLFDOZRUNORDG,WLVRILQWHUHVWWRSHUIRUPFOLQLFDO
H[DPLQDWLRQV>@ERWKWRH[SORUHWKHSUHYDOHQFHRISDLQDPRQJWKHHPSOR\HHVDQG
WR GHWHFW LQGLYLGXDOV WKDW DUH DERXW WR GHYHORS SDLQ DQG WDNH DFWLRQV IRU WKHP
)XUWKHUPRUHLWLVDOVRLPSRUWDQWWRLQYHVWLJDWHKRZWKHZRUNLVRUJDQLVHGVXFKDV
MREFRQWHQWDQGMREURWDWLRQ2WKHUDVSHFWVWKDWDUHRILPSRUWDQFHDUHHJSK\VLFDO
SURSHUWLHVVXFKDVULVNRIIDOOLQJVOLSSLQJOLJKWLQJFRQGLWLRQVDQGLILWLVDKRWFROG
DQGRUDQRLV\HQYLURQPHQW
Risk assessment ± %DVHG RQ WKH VXUYHLOODQFH DQ DVVHVVPHQW RI WKH LPSDFW RI WKH
ZRUNRQ:06'VLVSHUIRUPHG



Actions±7KHDFWLRQVPD\EHFDUULHGRXWLQGLIIHUHQWZD\VGHSHQGLQJRQWKHULVN,W
FRXOGEHLPSOHPHQWDWLRQRIRUJDQLVDWLRQDOFKDQJHVVXFKDVGXUDWLRQRIZRUNWDVNV
RULPSOHPHQWDWLRQRIWHFKQLFDOPHDVXUHVVXFKDVDQHZWRRO
Control ±7KHFKDQJHVWKDWKDYHEHHQGHFLGHGVKRXOGEHFRQWUROOHGWRLQYHVWLJDWH
WKDWWKH\KDYHUHDOO\EHHQLPSOHPHQWHGDQGWKDWWKH\KDYHKDGWKHGHVLUHGHIIHFW,I
WKHFKDQJHVKDYHQRWKHOSHGRULIWKH\KDYHFUHDWHGQHZULVNVDQHZVXUYHLOODQFH
VKRXOGEHFDUULHGRXW$OVRVXUYHLOODQFHVKDOOEHFDUULHGRXWUHFXUUHQWO\DQGDWHDFK
FKDQJHRIWKHZRUNSURFHVV


)LJXUH6\VWHPDWLFZRUNHQYLURQPHQWZRUN
$GRSWHGIURPWKH6ZHGLVK:RUN(QYLURQPHQW$XWKRULW\

$VVHVVPHQWRISK\VLFDOZRUNORDG
6HOIUHSRUWLQJ
6HOIUHSRUWLQJLVDSUDFWLFDOWRROZKHQDVVHVVLQJWKHSK\VLFDOZRUNORDGLQODUJHVWXG\
JURXSV&RPPRQO\XVHGSURFHGXUHVDUHLQWHUYLHZVTXHVWLRQQDLUHVDQGRUGLDULHV$
GLVDGYDQWDJHZLWKWKLVPHWKRGLVWKDWRYHUHVWLPDWLRQRIWKHZRUNORDGLVFRPPRQ
DPRQJ LQGLYLGXDOV ZLWK SDLQ >@ 6XFK RYHUHVWLPDWLRQ OHDGV WR LQFRUUHFW
DVVRFLDWLRQVEHWZHHQWKHZRUNORDGDQG:06'V






2EVHUYDWLRQDOPHWKRGV
7KHUHDUHDKXJHQXPEHURIGLIIHUHQWREVHUYDWLRQDOPHWKRGVDYDLODEOH6HYHUDORI
WKHP VXFK DV WKH ³4XLFN ([SRVXUH &KHFN´ 4(&  DQG WKH ³5DSLG 8SSHU /LPE
$VVHVVPHQW´ 58/$ DUHJHQHUDOWRVXLWPDQ\GLIIHUHQWW\SHVRIMREVDQGLQFOXGH
ERWKWKHQHFNVKRXOGHUVIRUHDUPVDQGKDQGVDQGDVVHVVWKHDSSOLHGIRUFHVWDWLF
ORDG DZNZDUG SRVWXUHV DQG UHSHWLWLYH ZRUN 2WKHUV VXFK DV WKH ³+DQG $FWLYLW\
/HYHO´ +$/  LQFOXGHV RQO\ WKH IRUHDUP DQG KDQG DQG DVVHVV WKH IRUFH DQG
UHSHWLWLYH ZRUN 6RPHWLPHV WKH PHWKRGV DUH WRR JHQHUDO WR JLYH YDOXDEOH
LQIRUPDWLRQ ,Q VXFK FDVHV EUDQFKVSHFLILF PHWKRGV DUH XVHG HJ ³.LWFKHQ
,QWHUYHQWLRQ:RUN/RDG$VVHVVPHQW´ .,/$ ZKLFKLVDWRROIRUNLWFKHQZRUN>@
DQG ³0RYHPHQW DQG $VVLVWDQFH RI +RVSLWDO 3DWLHQWV´ 0$32  ZKLFK DVVHVVHV
SDWLHQWKDQGOLQJ>@2EVHUYDWLRQDOPHWKRGVDUHRIWHQHDV\WRXVHDQGLQWHUSUHWDQG
URXJKO\ HVWLPDWHV SRVWXUHV GXULQJ ZRUN +RZHYHU WKH UHVXOWV YDU\ EHWZHHQ
REVHUYHUVDQGWKHGLIIHUHQWPHWKRGVRIWHQJLYHGLIIHULQJUHVXOWVZKHQDVVHVVLQJWKH
ULVNRIGHYHORSLQJ:06'V>@

2EMHFWLYHWHFKQLFDOPHWKRGV
2EMHFWLYHWHFKQLFDOPHWKRGVSURYLGHH[DFWQXPHULFDOYDOXHVRIERWKSRVWXUHVDQG
YHORFLWLHV GXULQJ ZRUN >   @ :LWK WHFKQLFDO PHWKRGV LW LV SRVVLEOH WR
PHDVXUHWKHPXVFXODUORDG>@DQGWRUHFRUGWKHZRUNORDGGXULQJVHYHUDOGD\V>@
7KH\ DUH DOVR ZHOO VXLWHG IRU PHDVXULQJ H[SRVXUH EHIRUH DQG DIWHU FKDQJHV LQ
ZRUNLQJ WHFKQLTXHV RU ZKHQ QHZ WHFKQLFDO DSSOLDQFHV DUH LPSOHPHQWHG > @
)XUWKHUPRUH DV YLVXDO DVVHVVPHQW RI YHORFLWLHV DQG RI IRUFH DQGRU H[HUWLRQ
LQWHQVLW\RIWHQVKRZDORZUHOLDELOLW\>@WHFKQLFDOPHWKRGVPD\EHXVHGDVDSDUW
RIDULVNDVVHVVPHQW0RUHRYHUWKHULVNIDFWRUVIRUGHYHORSLQJ:06'VKDYHEHHQ
NQRZQIRUDORQJWLPHEXWWKHNQRZOHGJHDERXWWKHTXDQWLWDWLYHH[SRVXUHUHVSRQVH
UHODWLRQVKLSV DUH VWLOO OLPLWHG :LWK DQ LQFUHDVHG XVH RI WHFKQLFDO PHWKRGV WKLV
NQRZOHGJHFRXOGEHHQKDQFHG
7KH JHQHUDO RSLQLRQ DERXW WHFKQLFDO PHWKRGV LV WKDW WKH\ DUH WLPHFRQVXPLQJ
UHTXLUHH[SHQVLYHHTXLSPHQWDQGWHFKQLFDONQRZOHGJHWRSHUIRUPDQGDUHWKHUHIRUH
QRWVXLWDEOHIRUGLIIHUHQWDFWRUVLQWKHZRUNHQYLURQPHQWILHOG7RLQFUHDVHWKHXVH
RIWHFKQLFDOPHWKRGVERWKDPRQJGLIIHUHQWDFWRUVLQWKHZRUNHQYLURQPHQWILHOGVXFK
DVWKHRFFXSDWLRQDOKHDOWKVHUYLFH 2+6 DQGDPRQJUHVHDUFKHUVPRUHXVHUIULHQGO\
DQGOHVVWLPHFRQVXPLQJPHWKRGVDUHQHHGHGERWKLQWHUPVRIORZFRVWDQGHDV\
WRXVHHTXLSPHQWDQGHDVLHUDQGOHVVWLPHFRQVXPLQJPHDVXULQJSURFHGXUHV
Inclinometry
$QLQFOLQRPHWHULVDVHQVRUWKDWPHDVXUHVWKHLQFOLQDWLRQ WKHDQJOHUHODWLYHWRWKH
OLQH RI JUDYLW\  RI GLIIHUHQW ERG\ SDUWV ,W PRVW RIWHQ FRQVLVWV RI D WULD[LDO



DFFHOHURPHWHU WKDW UHJLVWHUV IRUFHVLJQDOV RI JUDYLW\ DQG DFFHOHUDWLRQV LQ WKUHH
RUWKRJRQDOD[HV ;<DQG= +RZHYHUWRREWDLQWKHUHFRUGHGDFFHOHURPHWHUGDWD
DVDQDQJOHUHODWLYHWRWKHOLQHRIJUDYLW\WRGHVFULEHSRVWXUHVDQGPRYHPHQWVGXULQJ
ZRUNWZRWUDQVIRUPDWLRQVDUHSHUIRUPHG>@7KHILUVWLVDWUDQVIRUPDWLRQIURPWKH
DFFHOHURPHWHUFRRUGLQDWHV\VWHPWRWKHERG\VHJPHQWFRRUGLQDWHV\VWHP7KLVLV
DFKLHYHGE\UHFRUGLQJRIWZRUHIHUHQFHSRVLWLRQVXSULJKWDQGIRUZDUG:LWKWKHVH
UHIHUHQFHVWKHFRRUGLQDWHVRIDQ\YHFWRULQWKHERG\VHJPHQWFRRUGLQDWHV\VWHP
FDQ EH FDOFXODWHG IURP WKH DFFHOHURPHWHU FRRUGLQDWH V\VWHP 7KH VHFRQG
WUDQVIRUPDWLRQ LV IURP WKH ERG\ VHJPHQW FRRUGLQDWHV WR VSKHULFDO FRRUGLQDWHV
JLYLQJWKHPDJQLWXGH U LQFOLQDWLRQ θ DQGGLUHFWLRQ ϕ RIWKHDFFHOHUDWLRQYHFWRU
7KLV PHDQV WKDW IRU HJ WKH KHDG θ UHSUHVHQWV WKH H[WHQW RI LQFOLQDWLRQ DQG ϕ
UHSUHVHQWV WKH GLUHFWLRQ RI LQFOLQDWLRQ 7KXV LQ WKH XSULJKW SRVLWLRQ θ  ° WKH
1RUWK3ROHRIWKHVSKHUH LQWKHIRUZDUGEHQGLQJSRVLWLRQθ °DQGϕ °DQG
VWDQGLQJRQWKHKHDGθ ° WKH6RXWK3ROHRIWKHVSKHUH >@,IWKHXSULJKW
SRVLWLRQ WKHUHIHUHQFH SRVWXUH  LV QRW DGRSWHG DQ HUURU LQ WKH FDOFXODWHG SRVWXUH
HVWLPDWHVPD\EHLQWURGXFHGDVLWFDQQRWEHDVVXPHGWKDWRQHRIWKHD[HVZLOOEH
SDUDOOHO ZLWK WKH OLQH RI JUDYLW\ ZKHQ PRXQWHG RQ D ERG\ SDUW 7KH UHFRUGHG
LQFOLQDWLRQVDUHSUHVHQWHGDVSHUFHQWLOHVRIWKHDQJXODUGLVWULEXWLRQ$OVRWKHDQJXODU
YHORFLW\LVSUHVHQWHGZKLFKLVWKHGHULYDWLYHRIWKHDQJOH
)RUWKHXSSHUDUPVDOVRWKHSHUFHQWDJHRIWLPHZKHQWKHDUPLVHOHYDWHGPRUHWKDQ
°°DQG°LVSUHVHQWHG7KHVHOHYHOVDUHEDVHGRQWKDWWKH\DUHIDLUO\HDV\WR
DVVHVVZLWKREVHUYDWLRQDOPHWKRGV+RZHYHUWKHPHDVXUHVDUHGLIILFXOWWRXVHDVD
SUHGLFWRUIRU:06'VDVWKH\JLYHQRLQIRUPDWLRQDERXWWKHHOHYDWLRQGLVWULEXWLRQ
EHORZ WKHVH OHYHOV )RU H[DPSOH D FDVKLHU VSHQGV WKH ZKROH GD\ VLWWLQJ DW WKH
FKHFNRXWGHVNZLWKHOHYDWHGDUPVDERYH°DERXWRIWKHZRUNLQJGD\7KLV
PHDQVWKDWWKHUHVWRIWKHWLPH  WKHHOHYDWLRQLVEHORZ°%XWKRZDUHWKH
DUPHOHYDWLRQVGLVWULEXWHGGXULQJWKLVWLPH"6KHPD\VSHQGDOORILWDW°RUDW°
)URPWKHSDWKRPHFKDQLVWLFSHUVSHFWLYHWKHVFHQDULRDW°PHDQVWKDWVKHVSHQGV
WKHZKROHGD\DWDKDUPIXOOHYHO>@ZKLFKLVQRWUHIOHFWHGZKHQRQO\WLPHDERYH
°LVGHULYHG
Electromyography
6XUIDFH HOHFWURP\RJUDSK\ (0*  LV XVHG WR PHDVXUH WKH PXVFOHV¶ UHVSRQVH WR
VWLPXODWLRQIURPWKHQHUYRXVV\VWHPDQGUHJLVWHUVWKHHOHFWULFDOYROWDJHFKDQJHV
DFWLRQ SRWHQWLDOV  WKDW SURSDJDWHV DORQJ WKH PXVFOH FHOO PHPEUDQH GXH WR WKLV
VWLPXODWLRQ 7KH PXVFOH FRQWUDFWV DQG E\ GHULYLQJ WKH DPSOLWXGH RI WKH DFWLRQ
SRWHQWLDOVLJQDODQGUHODWLQJLWWRWKHHOHFWULFDODFWLYLW\UHJLVWHUHGGXULQJDPD[LPDO
YROXQWDU\ FRQWUDFWLRQ 09(  RU DFWLYLW\ GXULQJ D VXEPD[LPDO YROXQWDU\
FRQWUDFWLRQ 59( DQHVWLPDWHRIWKHDSSOLHGIRUFHFDQEHREWDLQHGLQWHUPVRIRI
09(7KHHVWLPDWHVDUHWUDGLWLRQDOO\SUHVHQWHGDVWKHVWDWLF WKSHUFHQWLOHRIWKH
DPSOLWXGHSUREDELOLW\GLVWULEXWLRQIXQFWLRQ$3') PHGLDQ WKSHUFHQWLOH RUSHDN



WKSHUFHQWLOH ORDGV7KHVWDWLFORDGKRZHYHUJLYHVOLWWOHLQIRUPDWLRQDERXWWKH
H[SRVXUHRQORZWKUHVKROGPRWRUXQLWVZKLFKDUHSUHVXPDEO\DVGHVFULEHGDERYH
H[SRVHGGXULQJORQJWLPHSHULRGVLHDVORQJDVWKHPXVFOHLVDFWLYHDWDOO,QVWHDG
RWKHUPHDVXUHVPD\EHXVHGWRGHVFULEHWKHGHOHWHULRXVH[SRVXUH9HLHUVWHGet al.
KDYHIRUH[DPSOHSURSRVHGDPHWKRGIRUGHWHUPLQLQJYHU\VKRUWSHULRGVRILQDFWLYLW\
(0*JDSV DQGKDYHVKRZQWKDWDKLJKQXPEHURIJDSVSHUPLQXWHLVDVVRFLDWHG
ZLWK ORZHU ULVN RI QHFNVKRXOGHU SDLQ LQ D RQH\HDU SURVSHFWLYH VWXG\ > @
)XUWKHUPRUHVWHQVYLNet al.KDYHVKRZQWKDWVXVWDLQHGORZOHYHOPXVFOHDFWLYLW\
68/0$ SHULRGVGHILQHGDVFRQWLQXRXVPXVFOHDFWLYLW\DERYHRIWKH09(
ORQJHU WKDQ  PLQ SHU KRXU ZDV SRVLWLYHO\ FRUUHODWHG DQG SUHGRPLQDQWO\ VKRUW
SHULRGV ZHUH QHJDWLYHO\ FRUUHODWHG WR FRPSODLQWV LQ WKH QHFN UHJLRQ >@ ,Q
DGGLWLRQPXVFXODUUHVW RIWLPHIRUPXVFOHUHFRYHU\ LVGHILQHGDVWKHSHUFHQWRI
WLPHZKHQWKHPXVFOHDFWLYLW\LVEHORZDFHUWDLQOHYHORIWKH09(ZKLFKRIWHQLV
VHWWR09(>@/DFNRIPXVFOHUHFRYHU\LQWKHIRUHDUPH[WHQVRUPXVFOHV
KDVEHHQVKRZQWREHDVVRFLDWHGZLWKSDLQLQHOERZKDQG>@7KHVKRUWFRPLQJRI
XVLQJRQO\WKHVWDWLFORDGDVDSUHGLFWRUIRU:06'VLVLOOXVWUDWHGLQ)LJXUHZKHUH
WZR VFHQDULRV DUH SUHVHQWHG )RU ERWK WKH WK SHUFHQWLOH WKH VWDWLF ORDG  LV 
09(+RZHYHULQWKHILUVWFDVH VROLGOLQH WKHUHLVQRPXVFXODUUHVWZKHUHDVLQ
WKHVHFRQGFDVH GDVKHGOLQH WKHPXVFXODUUHVWLVRIWLPH



)LJXUH7ZRVFHQDULRVRIVWDWLFORDG
$ 6WDWLFORDGRI09(ZLWKQRPXVFXODUUHVW VROLGOLQH DQG% 6WDWLFORDGRI09(ZLWKPXVFXODUUHVWRI
WLPH GDVKHGOLQH 



7KH UHFRUGHG (0* DPSOLWXGHV DUH LQIOXHQFHG E\ HJ VNLQ FRQGXFWDQFH DQG
VXEFXWDQHRXV WKLFNQHVV DQG VKRXOG WKHUHIRUH EH QRUPDOLVHG WR D UHIHUHQFH
FRQWUDFWLRQ7KLVFDQEHREWDLQHGLQDYDULHW\RIGLIIHUHQWSRVWXUHVDQGORDGVHJD
PD[LPDO YROXQWDU\ FRQWUDFWLRQ 09&  RU D VXEPD[LPDO YROXQWDU\ FRQWUDFWLRQ
59&  )RU WKH IRUHDUP H[WHQVRUV D FRPPRQO\ XVHG UHIHUHQFH FRQWUDFWLRQ LV D
PD[LPDOYROXQWDU\SRZHUJULS KHUHUHIHUUHGWRDVKDQGJULS LQDPLGSURQDWHG LH
QHXWUDO  IRUHDUP SRVWXUH >  @ +RZHYHU ZKHQ XVLQJ WKLV FRQWUDFWLRQ IRU
QRUPDOLVDWLRQRI(0*UHFRUGLQJVRXUUHVHDUFKJURXSVRPHWLPHVVHHKLJKHU(0*
DPSOLWXGHVGXULQJZRUNWKDQWKRVHREWDLQHGZLWKWKHKDQGJULS)XUWKHUPRUHLQD
ODERUDWRU\ VHWWLQJ ZH IRXQG WKDW WKH PXVFOH DFWLYLW\ GXULQJ ZRUN H[SUHVVHG DV
09( VKRZHG DQ LQWUDLQGLYLGXDO FRHIILFLHQW RI YDULDWLRQ &9  WKDW ZDV  
>@$QDOWHUQDWLYHFRQWUDFWLRQFRXOGEHUHVLVWHGZULVWH[WHQVLRQDVWKLVPD\SURYLGH
D EHWWHU DSSUR[LPDWLRQ RI WKH PDJQLWXGH RI PD[LPXP DFWLYDWLRQ RI WKH IRUHDUP
H[WHQVRU PXVFOHV WKDQ KDQG JULS DQG WKHUHIRUH VXFK DSSURDFK VKRXOG EH
LQYHVWLJDWHG)XUWKHUPRUHGXULQJWKH\HDUVZHKDYHSODFHGWKH(0*HOHFWURGHVRQ
WKH PRVW SURPLQHQW SDUW RI WKH H[WHQVRU PXVFOHV ,W KDV EHHQ VXJJHVWHG WKDW WKLV
SRVLWLRQVKRXOGEHDYRLGHGDVWKLVLVZKHUHWKHLQQHUYDWLRQ]RQH ,= LVOLNHO\WREH
> @ 0RUHRYHU SUHYLRXV VWXGLHV KDYH DOVR VKRZQ WKDW WKH (0* DPSOLWXGH
YDULHVGHSHQGLQJRQWKHHOHFWURGHSRVLWLRQ>@+HQFHWKHUHLVDOVRDQHHGWR
VWXG\GLIIHUHQWHOHFWURGHSRVLWLRQVRQWKHIRUHDUP
6RPH VWXGLHV KDYH XVHG D VXEPD[LPDO YROXQWDU\ FRQWUDFWLRQ 59&  7KH
DGYDQWDJHV RI XVLQJ 59& DV UHIHUHQFH LV WKDW WKH FRPSRQHQW RI YDULDQFH GXH WR
QRUPDOLVDWLRQ IRUUHFRUGLQJVRIOLJKWDVVHPEO\ZRUN KDVEHHQUHSRUWHGWREHOLWWOH
  RI WKH WRWDO YDULDQFH  >@ )XUWKHUPRUH +DQVVRQ et al. KDYH VKRZQ WKDW
QRUPDOLVDWLRQWRWKHHOHFWULFDODFWLYLW\REWDLQHGGXULQJWKHVXEPD[LPDOYROXQWDU\
FRQWUDFWLRQ 59(  LPSURYHG VHQVLWLYLW\ WR GLIIHUHQFHV EHWZHHQ ZRUN WDVNV
FRPSDUHGWR09(>@2QWKHRWKHUKDQGZKHQDVVHVVLQJZRUNORDGUHODWHGWRWKH
LQGLYLGXDO¶V FDSDFLW\ WKHPD[LPDO FRQWUDFWLRQ LV SUHIHUDEOH >@ DV WKLV PDNHV LW
SRVVLEOHWRDVVHVVWKHUHODWLRQVKLSEHWZHHQZRUNORDGDQG:06'V
Goniometry
*RQLRPHWHUV DUH PRXQWHG DURXQG D MRLQW IRU UHJLVWUDWLRQ RI PRWLRQV LQ WZR
GLUHFWLRQV7KH\FDQHJEHXVHGWRUHFRUGGRUVDODQGSDOPDUIOH[LRQRIWKHZULVWV
DQG E\ XVLQJ D QHXWUDO DQDWRPLFDO  UHIHUHQFH SRVLWLRQ ZULVW SRVWXUHV DQG ZULVW
YHORFLWLHV FDQEHFDOFXODWHG>@
Inertial measurement units (IMUs)
$Q ,08 LV DQ HOHFWURQLF GHYLFH XVLQJ D FRPELQDWLRQ RI DQ DFFHOHURPHWHU D
J\URVFRSH DQG D PDJQHWRPHWHU %\ LQWHJUDWLQJ LQIRUPDWLRQ IURP WKHVH
FRPSOHPHQWDU\VHQVRUW\SHVWKHOLPLWDWLRQRIHDFKLQGLYLGXDOW\SHLVFRPSHQVDWHG
IRUZKLFKDOORZVWRSUHFLVHO\DVVHVVRULHQWDWLRQVDQGPRYHPHQWV,WFDQRIFRXUVH



EHXVHGDVDQLQFOLQRPHWHUDQGZLWKWKHDGYDQWDJHRIREWDLQLQJYHORFLWLHVGLUHFWO\
IURPWKHJ\URVFRSH
Near-infrared spectroscopy (NIRS)
1,56 LV D VSHFWURVFRSLF PHWKRG WKDW XVHV WKH QHDULQIUDUHG UHJLRQ RI WKH
HOHFWURPDJQHWLFVSHFWUXPDQGSURYLGHVLQIRUPDWLRQDERXWWKHR[\JHQVDWXUDWLRQRI
KDHPRJORELQZLWKLQWKHPLFURFLUFXODWLRQHJPXVFOHWLVVXH>@
Intramuscular EMG
1HHGOHRUILQHZLUHHOHFWURGHVDUHLQVHUWHGLQWRWKHPXVFOHZKLFKUHFRUGWKHDFWLYLW\
LQDYHU\VPDOODUHDRIWKHPXVFOH7KHUHFRUGHGYROWDJHVPD\EHVRPHWHQP97KH
DGYDQWDJHZLWKWKLVPHWKRGLVWKDWLWLVRQO\WKHDFWLYLW\IURPWKHPXVFOHRILQWHUHVW
WKDWLVUHFRUGHGLQRSSRVLWHWRVXUIDFH(0*ZKHUHDGMDFHQWPXVFOHVPD\LQWHUIHUH
Mechanomyography (MMG)
00* LV D QRQLQYDVLYH WHFKQLTXH XVLQJ DFFHOHURPHWHUV ZKLFK UHFRUGV ORZ
IUHTXHQF\ VNLQ VXUIDFH YLEUDWLRQ FDXVHG E\ PXVFOH FRQWUDFWLRQ 7KH 00* PD\
SURYLGH D XVHIXO DOWHUQDWLYH WR WKH HOHFWURP\RJUDP (0*  IRU LQGLFDWLRQ RI WKH
GHJUHHRIPXVFOHDFWLYDWLRQDQGIRUPRQLWRULQJPXVFOHIDWLJXHZKHQV(0*LVQRW
IHDVLEOHHJLQDGYHUVHHQYLURQPHQWVFRQWDPLQDWHGE\HOHFWULFDOQRLVH>@,WKDV
DKLJKHUVLJQDOWRQRLVHUDWLRWKDQWKHV(0*DQGWKXVFDQEHXVHGWRPRQLWRUPXVFOH
DFWLYLW\IURPGHHSHUPXVFOHVZLWKRXWXVLQJLQYDVLYHPHDVXUHPHQWWHFKQLTXHV
Pulse
3XOVH PHDVXUHPHQWV DUH YHU\ XVHIXO ZKHQ VWXG\LQJ WKH LPSDFW RI ZRUN RQ WKH
UHVSLUDWRU\DQGFDUGLRYDVFXODUV\VWHPV,WLVDOVRXVHIXOLQKRWHQYLURQPHQWVDVWKH
SXOVHLVDIIHFWHGQRWRQO\E\WKHSK\VLFDOORDGEXWDOVRWKHKHDW

9DOLGLW\
9DOLGLW\LVEDVLFDOO\DERXWWKHUHOHYDQFHRIPHDVXUHPHQWVLHWKHGHJUHHWRZKLFK
DPHWKRGUHDOO\PHDVXUHVZKDWLWLVPHDQWWRPHDVXUH9DOLGLW\PD\EHGLYLGHGLQWR
VXEWHUPV
Construct validityUHIHUVWRWKHGHJUHHWRZKLFKDWHVWPHDVXUHVZKDWLWFODLPV)RU
LQFOLQRPHWU\DQGV(0*LQFOLQDWLRQVUHODWLYHWRWKHOLQHRIJUDYLW\DQGWKHDPSOLWXGH
RIWKHHOHFWULFDODFWLYLW\DUHRILQWHUHVWDQGLQGHHGWKLVLVZKDWWKHVHPHWKRGVUHJLVWHU
7DEOH 7KXVWKHFRQVWUXFWYDOLGLW\LVKLJKIRUERWKLQFOLQRPHWU\DQGV(0*
Criterion validityUHIOHFWVWRZKLFKH[WHQWDPHDVXUHLVUHODWHGWRDQRXWFRPHDQG
FDQ EH GLYLGHG LQWR concurrent DQG predictive YDOLGLW\ &RQFXUUHQW YDOLGLW\ LV
GHPRQVWUDWHGZKHQDPHWKRGFRUUHODWHVZHOOZLWKDSUHYLRXVO\YDOLGDWHGPHWKRG,W



FDQDOVRUHIHUWRWKHSUDFWLFHRIFRQFXUUHQWO\WHVWLQJWZRPHWKRGVDWWKHVDPHWLPH
7KXVWKHVWXGLHVLQSDSHU,DQG,,,ZHUHFRQFXUUHQWYDOLGLW\VWXGLHV
7KHSUHGLFWLYHYDOLGLW\RIDPHWKRGLVJRRGLILWSUHGLFWVIXWXUHFDVHVRIDQRXWFRPH
,QFOLQRPHWU\PHDVXUHVSRVWXUHDQGV(0*PHDVXUHVIRUFH+LJKH[SRVXUHVLQWKHVH
SDUDPHWHUVDUHHVWDEOLVKHGULVNIDFWRUVIRU:06'V7KXVLQFOLQRPHWU\DQG(0*
PHWKRGVZKLFKDUHFRQFXUUHQWYDOLGVKRXOGDOVREHSUHGLFWLYHO\YDOLG>@7KH
SUHGLFWLYHYDOLGLW\KDVQRWEHHQHYDOXDWHGLQWKLVWKHVLV
Content validityUHIHUVWRZKHWKHUDPHDVXUHUHSUHVHQWVDOOIDFWVRIDJLYHQFRQVWUXFW
)RULQFOLQRPHWU\LQFOLQDWLRQVUHODWLYHWRWKHOLQHRIJUDYLW\DUHUHFRUGHGEXWWKH
PHWKRG LV QRW DEOH WR GLVWLQJXLVK EHWZHHQ HJ DUP DEGXFWLRQ DQG DUP
IOH[LRQH[WHQVLRQDQGWRGHWHUPLQHLIWKHDUPVDUHVXSSRUWHGRUQRW)XUWKHUPRUH
WKH PHWKRG FDQQRW UHFRUG KHDG URWDWLRQV LQ WKH XSULJKW SRVLWLRQ )RU V(0* WKH
PXVFOHFRQWUDFWLRQLWVHOIDQGLWVJHQHUDWHGIRUFHLVQRWUHJLVWHUHG
7DEOH([DPSOHVRIIDFWRUVWKDWDIIHFWWKHYDOLGLW\IRUWKHWZRWHFKQLFDOPHWKRGVLQWKLVWKHVLV


9DOLGLW\



&RQVWUXFW









&ULWHULRQ

&RQFXUUHQW




3UHGLFWLYH

&RQWHQW



















,QFOLQRPHWU\



,QFOLQDWLRQYV
WKHOLQHRI
JUDYLW\



$VVRFLDWLRQZLWKWKH
ULVNIRU
FRPSODLQWVGLVRUGHUV





&RPSDULVRQWR
WUDGLWLRQDO
LQFOLQRPHWHU









,QFOLQRPHWU\FDQQRW
GLVWLQJXLVKEHWZHHQ
DUPDEGXFWLRQDQG
DUP
IOH[LRQH[WHQVLRQ

,QFOLQRPHWU\GRHV
QRWUHJLVWHUKHDG
URWDWLRQLQWKH
XSULJKWSRVLWLRQ


V(0*
IRUHDUP



$PSOLWXGHRI
HOHFWULFDO
VLJQDO










&RPSDULVRQ
EHWZHHQWZR
UHIHUHQFH
FRQWUDFWLRQV


$VVRFLDWLRQZLWKWKH
ULVNIRU
FRPSODLQWVGLVRUGHUV



7KHPHWKRG
UHJLVWHUVDFWLYLW\
RQO\IURPWKH
H[HQVRUPXVFOHV

7KHPHWKRGGRHV
QRWUHJLVWHUWKH
DSSOLHGIRUFH

3UHFLVLRQDQGDFFXUDF\
7REHDEOHWRDGHTXDWHO\TXDQWLI\H[SRVXUHWKHPHWKRGLQTXHVWLRQPXVWGHOLYHUD
PHDQLQJIXO PHDVXUH RI WKH DFWLYLW\ 7KH UHSHDWHG PHDVXUHV RI WKH VDPH DFWLYLW\
ZLWKWKHPHWKRGVKRXOGEHDFFXUDWH WKHLUDYHUDJHLVFORVHWRWKHWUXH DQGSUHFLVH
WKH YDOXHV DUH FORVH WR HDFK RWKHU  %XW ZKDW LV WKH WUXWK IRU HJ DQJOHV RI DUP
HOHYDWLRQ",QDVWXG\PDGHE\-DFNVRQet al.WKHKXPDQDELOLW\WRFRUUHFWO\LGHQWLI\



QRUPDOULJKWDQJOHV WKH³*ROGPHLHUHIIHFW´ ZDVSRLQWHGRXWDVWKHWUXWKDQGZDV
XVHGWRHYDOXDWHWKHDFFXUDF\RIREWDLQHGDQJOHVUHFRUGHGZLWKWZRGLIIHUHQWW\SHV
RILQFOLQRPHWHUV>@,QDQRWKHUVWXG\PDGHE\%HUQPDUNet al.DQRSWRHOHFWURQLF
PHDVXULQJV\VWHPZDVFRQVLGHUHGWREHWKHWUXWK>@ZKLOHLWLQDVWXG\PDGHE\
.RUVK¡Met al.ZDVDPDJQHWLFWUDFNLQJGHYLFH>@+RZHYHULQWKHFDVHZLWKHJ
WKHRSWRHOHFWURQLFV\VWHPWKHUHIHUHQFHSRLQWV UHIOHFWLYHVSKHULFDOPDUNHUVDSSOLHG
RQWKHVNLQWRDERG\VHJPHQW RIWKLVV\VWHPPD\QRWFRLQFLGHZLWKHJWKHORQJ
D[LVRIWKHKXPHUXVZKLFKVKRXOGEHFRQVLGHUHGDVWKHUHDOWUXWK$VWKHUHLVQR
³RIILFLDO´JROGVWDQGDUGFRPSDULVRQZLWKH[LVWLQJDSSURYHGHVWDEOLVKHGHTXLSPHQW
PD\EHSHUIRUPHGZKHQHYDOXDWLQJWKHSUHFLVLRQDQGDFFXUDF\RIQHZVHQVRUV

5HOLDELOLW\
$KLJKUHOLDELOLW\PHDQVWKDWWKHUHVXOWLVWKHVDPHLQUHSHDWHGPHDVXUHPHQWV WHVW
UHWHVW UHOLDELOLW\  DQG UHJDUGOHVV RI ZKR LV SHUIRUPLQJ WKH PHDVXUHPHQWV LQWHU
REVHUYHUUHOLDELOLW\ $KLJKUHOLDELOLW\LVSUHVXPHGIRUKLJKYDOLGLW\EXWLWGRHVQRW
JXDUDQWHH D KLJKYDOLGLW\DV RWKHU SDUDPHWHUV VXFKDV WR ZKLFKGHJUHH D PHWKRG
UHDOO\PHDVXUHVZKDWLVLQWHQGHGWRPHDVXUHLVLQFOXGHGLQWKLVFRQFHSW

5HSHDWDELOLW\
5HSHDWDELOLW\LVDPHDVXUHRIDPHWKRG¶VSUHFLVLRQ,QWKHFRQWH[WRIDQH[SHULPHQW
UHSHDWDELOLW\PHDVXUHVWKHYDULDWLRQLQPHDVXUHPHQWVWDNHQE\DVLQJOHSHUVRQRU
LQVWUXPHQWXQGHUWKHVDPHFRQGLWLRQVDQGLQDVKRUWSHULRGRIWLPHHJUHSHDWHG
PHDVXUHPHQWVRIWKHUHIHUHQFHSRVLWLRQIRUWKHXSSHUDUPV

+RWHOURRPFOHDQLQJ
&OHDQLQJLVDMREZLWKKLJKSK\VLFDOGHPDQGV7KHZRUNWDVNVDUHKLJKO\UHSHWLWLYH
HJYDFXXPLQJSROLVKLQJZLSLQJDQGPRSSLQJ LQYROYHDZNZDUGSRVWXUHV HJ
FOHDQLQJWKHWRLOHWDQGEDWKWXEPDNLQJWKHEHGDQGFOHDQLQJXQGHUWKHIXUQLWXUH¶V 
DQGUHTXLUHKLJKIRUFHH[HUWLRQV6HYHUDOVWXGLHVDURXQGWKHZRUOGKDYHUHSRUWHGD
KLJKSUHYDOHQFHRI:06'VDPRQJFOHDQHUV>@,WLVSUHGRPLQDQWO\
IHPDOHVZLWKDORZVRFLRHFRQRPLFVWDWXVWKDWZRUNDVFOHDQHUVDQGWKH\KDYHOLWWOH
FRQWURO RYHU WKHLU ZRUN 7KH\ UHSUHVHQW DQ LQYLVLEOH ZRUNIRUFH DV WKHLU ZRUN LV
XQGHUWDNHQRXWVLGHVWDQGDUGZRUNLQJKRXUVDQGRIWHQXQQRWLFHGE\WKHUHVWRIWKH
ZRUNIRUFH7KH\VHOIUHSRUWDKLJKZRUNORDGDQGDKLJKLQFLGHQFHRISDLQHVSHFLDOO\
LQWKHQHFNVKRXOGHUUHJLRQDQGLQWKHEDFNEXWDOVRLQWKHHOERZVZULVWVNQHHVDQG
IHHW$KLJKSURSRUWLRQRIWKHFOHDQHUVWDNHSDLQNLOOHUVWREHDEOHWRZRUNDQGPDQ\



RIWKHPDOVRKDYHVOHHSLQJSUREOHPVGXHWRWKHSDLQ7KHLUSUREOHPVDUHQRWDOZD\V
WDNHQVHULRXVO\7KHUHDUHVXVSLFLRQVWKDWWKHLUSDLQLVGXHWRRWKHUIDFWRUVWKDWDUH
OLQNHG WR WKHLU ORZ VRFLRHFRQRPLF VWDWXV +RZHYHU ZLWK REMHFWLYH WHFKQLFDO
PHWKRGVLWLVHDV\WRGHWHUPLQHZKHWKHUWKHZRUNORDGLVWRRKLJK7KHKRWHOFOHDQLQJ
LQGXVWU\LVLQPDMRUQHHGIRUFKDQJHVDQGLWLVWKHUHIRUHLPSRUWDQWWRSHUIRUPFRVW
HIIHFWLYHULVNDVVHVVPHQWVRIWKHFOHDQLQJMREDQGWRWDNHDFWLRQVEDVHGRQWKHVHWR
UHGXFHWKHULVNVIRUGHYHORSLQJ:06'V7HFKQLFDOPHDVXUHPHQWVFDQEHXVHGDVD
SDUW RI WKH ULVN DVVHVVPHQW WR REMHFWLYHO\ UHFRUG WKH SK\VLFDO ZRUNORDG GXULQJ
FOHDQLQJ










$LP

7RVLPSOLI\WKHLQFOLQRPHWU\PHWKRGLQRUGHUWRPDNHLWHDVLHUWRXVHIRUGLIIHUHQW
DFWRUVLQWKHZRUNHQYLURQPHQWILHOGVXFKDVWKHRFFXSDWLRQDOKHDOWKVHUYLFH 2+6 
VDIHW\SHUVRQQHOHPSOR\HUVDQGHPSOR\HHVE\«
«FRPSDULQJUHFRUGHGGDWDRIZRUNSRVWXUHVDQGYHORFLWLHVIURPDORZFRVWHDV\
WRXVH WULD[LDO DFFHOHURPHWHU ZLWK LQWHJUDWHG GDWD ORJJHU *& LQFOLQRPHWHU  ZLWK
GDWDIURPRXUWUDGLWLRQDOLQFOLQRPHWHU /7LQFOLQRPHWHU 
«HYDOXDWLQJ WKH GHYLDWLRQ RI WZR VLPSOLILHG UHIHUHQFH SRVWXUHV IURP D VWDQGDUG
UHIHUHQFHSRVWXUH
«H[SORULQJLIHPSOR\HHVFDQUHFRUGWKHLURZQSK\VLFDOZRUNORDGRIXSSHUDUPE\
WKHPVHOYHV
«HYDOXDWLQJ LI VHOIUHFRUGLQJV RI ZRUNORDG KDYH WKH VDPH TXDOLW\ DV UHFRUGLQJV
SHUIRUPHGE\UHVHDUFKHUV



7R UHILQH VXUIDFH HOHFWURP\RJUDSK\ RI WKH IRUHDUP H[WHQVRU PXVFOHV IRU PRUH
DFFXUDWHHVWLPDWHVRIWKHUHFRUGHGPXVFXODUORDGGXULQJZRUNE\«
«HYDOXDWLQJWKH(0*DPSOLWXGHDQGUHSHDWDELOLW\RIKDQGJULSDQGUHVLVWHGZULVW
H[WHQVLRQDQGIRXUHOHFWURGHSDLUSRVLWLRQVLQUHFRUGLQJVRIIRUIRUHDUPH[WHQVRU
PXVFOH09&V
«DVVHVVLQJWKHHIIHFWVRIKDQGJULSDQGUHVLVWHGZULVWH[WHQVLRQDQGWZRRIWKHIRXU
HOHFWURGHSDLUSRVLWLRQVRQILHOGUHFRUGLQJVRIKRWHOURRPFOHDQLQJ











0DWHULDOVDQG0HWKRGV

7KLV WKHVLV LQFOXGHV WZR ODERUDWRU\ VWXGLHV DQG WZR ILHOG VWXGLHV DOO FRQFHUQLQJ
WHFKQLFDOUHFRUGLQJZLWKUHVSHFWWRSK\VLFDOORDGDWZRUN$QRYHUYLHZRIWKHVWXGLHV
LVVKRZQLQ7DEOH
7DEOH6WXG\GHVLJQRYHUYLHZ
6XEMHFWV
*HQGHU
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7\SHRI
VWXG\
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7HFKQLFDO
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/DERUDWRU\

,QFOLQRPHWU\



6LPXODWHGZRUN
WDVNV


7RVLPSOLI\
WKHPHWKRG


/DERUDWRU\

09&V

V(0*IRUHDUP



7RUHILQH
WKHPHWKRG








)LHOG

+RWHOURRP
FOHDQLQJ
RIILFHFOHDQLQJ


,QFOLQRPHWU\





+RWHOURRP
FOHDQLQJ

V(0*IRUHDUP

7RUHILQH
WKHPHWKRG


)LHOG

7RVLPSOLI\
WKHPHWKRG

6XEMHFWV
)RU WKH ODERUDWRU\ VWXGLHV SDSHU , DQG ,,  WKH VXEMHFWV ZHUH FROOHDJXHV DW WKH
'LYLVLRQ RI 2FFXSDWLRQDO DQG (QYLURQPHQWDO 0HGLFLQH DW /XQG 8QLYHUVLW\ %RWK
ZRPHQDQGPHQ  ZHUHLQFOXGHG)RUWKHILHOGVWXGLHV SDSHU,,,DQG,9 WKH
VXEMHFWVZHUHHPSOR\HHVZRUNLQJDWQLQHGLIIHUHQWKRWHOVDQGRQHFOHDQLQJFRPSDQ\
LQ WKH VRXWKHUQ SDUW RI 6ZHGHQ 7ZHQW\IRXU  ZRPHQ DQG IRXU PHQ  RI WKHP
ZRUNHGDVKRWHOFOHDQHUVDQGIRXU DOOZRPHQ ZRUNHGDVRIILFHFOHDQHUV)LYHRI
WKHVXEMHFWVSDUWLFLSDWLQJLQSDSHU,,,DOVRSDUWLFLSDWHGLQSDSHU,97ZHQW\ILYHRI
WKHFOHDQHUVLQSDSHU,,,DQVZHUHGDTXHVWLRQQDLUHRQPXVFXORVNHOHWDOV\PSWRPV
7ZHQW\IRXU  RIWKHPUHSRUWHGFRPSODLQWVSDLQLQDWOHDVWRQHERG\UHJLRQ
GXULQJWKHSDVWVHYHQGD\VZKHUH  RIWKHVHUHSRUWHGFRPSODLQWVSDLQLQ
PRUHWKDQRQHERG\UHJLRQ7KHUHZDVDKLJKSURSRUWLRQRILPPLJUDQWVDPRQJWKH
VXEMHFWVLQSDSHU,,, DQG,9 ZKRVSRNH(QJOLVKDQG6ZHGLVKRIYDU\LQJTXDOLW\



'HVSLWH WKLV WKH VXEMHFWV ZHUH DEOH WR SHUIRUP VHOIUHFRUGLQJV RI XSSHU DUP
HOHYDWLRQDQGYHORFLW\ZKLFKLQGLFDWHVWKDWWKHSURWRFROZDVHDV\WRIROORZ
$QDGGLWLRQDOGDWDFROOHFWLRQZDVPDGHIRU(YDOXDWLRQRIWKH5HSHDWDELOLW\RIWKH
6WDQGDUG5HIHUHQFH3RVWXUH (5653 7ZHQW\FROOHDJXHVZRPHQDQGPHQDW
WKH 'LYLVLRQ RI 2FFXSDWLRQDO DQG (QYLURQPHQWDO 0HGLFLQH SDUWLFLSDWHG 7KH\
SHUIRUPHGWKHLURUGLQDU\ZRUNWDVNVGXULQJRQHZRUNLQJGD\ZLWKLQWHUUXSWLRQIRU
SHUIRUPDQFHRIWKHVWDQGDUGUHIHUHQFHSRVWXUH WLPHV DSSUR[LPDWHO\PLQXWHV 

,QFOLQRPHWU\
6WXG\GHVLJQ
,Q SDSHU , HDFK RI WKH WZHOYH VXEMHFWV SHUIRUPHG IRXU GLIIHUHQW ILYHPLQXWH
VLPXODWHGZRUNWDVNVVLPXODWHGSDLQWLQJZRUNVLPXODWHGFRPSXWHUZRUNVLPXODWHG
IXUQLWXUHSROLVKLQJDQGUHVWZLWKHOHYDWHGVXSSRUWHGDUPV7KHWDVNVZHUHVHOHFWHG
WRUHSUHVHQWGLIIHUHQWFRPELQDWLRQVRIKLJKORZDQJOHVDQGKLJKORZYHORFLWLHVRI
WKH KHDG XSSHU EDFN DQG ERWK XSSHU DUPV DQG ZDV XVHG IRU FRPSDULVRQ RI GDWD
EHWZHHQ WKH QHZ LQFOLQRPHWHUV *&  DQG WKH WUDGLWLRQDO LQFOLQRPHWHUV /7  7KH
VXEMHFWV DOVR DGRSWHG WZR VLPSOLILHG UHIHUHQFH SRVWXUHV IRU WKH XSSHU DUPV WR
HYDOXDWHWKHGHYLDWLRQRIWKHVHIURPDVWDQGDUGUHIHUHQFH7KHVLPSOLILHGUHIHUHQFH
SRVWXUHV ZHUH FRQVLGHUHG WR EH HDVLHU WR DGRSW E\WKH VXEMHFWVWKHPVHOYHV DV QR
FKDLUDQGGXPEEHOOZHUHQHHGHG
3DSHU,,,LQFOXGHGWZRSDUWV,QSDUWRQHKRWHOFOHDQHUVDQGIRXURIILFHFOHDQHUV
UHFHLYHGDSURWRFROZLWKLQVWUXFWLRQVRQKRZWRSHUIRUPVHOIUHFRUGLQJVRIXSSHU
DUPHOHYDWLRQV7KH\VWDUWHGDQGDWWDFKHGD*&LQFOLQRPHWHUWRWKHLUXSSHUDUPDQG
DGRSWHGDVLPSOLILHGUHIHUHQFHSRVWXUH7KHUHDIWHUDUHVHDUFKHULQVWUXFWHGHDFKRI
WKHPWRDGRSWWKHVWDQGDUGUHIHUHQFHSRVWXUH7KHVXEMHFWVZRUHWKH*&LQFOLQRPHWHU
FRQWLQXRXVO\IRURUGD\V7KHFOHDQHUVQRWHGVWDUWLQJDQGVWRSSLQJWLPHVRIZRUN
DQGOXQFKEUHDNVIRUHDFKGD\LQDSURYLGHGIRUP7KHSURWRFROZLWKLQVWUXFWLRQV
ZDVFRQWLQXRXVO\LPSURYHGGXULQJWKHVWXG\,QSDUWWZRWKHUHVHDUFKHUVDWWDFKHG
WKH*&LQFOLQRPHWHUWRWKHXSSHUDUPRQHDFKRIIHPDOHKRWHOURRPFOHDQHUVDQG
LQVWUXFWHGWKHPKRZWRDGRSWWKHVWDQGDUGUHIHUHQFHSRVWXUH7KHFOHDQHUVZRUHWKH
*& LQFOLQRPHWHU GXULQJ RQH ZRUNLQJ GD\ DFFRPSDQLHG E\ WKH UHVHDUFKHUV ,Q
DGGLWLRQ *& LQFOLQRPHWHUV ZHUH DWWDFKHG WR WKH KHDG XSSHU EDFN DQG OHIW XSSHU
DUPWRVWXG\WKHZRUNORDGDOVRIRUWKHVHERG\SDUWV7KHUHVXOWVDUHUHSRUWHGLQWKH
5HVXOWVVHFWLRQ³3K\VLFDOZRUNORDGLQKRWHOURRPFOHDQLQJ´
7KHGDWDFROOHFWLRQIRUWKH(5653ZDVFDUULHGRXWLQWKHODERUDWRU\DWWKH'LYLVLRQ
RI2FFXSDWLRQDODQG(QYLURQPHQWDO0HGLFLQH



0HWKRGV
'HSHQGLQJ RQ PRXQWLQJ ORFDWLRQ DORQJ WKH DUP DUP PRYHPHQWV FDQ UHVXOW LQ
YDU\LQJURWDWLRQRIWKHLQFOLQRPHWHULQUHODWLRQWRWKHKXPHUXV,QSDSHU,RQH/7
LQFOLQRPHWHUZDVIL[HGWRHDFKRIIRXU*&LQFOLQRPHWHUV:LWKVXFKDSSURDFKLH
PRXQWLQJWKHWZRW\SHVRILQFOLQRPHWHUVRQWRSLQVWHDGRIHJDORQJHDFKRWKHUWKH
LPSDFWRIVNLQPRYHPHQWVDQGFKDQJHVLQPXVFOHVKDSH VRIWWLVVXHDUWHIDFWV WKDW
PLJKW RFFXU GXULQJ XSSHU DUP PRYHPHQWV PD\ EH UHGXFHG 0RUHRYHU WKH /7
LQFOLQRPHWHUV ZHUH FRQVLGHUHG DV WKH WUXWK DV WKH\ KDYH SURYHG WR KDYH D PHDQ
DEVROXWHDFFXUDF\RI°ZKHQYDOLGDWHGLQDULJLGMLJXVLQJJUDGXDWHGDUFV>@
%XW WR EH FRPSOHWHO\ FHUWDLQ WKDW YDOLGDWLRQ DJDLQVW WKH UHDO WUXWK LV SHUIRUPHG
ZLWKRXW ELDV IURP HJ URWDWLRQV DQG VRIW WLVVXH DUWHIDFWV VRPH NLQG RI PDUNHUV
ZRXOG KDYH WR EH LQVHUWHG LQWR WKH ERQHV HJ WKH KXPHUXV WR DVVHVV LWV H[DFW
SRVLWLRQIRUHJ°°°°°°°DQG°
7KHVWDQGDUGUHIHUHQFHSRVWXUHIRUHDFKXSSHUDUP °RIHOHYDWLRQ ZDVSHUIRUPHG
ZLWKWKHVXEMHFWVVHDWHGZLWKWKHVLGHRIWKHERG\OHDQLQJWRZDUGVWKHEDFNRIWKH
FKDLUDQGWKHDUPKDQJLQJYHUWLFDORYHUWKHEDFNRIWKHFKDLUZLWKDNJGXPEEHOO
LQWKHKDQG>@7KLVSURFHHGLQJKDVEHHQXVHGLQDODUJHQXPEHURIVWXGLHV>
@+RZHYHUWKLVVWDQGDUGUHIHUHQFHSRVWXUHUHTXLUHDFKDLUDQGDGXPEEHOO
WRDGRSW7RPDNHWKLVSURFHGXUHHDVLHUWRDGRSWZLWKRXWWKHQHHGRIDFKDLUDQGD
GXPEEHOOZHLQFOXGHGWZRVLPSOLILHGUHIHUHQFHSRVWXUHV SRVWXUHDQGSRVWXUH 
LQWKHVWXG\)RUSRVWXUHWKHUHVHDUFKHULQVWUXFWHGWKHVXEMHFWVWRVWDQGXSULJKW
OHDQ WR WKH ULJKW RU OHIW  ZLWK WKH DUP KDQJLQJ YHUWLFDOO\ WRZDUGV WKH IORRU ZLWK
H[WHQGHGHOERZDQGILQJHUVDQGZLWKWKHZULVWLQQHXWUDOSRVLWLRQ3RVWXUHZDV
DGRSWHGDVSRVWXUHEXWZLWKUHOD[HGILQJHUVDQGKDQG
,QERWKSDUWRQHDQGWZRRISDSHU,,,DQXSGDWHGYHUVLRQRIWKH*&LQFOLQRPHWHU
IURPSDSHU,ZDVXVHG,QSDUWRQHWKHVXEMHFWVDGRSWHGWKHVLPSOLILHGUHIHUHQFH
SRVWXUH SRVWXUHIURPSDSHU, E\WKHPVHOYHVDQGUHSHDWHGLWHDFKPRUQLQJ,Q
DGGLWLRQ DIWHU WKH UHVHDUFKHU KDG GRQH D EULHI YLVXDO LQVSHFWLRQ RI WKDW WKH *&
LQFOLQRPHWHUKDGEHHQDWWDFKHGSURSHUO\HDFKVXEMHFWZDVLQVWUXFWHGWRDGRSWWKH
VWDQGDUGUHIHUHQFHSRVWXUH:LWKWKLVDSSURDFKWKHZLWKLQVXEMHFWYDULDWLRQRIWKH
VLPSOLILHGUHIHUHQFHSRVWXUHLQUHODWLRQWRWKHVWDQGDUGUHIHUHQFHSRVWXUHFRXOGEH
HYDOXDWHG)XUWKHUPRUHE\ZHDULQJWKH*&LQFOLQRPHWHUFRQWLQXRXVO\IRUWZRRU
WKUHHGD\VDOVRWKHZLWKLQVXEMHFWYDULDWLRQRIWKHZRUNORDGEHWZHHQZRUNLQJGD\V
FRXOGEHVWXGLHG

(5653HYDOXDWLRQRIWKHUHSHDWDELOLW\RIWKHVWDQGDUGUHIHUHQFHSRVWXUH
2QH*&LQFOLQRPHWHUZDVDWWDFKHGWRHDFKVXEMHFW¶VULJKWXSSHUDUP7KHVXEMHFW
ZDV WKHQ DVNHG WR SHUIRUP ILYH WRH MXPSV ZKLFK ZHUH ODWHU RQ XVHG IRU HDVLHU
LGHQWLILFDWLRQ RI WKH UHIHUHQFH SRVWXUH SDUW RI WKH UHFRUGLQJ ZKHQ DQDO\VLQJ WKH



UHFRUGLQJ7KHUHVHDUFKHUWKHQLQVWUXFWHGWKHVXEMHFWWRDGRSWWKHVWDQGDUGUHIHUHQFH
SRVWXUH 7KHUHDIWHU WKH VXEMHFW ZDV DVNHG WR SHUIRUP WKH WRH MXPSV DJDLQ 7KH
UHIHUHQFH SRVWXUH DQG WKH WRH MXPSV ZHUH UHSHDWHG DQRWKHU IRXU WLPHV GXULQJ WKH
ZRUNLQJGD\ZLWKDSSUR[LPDWHO\òKLQEHWZHHQ7KHWLPHVZKHQDGRSWLQJWKH
UHIHUHQFH SRVWXUHV ZHUH QRWHG 7KH GHYLDWLRQ IURP WKH ILUVW VWDQGDUG UHIHUHQFH
SRVWXUHZDVGHULYHGIRUHDFKRIWKHIROORZLQJIRXURFFDVLRQV
Power calculation and sample size calculation
$ VDPSOH VL]H FDOFXODWLRQ ZDV SHUIRUPHG SULRU WR WKH VWXG\ ZKHUH UHOHYDQW
GLIIHUHQFHV EHWZHHQ UHSHDWHG PHDVXUHV RI WKH VWDQGDUG UHIHUHQFH SRVWXUH ZHUH
MXGJHGWREHDFFHSWDEOHXSWR°$VWKHGLIIHUHQFHVEHWZHHQUHSHDWHGPHDVXUHVRI
WKHUHIHUHQFHSRVWXUHVZHUHH[SHFWHGWREHVPDOOWKH6'ZDVHVWLPDWHGWREHDERXW
°:LWKWKHVHDVVXPSWLRQVVXEMHFWVZHUHHVWLPDWHGWREHQHHGHGIRUGHWHFWLRQ
RIDVWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHRI°ZLWKSRZHU

'DWDSURFHVVLQJDQGDQDO\VHV
7KH GDWD IURP WKH /7 LQFOLQRPHWHUV LQ SDSHU , ZHUH SURFHVVHG LQ (0,1*2 D
SURJUDP IRU DQDO\VLQJ ILHOG UHFRUGLQJV RI (OHFWUR0\RJUDSK\ ,1FOLQRPHWU\ DQG
*2QLRPHWU\  GHYHORSHG DW 2FFXSDWLRQDO DQG (QYLURQPHQWDO 0HGLFLQH LQ /XQG
7KHGDWDZHUHORZSDVVILOWHUHG +] DQGFDOLEUDWLRQYDOXHVJHQHUDWHGDWDSUHYLRXV
UHFRUGLQJVIRUJDQGJIRUDOOWKUHHD[HVIRUHDFKLQFOLQRPHWHUZHUHXVHGIRU
FDOLEUDWLRQ7KHVWWKWKWKDQGWKSHUFHQWLOHVRIWKHDQJXODUGLVWULEXWLRQV
RI KHDG DQG EDFN IRUZDUGEDFNZDUG LQFOLQDWLRQV DQG XSSHU DUP HOHYDWLRQV ZHUH
GHULYHG$OVRWKHSHUFHQWDJHRIWLPHZLWKWKHDUPVHOHYDWHGPRUHWKDQ°°DQG
°DQGWKHPHGLDQRIWKHIRUZDUGEDFNZDUGDQJXODUYHORFLW\GLVWULEXWLRQVRIKHDG
DQGEDFNDQGWKHJHQHUDOLVHGDQJXODUYHORFLW\GLVWULEXWLRQVIRUWKHXSSHUDUPVZHUH
FDOFXODWHG
,Q SDSHU , DQG ,,, WKH VLJQDOV IURP WKH *& LQFOLQRPHWHUV ZHUH SUHSURFHVVHG LQ
0$7/$% 7KH IRXU *& LQFOLQRPHWHUV ZHUH V\QFKURQLVHG WR HDFK RWKHU DQG
GLJLWDOO\UHVDPSOHGWR+]7KHGDWDILOHVZHUHWKHQIXVHGLQWRRQHILOHDQGWKH
UHPDLQLQJSURFHVVLQJZDVPDGHLQWKHVDPHZD\DVWKH/7LQFOLQRPHWHUILOHV7KXV
WKHVDPHSHUFHQWLOHVRILQFOLQDWLRQVDQGSHUFHQWDJHVRIWLPHWKDWZDVREWDLQHGIRU
WKH/7LQFOLQRPHWHUVZHUHDOVRFDOFXODWHGIRUWKH*&LQFOLQRPHWHUV
)RUSDSHU,WKLVDOORZHGXVWRDVVHVVWKHRYHUDOOGLIIHUHQFHV WKHJURXSPHDQRIWKH
DEVROXWHGLIIHUHQFHV DQGWKHV\VWHPDWLFGLIIHUHQFHV JURXSPHDQRI*&PLQXV/7 
RIWKHGLIIHUHQWPHDVXUHVEHWZHHQWKHWZRW\SHVRILQFOLQRPHWHUV7KHFRUUHODWLRQV
EHWZHHQ SDLUV RI LQFOLQRPHWHUV ZHUH DOVR FDOFXODWHG XVLQJ WKH FURVVFRUUHODWLRQ
IXQFWLRQ>@)XUWKHUPRUHWKHJURXSPHDQRIWKHGHYLDWLRQRISRVWXUHDQGSRVWXUH
 IURP WKH VWDQGDUG UHIHUHQFH SRVWXUH ZDV FDOFXODWHG )LQDOO\ WKH JURXS PHDQ



DEVROXWHGLIIHUHQFHVEHWZHHQDQDO\VHVZKHQXVLQJWKHVWDQGDUGUHIHUHQFHSRVWXUHDV
UHIHUHQFHDQGZKHQXVLQJWKHVLPSOLILHGUHIHUHQFHSRVWXUH SRVWXUH DVUHIHUHQFH
ZHUHFDOFXODWHG
)RU SDSHU ,,, WKH GDWD ZHUH DQDO\VHG WZLFH RQFH XVLQJ WKH VLPSOLILHG UHIHUHQFH
SRVWXUH DV UHIHUHQFH VLPSOLILHG UHIHUHQFH DQDO\VLV  DQG RQFH XVLQJ WKH VWDQGDUG
UHIHUHQFHDVUHIHUHQFH VWDQGDUGUHIHUHQFHDQDO\VLV IRUHYDOXDWLRQRIWKHTXDOLW\RI
WKHVHOIUHFRUGLQJV*URXSPHDQVRIDUPHOHYDWLRQZHUHFDOFXODWHGIRUFRPSDULVRQV
EHWZHHQWKHWZRDQDO\VHV,QDGGLWLRQIRUHDFKVXEMHFWWKHGLIIHUHQFHVEHWZHHQWKH
UHVXOWV GHULYHG IURP WKH WZR DQDO\VHV DV ZHOO DV WKH DEVROXWH GLIIHUHQFHV ZHUH
FDOFXODWHG 7KHUHDIWHU WKH JURXS PHDQV RI ERWK WKH GLIIHUHQFHV DQG WKH DEVROXWH
GLIIHUHQFHV ZHUH FDOFXODWHG )XUWKHUPRUH WKH GLIIHUHQFH EHWZHHQ WKH VLPSOLILHG
UHIHUHQFHSRVWXUHDQGWKHVWDQGDUGUHIHUHQFHIRUHDFKVXEMHFWZDVFDOFXODWHG7KH
ZLWKLQVXEMHFWYDULDWLRQXVLQJWKHILUVWDQGVHFRQGVLPSOLILHGUHIHUHQFHSRVWXUHVIRU
VXEMHFWVZHUHDVVHVVHG$OVRWKHZLWKLQVXEMHFWYDULDWLRQRIZRUNORDGEHWZHHQ
WKH ILUVW DQG VHFRQG ZRUNLQJ GD\V IRU  VXEMHFWV ZHUH FDOFXODWHG 7KHVH 
UHFRUGLQJVZHUHGLYLGHGLQWRKRWHOKRXVHNHHSLQJ FOHDQLQJKRWHOURRPV DQGKRWHO
KRXVHNHHSLQJ FOHDQLQJKRWHOURRPVEXWDOVRFRUULGRUVFRQIHUHQFHURRPVGLQLQJ
URRPVDQGRUSRRODUHDV DQGWKHZRUNORDGXQGHUWKHVHZRUNLQJFRQGLWLRQVZHUH
FRPSDUHG

V(0*
6WXG\GHVLJQ
,QSDSHU,,WKHHOHFWULFDODFWLYLW\RIWKHULJKWIRUHDUPH[WHQVRUPXVFOHVZDVUHFRUGHG
IURP IRXU GLIIHUHQW HOHFWURGH SDLU SRVLWLRQV RQ WKUHH VHSDUDWHRFFDVLRQV 2Q HDFK
RFFDVLRQWKUHH09&VRIWZRGLIIHUHQWW\SHVKDQGJULSDQGUHVLVWHGZULVWH[WHQVLRQ
ZHUHSHUIRUPHG
)RUSDSHU,9WKHHOHFWULFDODFWLYLW\RIWKHULJKWIRUHDUPH[WHQVRUVDWWZRRIWKHIRXU
GLIIHUHQWHOHFWURGHSDLUSRVLWLRQVIURPSDSHU,ZDVUHFRUGHGGXULQJRQHZRUNLQJGD\
RIKRWHOURRPFOHDQLQJ(DFKRIWKHIHPDOHVXEMHFWVSHUIRUPHGWKUHHHIIRUWVRI
HDFKRIWKHWZR09&VIURPSDSHU,KDQGJULSDQGUHVLVWHGZULVWH[WHQVLRQEHIRUH
WKH\VWDUWHGZRUN$UHVHDUFKHUIROORZHGHDFKVXEMHFWGXULQJWKHZRUNLQJGD\DQG
QRWHGH[DFWVWDUWLQJDQGVWRSSLQJWLPHVRIGLIIHUHQWZRUNWDVNVDQGOXQFKEUHDNV







0HWKRGV
)RUSDSHU,,DQG,9WZR$J$J&OHOHFWURGHVZHUHDSSOLHGWRWKHVNLQDERYHWKH
PRVWSURPLQHQWSDUWRIWKHIRUHDUPH[WHQVRUPXVFOHV H[WHQVRUFDUSLUDGLDOLVEUHYLV
DQGORQJXV >@7ZRDGGLWLRQDOHOHFWURGHVZHUHDSSOLHGSUR[LPDOWRWKHRULJLQDO
SDLU )XUWKHUPRUH IRU SDSHU ,, RQH PRUH HOHFWURGH ZDV DSSOLHG GLVWDOO\ WR WKH
RULJLQDO SDLU 7KHVH DUUDQJHPHQWV DOORZHG UHFRUGLQJV WR EH PDGH DV VKRZQ LQ
)LJXUHIURPIRXUSDLUVRIHOHFWURGHVLQSDSHU,,DQGIURPWZRSDLUVRIHOHFWURGHV
LQSDSHU,9
7KH VLJQDOV ZHUH DPSOLILHG ILOWHUHG LQ SDSHU ,,  ±  +] DQG LQ SDSHU
,9±+] DQGVDPSOHGDWDUDWHRI+]7KHVLJQDOVZHUHVWRUHGRQD
SRUWDEOH GDWD ORJJHU XVLQJ PHPRU\ FDUGV $IWHU WKH UHFRUGLQJ WKH GDWD ZHUH
WUDQVIHUUHGWRDFRPSXWHUIRUDQDO\VLVZKHUHWKH(0*VLJQDOVZHUHGLJLWDOO\EDQG
SDVVILOWHUHG ±+] DQGQRWFKILOWHUHG PDLQVIUHTXHQF\+]DQGDOOLWV
KDUPRQLFV 7KHURRWPHDQVTXDUHYDOXHZDVFDOFXODWHGIRUSHULRGVRIVDQG
WKHQRLVHZDVVXEWUDFWHGLQDSRZHUVHQVH>@$PRYLQJZLQGRZZLWKDZLGWKRI
VZDVXVHGWRILQGWKHKLJKHVW(0*DFWLYLW\UHVXOWLQJIURPWKHWKUHHHIIRUWVRI
09&VIRUHDFKNLQGRIFRQWUDFWLRQ>@


)LJXUH(OHFWURGHSDLUSRVLWLRQVIRUSDSHU,,DQG,9
)RUSDSHU,,WKHHOHFWURGHVZHUHQXPEHUHG±VWDUWLQJDWWKHHOERZ7KHVLJQDOVZHUHUHFRUGHGIURPIRXUSDLUVRI
HOHFWURGHV $±' )RUSDSHU,9WKHHOHFWURGHVZHUHQXPEHUHG±VWDUWLQJDWWKHHOERZDQGWKHVLJQDOVZHUHUHFRUGHG
IURPWZRSDLUVRIHOHFWURGHV SRVLWLRQDQG (OHFWURGHSDLU$ SRVLWLRQDQGHOHFWURGHSDLU& SRVLWLRQ

Maximal voluntary contractions (MVCs)
Resisted wrist extension±7KHVXEMHFWVDWRQDFKDLUZLWKRXWDUPUHVWVZLWKWKHHOERZ
IOH[HG DQG ZLWK WKH IRUHDUP SURQDWHG DQG VXSSRUWHG RQ D WDEOH 7KH KDQG ZDV
LQVHUWHGLQWRDJORYHZKLFKZDVDWWDFKHGWRDVKHHWRISO\ZRRG$PHWDOULQJZDV
DWWDFKHGWRWKHXQGHUVLGHRIWKHSO\ZRRGWKURXJKZKLFKWKHPLGGOHILQJHURIWKH
JORYHZDVSDVVHG$QRQIOH[LEOHVWUDSZHQWWKURXJKWKHULQJZKLFKZDVDWWDFKHGWR
DIRUFHWUDQVGXFHURQWKHIORRU7KHKDQGZDVRXWVLGHWKHWDEOHZKLOHWKHZULVWZDV


VXSSRUWHGRQWKHWDEOH )LJXUH 7KHZULVWUHPDLQHGLQWKHQHXWUDOSRVLWLRQGXULQJ
WKHDWWHPSWVRIPD[LPDOH[WHQVLRQDQGFDUHZDVWDNHQWRHQVXUHWKDWWKHSO\ZRRG
VKHHWUHPDLQHGKRUL]RQWDO
Hand grip ± 7KH VXEMHFW SHUIRUPHG D PD[LPDO LVRPHWULF JULS DURXQG D -DPDU
G\QDPRPHWHUZKLOHVHDWHGZLWKDEDFNUHVWZLWKWKHULJKWXSSHUDUPFORVHWRWKH
ERG\ZLWKWKHHOERZIOH[HGDW°KROGLQJWKHIRUHDUPDQGKDQGZLWKRXWVXSSRUWLQ
DPLGSURQDWHG QHXWUDO SRVLWLRQDQGZLWKWKHZULVWVOLJKWO\H[WHQGHG


)LJXUH7KHWZRPD[LPDOYROXQWDU\FRQWUDFWLRQV
7KHWZR09&VLQFOXGHGLQSDSHU,,DQG,9

'DWDSURFHVVLQJDQGDQDO\VHV
,Q SDSHU ,, WKH PHDQ (0* DPSOLWXGH μ9  DFURVV RFFDVLRQV IRU HDFK SDLU RI
HOHFWURGHVDQGHDFKW\SHRI09&ZDVFDOFXODWHGIRUHDFKVXEMHFWDVZHOODVWKH
JURXS PHDQ RI WKHVH PHDQV 7KH VWDQGDUG GHYLDWLRQ 6'  DQG WKH FRHIILFLHQW RI
YDULDWLRQ &9 6'PHDQ  IRU WKH 09&V ZHUH FDOFXODWHG IRU HDFK VXEMHFW IRU WKH
WKUHH GLIIHUHQW RFFDVLRQV 7KH JURXS PHDQ RI WKH &9V ZHUH WKHQ FDOFXODWHG
)XUWKHUPRUHWRGHULYHDFRPELQHGPHDVXUHRIJRRGQHVV WKHFRPELQDWLRQRIKLJK
DPSOLWXGHDQGORZ&9 WKHUDWLREHWZHHQWKHJURXSPHDQ(0*DPSOLWXGHDQGWKH
JURXSPHDQ&9 JURXS(0*DPS&9 ZDVFDOFXODWHG
)RUSDSHU,9HDFKUHFRUGLQJPDGHGXULQJFOHDQLQJZDVDQDO\VHGWZLFHRQFHXVLQJ
UHVLVWHGZULVWH[WHQVLRQDVWKHUHIHUHQFHFRQWUDFWLRQDQGRQFHXVLQJKDQGJULSDVWKH
UHIHUHQFHZKLFKUHVXOWHGLQIRXUVHSDUDWHUHVXOWVIRUHDFKVXEMHFW7KHWKDQGWK
SHUFHQWLOHVRIWKHDPSOLWXGHGLVWULEXWLRQ H[SUHVVHGDV09( DQGPXVFXODUUHVW
RIWLPH(0*DPSOLWXGHEHORZ09( GXULQJZRUNZHUHFDOFXODWHGIRU
HDFKVXEMHFWDQGIRUWKHIRXUVHWVRIGDWD7KHKLJKHVWPD[LPDOH[HUWHGIRUFH 0()
1HZWRQ UHFRUGHGGXULQJWKHWKUHHHIIRUWVRIHDFKRIWKHWZR09&VZDVXVHGWR
FDOFXODWHWKHLQGLYLGXDOUDWLRVDQGWKHJURXSPHDQUDWLRVEHWZHHQWKHWZR09&VDW
ERWKHOHFWURGHSDLUSRVLWLRQV7KHUDWLRVZHUHDOVRFDOFXODWHGIRUWKH09(DQGWKH
09( WKSHUFHQWLOH 


6WDWLVWLFDODQDO\VHV
)RU DOO VWDWLVWLFDO DQDO\VHV LQ DOO SDSHUV D SYDOXH  ZDV XVHG WR LQGLFDWH D
VWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFH
One-sample t-test
,QSDSHU,FRPSDULVRQVEHWZHHQWKHJURXSPHDQVRIWKHLQFOLQDWLRQSHUFHQWLOHVWKH
PHGLDQDQJXODUYHORFLWLHVDQGWKHSHUFHQWDJHRIWLPHDERYH°°DQG°IRUWKH
IRXUERG\SDUWVDQGZRUNWDVNVIRUWKHWZRW\SHVRILQFOLQRPHWHUVZHUHSHUIRUPHG
ZLWKRQHVDPSOHWWHVWDQGFRQILGHQFHLQWHUYDOV &, ZHUHFDOFXODWHGIRU
WKH PHDQ GLIIHUHQFHV $V WKH GDWD ZHUH QRW QRUPDOO\ GLVWULEXWHG QRQSDUDPHWULF
WHVWVPD\KDYHEHHQXVHG7KHUHIRUHELQRPLDOWHVWVZHUHODWHURQSHUIRUPHGDQG
DUHIRUVRPHRIWKHGLIIHUHQFHVUHSRUWHGLQ7DEOHWRJHWKHUZLWKWKHFRUUHVSRQGLQJ
WWHVWV ,Q IDFW ZLWK WKH ELQRPLDO WHVW  RXW RI WKH  WHVWHG GLIIHUHQFHV ZHUH
VWDWLVWLFDOO\GLIIHUHQWIRUWKHWWHVWRQO\)RUH[DPSOHIRUWKHOHIWDUPLQFRPSXWHU
ZRUN IRU WKH SHUFHQWDJH RI WLPH !° WKH ELQRPLDO WHVW VKRZHG D VWDWLVWLFDOO\
VLJQLILFDQWGLIIHUHQFH WKRXJKYHU\VPDOO ZKLFKZDVQRWVKRZQZLWKWKHWWHVW2QH
RIWKHVLJQLILFDQWGLIIHUHQFHVUHSRUWHGZLWKWKHWWHVWVGLVDSSHDUHGZKHQXVLQJWKH
ELQRPLDO WHVWV SHUFHQWDJH RI WLPH !° IRU WKH OHIW DUP LQ IXUQLWXUH SROLVKLQJ 
+RZHYHUWKHGLIIHUHQFHVWKDWZHUHVKRZQWREHVLJQLILFDQWZHUHVRVPDOOWKDWWKH\
PD\EHFRQVLGHUHGLUUHOHYDQW
7DEOH3DUDPHWULFDQGQRQSDUDPHWULFWHVWVIRUGLIIHUHQFHVLQSHUFHQWDJHRIWLPHDERYH°DQG°EHWZHHQ
*&DQG/7LQFOLQRPHWHUV
2QHVDPSOHWWHVWUHSRUWLQJPHDQGLIIHUHQFHZLWKFRQILGHQFHLQWHUYDO &, %LQRPLDOWHVWUHSRUWLQJPHGLDQ
GLIIHUHQFHEHWZHHQWKHWKDQGWKTXDUWLOHVDQGWKHSURSRUWLRQRIUHFRUGLQJVZLWKDGLIIHUHQFH≤RIWLPH1 
/7LQF
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Wilcoxon signed-ranks test
,QSDSHU,,,DVWKHGDWDZHUHQRWQRUPDOO\GLVWULEXWHGFRPSDULVRQVEHWZHHQJURXS
PHDQVRIXSSHUDUPHOHYDWLRQIRUWKHWZRUHIHUHQFHDQDO\VHVZHUHSHUIRUPHGXVLQJ
:LOFR[RQVLJQHGUDQNWHVW,QSDSHU,9LWZDVXVHGIRUFRPSDULVRQVEHWZHHQWKH
IRXUVHWVRIGDWD 09&V HOHFWURGHSDLUSRVLWLRQV 
Kruskal-Wallis one-way analysis of variance
&RPSDULVRQVEHWZHHQJURXSPHDQVRIGLIIHUHQWW\SHVRIFOHDQLQJLQSDSHU,,,ZHUH
SHUIRUPHGXVLQJ.UXVNDO:DOOLVRQHZD\DQDO\VLVRIYDULDQFH
Mann-Whitney U-test
,QSDSHU,,,0DQQ:KLWQH\8WHVWZDVXVHGWRSHUIRUPSRVWKRFDQDO\VHVIRUS
YDOXHVRIGLIIHUHQWW\SHVRIFOHDQLQJ
One-way analysis of variance (One-way ANOVA)
,QSDSHU,,,WKHZLWKLQVXEMHFW6'VRIWKHVLPSOLILHGUHIHUHQFHSRVWXUHDQGRIWKHXSSHU
DUP HOHYDWLRQV DQGYHORFLWLHV EHWZHHQ ZRUNLQJ GD\VZHUH FDOFXODWHGXVLQJ RQHZD\
$129$ 7KH 6'V ZHUH WKHQ XVHG WR FDOFXODWH WKH UHSHDWDELOLW\ FRHIILFLHQWV &5 
)XUWKHUPRUHWKHPHDQVTXDUHVEHWZHHQVXEMHFWDQGZLWKLQVXEMHFWDVVHVVHGIURPWKH
$129$ PRGHO ZHUH XVHG WR FDOFXODWH WKH LQWUDFODVV FRHIILFLHQWV ,&& . 7KH
UHSHDWDELOLW\FRHIILFLHQWGHVFULEHVWKHDEVROXWHGLIIHUHQFHEHWZHHQWZRPHDVXUHPHQWV
RQDVXEMHFWZKLFKLVH[SHFWHGWRGLIIHUE\QRPRUHWKDQWKHUHSRUWHGYDOXHRQRI
WKHRFFDVLRQV)RUWKHUHIHUHQFHSRVWXUHDORZUHSHDWDELOLW\FRHIILFLHQWLVGHVLUDEOH)RU
WKHZRUNORDGDKLJKUHSHDWDELOLW\FRHIILFLHQWLVSUHIHUDEOHDVWKLVLQGLFDWHVDYDULDWLRQ
LQZRUNORDGEHWZHHQZRUNLQJGD\VIRUHDFKVXEMHFWZKLFKLVUHFRPPHQGHGWRUHGXFH
WKHULVNVIRUGHYHORSLQJ:06'V>@7KH,&&LVDPHDVXUHRIWKHSURSRUWLRQRIWKH
WRWDO YDULDQFH WKDW LV DWWULEXWDEOH WR GLIIHUHQFHV EHWZHHQ VXEMHFWV DQG WKH UHPDLQLQJ
GLIIHUHQFHVDUHWKHQZLWKLQVXEMHFWV
7KHVDPHSURFHGXUHZDVUHSHDWHGIRUWKH(5653
Pearson´s correlation coefficient
$VWKHUHVLGXDOVRIWKH0()DQG09(LQSDSHU,9ZHUHQRUPDOO\GLVWULEXWHGWKH
3HDUVRQVFRUUHODWLRQFRHIILFLHQWUZDVXVHGIRUFRUUHODWLRQDQDO\VHVEHWZHHQWKH
0()DQGWKH09(IRUDOOIRXUVHWVRIGDWD
Linear mixed regression model
)RUSDSHU,,WKHHIIHFWRI09&RQWKH(0*DPSOLWXGHZDVFDOFXODWHGXVLQJDOLQHDU
PL[HGUHJUHVVLRQPRGHOZLWKDUDQGRPLQWHUFHSWIRUHDFKLQGLYLGXDODQGZLWK09&
DQGRFFDVLRQLQFOXGHGDVIL[HGIDFWRUV7KH,&&IRUWKHWZR09&VDQGWKHIRXU
HOHFWURGH SDLU ORFDWLRQV ZHUH FDOFXODWHG IURP WKH PRGHOV ILWWHG IRU HDFK W\SH RI
09&VHSDUDWHO\








5HVXOWVZLWKFRPPHQWV

,QFOLQRPHWU\
*7LQFOLQRPHWHUYHUVXV/7LQFOLQRPHWHU
Inclination, percentage of time and angular velocity
,QSDSHU,WKHULJKWXSSHUDUPHOHYDWLRQVDWDOOSHUFHQWLOHVDQGWKHSHUFHQWDJHRI
WLPH!°!°DQG!°ZHUHDOPRVWLGHQWLFDOIRUWKHWZRW\SHVRILQFOLQRPHWHUV
,Q 7DEOH  WKH WK DQG WK SHUFHQWLOHV RI ULJKW XSSHU DUP HOHYDWLRQ DQG WKH
SHUFHQWDJHRIWLPH!°IRUVLPXODWHGSDLQWLQJZRUNDQGVLPXODWHGFRPSXWHUZRUN
IRU WKH WZR LQFOLQRPHWHUV DQG WKH GLIIHUHQFHV EHWZHHQ WKHVH DUH UHSRUWHG 7KH
KLJKHVWJURXSPHDQDEVROXWHGLIIHUHQFHEHWZHHQWKHWZRW\SHVRILQFOLQRPHWHUVZHUH
VHHQIRUWKHOHIWDUPLQVLPXODWHGSDLQWLQJZRUNDWWKHWKDQGWKSHUFHQWLOHVRI
DUP HOHYDWLRQ °  )RU HDFK RI DOO WKH RWKHU ZRUN WDVNV DQG ERG\ SDUWV DW DOO
SHUFHQWLOHVWKHGLIIHUHQFHVZHUH° H[DPSOHVRIWKHGLIIHUHQFHVDUHUHSRUWHGLQ
7DEOH 7KHGLIIHUHQFHVZHUHVPDOOHUWKDQHJWKHEHWZHHQGD\VDQGEHWZHHQ
VXEMHFWVYDULDELOLW\RIXSSHUDUPHOHYDWLRQLQVWULFWO\VWDQGDUGLVHGZRUNWDVNV>@
7KHJURXSPHDQVRIWKHDEVROXWHGLIIHUHQFHIRUWKHSHUFHQWDJHRIWLPHDERYH°
°DQG°RIXSSHUDUPVDQGDOOIRXUZRUNWDVNVZHUHWLPH RQHH[DPSOH
UHSRUWHGLQ7DEOH 
7DEOH*URXSPHDQVRIULJKWXSSHUDUPHOHYDWLRQVUHFRUGHGZLWKWKH*&DQG/7LQFOLQRPHWHUVDQGJURXS
PHDQVRIWKHGLIIHUHQFHVEHWZHHQWKHVH
*URXSPHDQVDWWKHWKDQGWKSHUFHQWLOHVDQGWKHSHUFHQWDJHRIWLPHDERYH°IRUWKHVXEMHFWVLQSDSHU,DV
ZHOODVJURXSPHDQVRIWKHGLIIHUHQFHVFDOFXODWHGIRUHDFKVXEMHFW
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7KHJURXSPHDQVRIWKHDEVROXWHGLIIHUHQFHRIWKHPHGLDQDQJXODUYHORFLW\IRUHDFK
RI WKH IRXU ZRUN WDVNV DQG WKH IRXU ERG\ SDUWV ZHUH °V ZLWK WKH KLJKHVW
GLIIHUHQFHIRUWKHOHIWDUPLQUHVWZLWKHOHYDWHGVXSSRUWHGDUPV7KLVGLIIHUHQFHLV
PRVW OLNHO\ GXH WR D KLJKHU QRLVH OHYHO LQ WKH *& LQFOLQRPHWHUV WKDQ LQ WKH /7
LQFOLQRPHWHUV $V WKH DFWLYLW\ ZHUH YHU\ ORZ LQ WKH UHVW WDVN WKLV QRLVH EHFDPH
³YLVLEOH´LQWKHRXWSXWVLJQDO+RZHYHUDVPRVWRFFXSDWLRQVKDYHDKLJKHUGHJUHH
RIDFWLYLW\WKDQWKHUHVWZLWKHOHYDWHGVXSSRUWHGDUPVWKLVSKHQRPHQRQPD\KDYH
DOLPLWHGLPSDFWRQILHOGUHFRUGLQJVRISK\VLFDOZRUNORDG)XUWKHUPRUHZLWKWKH
XSGDWHGYHUVLRQRIWKH*&LQFOLQRPHWHU XVHGLQSDSHU,,, ZLWKKLJKHUUHVROXWLRQ
DQGORZHUQRLVHSHUIRUPDQFHWKLVSUREOHPLVPLQLPLVHG
Sample by sample correlation and difference
7KHFRUUHODWLRQEHWZHHQSDLUHGVLJQDOVIRUHDFKRIDOORIWKHZRUNWDVNVDQGERG\
SDUWVZHUH!H[FHSWIRUWKHUHVWZLWKHOHYDWHGVXSSRUWHGDUPVZKHUHWKHJURXS
PHDQFRUUHODWLRQVUDQJHGEHWZHHQDQG7KHUHDVRQIRUWKLVLVGLVFXVVHG
DERYH)XUWKHUWKHVDPSOHE\VDPSOHJURXSPHDQDEVROXWHGLIIHUHQFHVZHUH°
IRUDOOZRUNWDVNVDQGERG\SDUWV7KHFURVVFRUUHODWLRQYDOXHLVDPHDVXUHRIKRZ
ZHOOWZRVLJQDOVIROORZHDFKRWKHUDQGWKHDEVROXWHGLIIHUHQFHLVDPHDVXUHRIKRZ
IDU WKH VLJQDOV DUH IURP HDFK RWKHU 7KXV WKH VLJQDOV IURP WKH WZR W\SHV RI
LQFOLQRPHWHUVFRLQFLGHGZHOO H[FHSWIRUWKHUHVWZLWKHOHYDWHGVXSSRUWHGDUPV DQG
ZHUHFORVHWRHDFKRWKHU

6LPSOLILHGUHIHUHQFHSRVWXUHYHUVXVVWDQGDUGUHIHUHQFHSRVWXUH
)RU SRVWXUH  VLPSOLILHG UHIHUHQFH SRVWXUH  LQ SDSHU , WKH JURXS PHDQ RI WKH
GLIIHUHQFHVLQUHODWLRQWRWKHVWDQGDUGUHIHUHQFHSRVWXUHZHUH° UDQJH±° IRU
WKHULJKWDUPDQG° UDQJH±° IRUWKHOHIW
,QSDSHU,,,WKHJURXSPHDQRIWKHGLIIHUHQFHVEHWZHHQWKHWZRUHIHUHQFHSRVWXUHV
RIULJKWDUPIRUGD\ZDV° UDQJH±° ZKLFKZDVVRPHZKDWKLJKHUWKDQWKH
GLIIHUHQFHEHWZHHQWKHUHIHUHQFHSRVWXUHVLQSDSHU,7KLVGLIIHUHQFHLVOLNHO\GXHWR
WKHIDFWWKDWWKHVLPSOLILHGUHIHUHQFHSRVWXUHLQSDSHU,ZDVDGRSWHGE\LQVWUXFWLRQV
DQGFRUUHFWLRQVIURPDUHVHDUFKHULQFRQWUDVWWRWKHVLPSOLILHGUHIHUHQFHSRVWXUHLQ
SDSHU,,,ZKHUHWKHUHIHUHQFHZDVDGRSWHGE\WKHHPSOR\HHVWKHPVHOYHV
)RUWKH(5653WKHJURXSPHDQRIWKHILUVWRFFDVLRQZDV° UDQJH±° 7KLV
ZDVOHVVWKDQKDOIRIZKLFKZDVVHHQIRUWKHVLPSOLILHGUHIHUHQFHSRVWXUHLQSDSHU
,,,






)LJXUH9DULDWLRQLQWKHVLPSOLILHGDQGWKHVWDQGDUGUHIHUHQFHSRVWXUHV
$  9DULDWLRQEHWZHHQGD\VIRUWKHVLPSOLILHGUHIHUHQFHSRVWXUH SDSHU,,, LQUHODWLRQWRWKHVWDQGDUGUHIHUHQFH
SRVWXUHDGRSWHGDWGD\
%  9DULDWLRQEHWZHHQIRXURFFDVLRQVRIWKHVWDQGDUGUHIHUHQFHSRVWXUH (5653 LQUHODWLRQWRWKHVWDQGDUG
UHIHUHQFHSRVWXUH

:LWKLQVXEMHFWYDULDWLRQRIWKHVLPSOLILHGDQGVWDQGDUGUHIHUHQFH
SRVWXUHV
7KH ZLWKLQVXEMHFW 6' ZDV ° &, ±°  IRU WKH VLPSOLILHG UHIHUHQFH
SRVWXUHZLWKD&5RI°DQGDQ,&&RI7KHGLIIHUHQFHVEHWZHHQWKHVLPSOLILHG
UHIHUHQFHSRVWXUHDQGWKHVWDQGDUGUHIHUHQFHSRVWXUHIRUHDFKRIWKHVXEMHFWVLQ
SDSHU,,,RQGD\VDQGDUHVKRZQLQ)LJXUH$
)RUWKH(5653WKHZLWKLQVXEMHFW6'ZDV° &,± ZLWKD&5RI°DQG
DQ,&&RI7KXVWKHUHSHDWDELOLW\ZDVKLJKHUIRUWKHVWDQGDUGUHIHUHQFHSRVWXUH
7KHYDULDWLRQIRUHDFKRIWKHVXEMHFWVIRURFFDVLRQVDUHVKRZQLQ)LJXUH%



$VWKHZLWKLQVXEMHFWYDULDWLRQZDVUDWKHUSRRUIRUWKHVLPSOLILHGUHIHUHQFHSRVWXUH
ZLWKDKLJK&5DQGDORZ,&&DUHFRUGLQJRIXSSHUDUPHOHYDWLRQVDQDO\VHGZLWK
WKH VLPSOLILHG UHIHUHQFH SRVWXUH DW RQO\ RQH RFFDVLRQ VKRXOG EH LQWHUSUHWHG ZLWK
FDXWLRQ7KHVWDQGDUGUHIHUHQFHSRVWXUHKDVDKLJKHUUHSHDWDELOLW\WKDQWKHVLPSOLILHG
RQHDQGLVWKXVPRUHUHOLDEOH
7KHJURXSPHDQVRIXSSHUDUPHOHYDWLRQVDQGWKHSHUFHQWDJHVRIWLPH!°!°
DQG!°GXULQJZRUNZHUHYHU\VLPLODUEHWZHHQWKHVLPSOLILHGUHIHUHQFHDQDO\VLV
DQGWKHVWDQGDUGUHIHUHQFHDQDO\VLVIRUERWKSDSHU,DQG,,, 7DEOH 
7DEOH*URXSPHDQVRIXSSHUDUPHOHYDWLRQVDQGWKHSHUFHQWDJHRIWLPH!°GXULQJZRUNIRUWKHVLPSOLILHG
DQGWKHVWDQGDUGUHIHUHQFHDQDO\VHV
3DSHU, *URXSPHDQVRIWKHVLPXODWHGZRUNIRUWKHVXEMHFWV3DSHU,,, *URXSPHDQVRIFOHDQLQJ DFURVV
ZRUNLQJGD\V IRUWKHVXEMHFWV
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 ± 


6WDQGDUGUHIHUHQFHDQDO\VLV




 ± 


3DSHU,,,




 ± 



,QSDSHU,WKHJURXSPHDQRIWKHGLIIHUHQFHLQZRUNORDG VLPXODWHGZRUN DWWKHWK
SHUFHQWLOHRIXSSHUDUPHOHYDWLRQEHWZHHQWKHVLPSOLILHGUHIHUHQFHDQDO\VLVDQGWKH
VWDQGDUG UHIHUHQFH DQDO\VLV ZDV ° 7DEOH   7KH JURXS PHDQ RI WKH DEVROXWH
GLIIHUHQFHZDV°)RUWKHSHUFHQWDJHRIWLPH!°WKHJURXSPHDQGLIIHUHQFHZDV
DQGWKHPHDQDEVROXWHGLIIHUHQFHZDV
,QSDSHU,,,WKHJURXSPHDQRIWKHGLIIHUHQFHLQZRUNORDG DYHUDJHRIZRUNLQJ
GD\VRIFOHDQLQJ DWWKHWKSHUFHQWLOHRIHOHYDWLRQZDV°7KHJURXSPHDQRIWKH
DEVROXWH GLIIHUHQFH ZDV ° )RU WKH SHUFHQWDJH RI WLPH !° WKH JURXS PHDQ
GLIIHUHQFH ZDV   DQG WKH JURXS PHDQ DEVROXWH GLIIHUHQFH ZDV   7KH
GLIIHUHQFHVVHHQDWWKHWKDQGWKSHUFHQWLOHVRIXSSHUDUPHOHYDWLRQEHWZHHQWKH
WZR DQDO\VHV ZHUH DW WKH VDPH VL]H DV WKH EHWZHHQGD\V DQG EHWZHHQVXEMHFWV
YDULDELOLW\RIXSSHUDUPHOHYDWLRQGXULQJVWULFWO\VWDQGDUGLVHGZRUNWDVNV>@
7KHJURXSPHDQRIWKHDEVROXWHGLIIHUHQFHIRUWKHSHUFHQWDJHRIWLPH!°IRUXSSHU
DUPVEHWZHHQWKHWZRDQDO\VHVZHUHUDWKHUODUJHLQERWKSDSHU,DQG,,,7KLVFOHDUO\
VKRZVWKDWDPLQRUGLIIHUHQFHEHWZHHQWZRUHIHUHQFHSRVWXUHVKDYHDODUJHLPSDFW
RQWKLVPHDVXUH7KHUHIRUHWRJHWKHUZLWKWKHIDFWWKDWLWJLYHVQRLQIRUPDWLRQDERXW
WKH GLVWULEXWLRQ RI XSSHU DUP HOHYDWLRQV EH\RQG WKH VSHFLILF OHYHO LW PD\ QRW EH
VXLWDEOHWRXVHWRGHVFULEHWKHSK\VLFDOORDGGXULQJZRUNZKHQXVLQJWKHVLPSOLILHG
UHIHUHQFHSRVWXUHDVUHIHUHQFH


7KHGLIIHUHQFHVEHWZHHQWKHWZRDQDO\VHVZHUHVPDOOHUWKDQWKHGLIIHUHQFHVEHWZHHQ
WKHWZRUHIHUHQFHSRVWXUHVIRUERWKSDSHU,DQG,,,ZKLFKPD\EHH[SODLQHGE\WKH
WULDQJOH LQHTXDOLW\ WKH GLIIHUHQFH EHWZHHQ WZR GLVWDQFHV RI RQH RI HDFK RI WZR
GLIIHUHQW UHIHUHQFH SRLQWV DQG RQH FHUWDLQ HOHYDWLRQ SRLQW RQ WKH XQLW VSKHUH LV
VPDOOHUWKDQWKHGLVWDQFHEHWZHHQWKHWZRUHIHUHQFHSRLQWV7KXVGLIIHUHQFHVVHHQ
EHWZHHQGLIIHUHQWUHIHUHQFHSRVWXUHVDUHDOZD\VVPDOOHUWKDQWKHGLIIHUHQFHVVHHQ
EHWZHHQDQDO\VHVRIZRUNORDG6HHDPRUHH[SOLFLWH[SODQDWLRQLQSDSHU,,,
7KHVLPSOLILHGUHIHUHQFHSRVWXUHLVVXIILFLHQWRQDJURXSOHYHOIRUUHFRUGLQJRIXSSHU
DUPHOHYDWLRQ
7DEOH*URXSPHDQGLIIHUHQFHVDQGJURXSPHDQDEVROXWHGLIIHUHQFHVRIXSSHUDUPHOHYDWLRQVEHWZHHQWKH
VLPSOLILHGDQGWKHVWDQGDUGUHIHUHQFHDQDO\VHV
3DSHU, *URXSPHDQVRIWKHVLPXODWHGZRUNIRUWKHVXEMHFWV3DSHU,,, *URXSPHDQVRIFOHDQLQJ DFURVV
ZRUNLQJGD\V IRUWKHVXEMHFWV
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7KHSURWRFRODQGWKHVXEMHFWVSHUFHSWLRQRIVHOIUHFRUGLQJ
7KH SURWRFRO LQ SDSHU ,,, ZDV WHVWHG LQ DQ RFFXSDWLRQ ZLWK D KLJK SURSRUWLRQ RI
LPPLJUDQWVZKHUHWKHVXEMHFWVVSRNH(QJOLVKDQG6ZHGLVKEXWZLWKYDU\LQJTXDOLW\
'HVSLWHWKLVWKH\ZHUHDEOHWRIROORZWKHLQVWUXFWLRQVLQWKHSURWRFRODQGSHUIRUPHG
VHOIUHFRUGLQJV RI XSSHU DUP HOHYDWLRQ DQG YHORFLWLHV 7KLV LQGLFDWHV WKDW WKH
SURWRFRO ZDV HDV\ WR IROORZ DQG PD\ EH XVHG E\ PRVW HPSOR\HHV 7KH SURWRFRO
LQFOXGHVWKUHHSDUWV
  6WDUWLQJWKH*&LQFOLQRPHWHU
  $WWDFKLQJWKH*&LQFOLQRPHWHUWRWKHXSSHUDUP
  $GRSWLQJWKHVLPSOLILHGUHIHUHQFHSRVWXUH
1RVXEMHFWVZHUHH[FOXGHGGXHWRDQLQFRUUHFWSODFHPHQWRIWKH*&LQFOLQRPHWHU
6WLOOWKHSURWRFROZDVLPSURYHGGXULQJWKHRQJRLQJVWXG\7KHFKDQJHVDSSHDUHGWR
PDNH LW HDVLHU IRU WKH VXEMHFWV WR IROORZ WKH LQVWUXFWLRQV DV WKH KHOS QHHGHG
GHFUHDVHG ZLWK LPSURYHG YHUVLRQV +RZHYHU WKH SURWRFRO ZDV QRW LPSURYHG
V\VWHPDWLFDOO\DQGWKHFKDQJHVPDGHZHUHQRWHYDOXDWHGLQDV\VWHPDWLFPDQQHU


,QVWHDGWKHFKDQJHVZHUHPDGHEDVHGRQKRZFRPIRUWDEOHDQGVHFXUHWKHVXEMHFWV
VHHPHGWREHZKHQWKH\DWWDFKHGWKH*&LQFOLQRPHWHUDQGDGRSWHGWKHVLPSOLILHG
UHIHUHQFHSRVWXUH$FFRUGLQJWRWKHTXHVWLRQQDLUHZKLFKWKHVXEMHFWVDQVZHUHGDIWHU
WKHLUSDUWLFLSDWLRQDOOVXEMHFWVH[FHSWRQHZHUHSRVLWLYHWRWKHVHOIUHFRUGLQJ7KH
ODWHVWYHUVLRQRIWKHSURWRFROLVDWWDFKHGDWWKHHQGRIWKLVWKHVLV $SSHQGL[ 

9DULDWLRQLQZRUNORDGEHWZHHQGD\V
:LWKWKHQHZDSSURDFKRIVHOIUHFRUGLQJVDOORZLQJWKUHHUHFRUGLQJGD\VWKHZLWKLQ
VXEMHFWYDULDWLRQLQZRUNORDGEHWZHHQGD\VFRXOGHDVLO\EHVWXGLHG7KH&5VDQG
,&&VRIWKHWKDQGWKSHUFHQWLOHVRIXSSHUDUPHOHYDWLRQVDQGWKHPHGLDQDQJXODU
YHORFLW\IRUKRWHOURRPFOHDQLQJDQGKRWHOURRPFOHDQLQJDUHUHSRUWHGLQ7DEOH
)RUKRWHOURRPFOHDQLQJWKHZLWKLQVXEMHFWYDULDWLRQZDVORZZLWKD&5RI°IRU
WKHWKSHUFHQWLOHRIXSSHUDUPHOHYDWLRQZKLFKLQGLFDWHVWKDWWKHZRUNLVUHSHWLWLYH
DQGPRQRWRQRXV7KHLQGLYLGXDOYDULDWLRQVRIXSSHUDUPYHORFLWLHVEHWZHHQGD\V
DUHVKRZQLQ)LJXUH6HYHUDORIWKHVXEMHFWVKDGDOPRVWLGHQWLFDOYHORFLWLHVGXULQJ
WKHLUGLIIHUHQWZRUNLQJGD\V)RUKRWHOURRPFOHDQLQJWKHZLWKLQVXEMHFWYDULDWLRQ
ZDV VRPHZKDW KLJKHU ZLWK D &5 RI ° DQG WKXV PRUH YDULHG WKDQ KRWHO URRP
FOHDQLQJ7KHGLIIHUHQFHEHWZHHQWKHWZRW\SHVRIFOHDQLQJZHUHPRUHREYLRXVIRU
WKHPHGLDQDQJXODUYHORFLW\ZKHUHKRWHOURRPFOHDQLQJKDGD&5RI°VZKLOH
KRWHO URRP FOHDQLQJ KDG D &5 RI °V 7KXV KRWHO URRP FOHDQLQJ LV PRUH
DGYDQWDJHRXVWKDQWKHKRWHOURRPFOHDQLQJDVYDULDWLRQLQZRUNORDGLVEHQHILFLDO
IURP WKH YLHZSRLQW RI SUHYHQWLQJ :06'V >@ )XUWKHUPRUH WKH JURXS PHDQ
YHORFLW\ZDV°VORZHULQKRWHOURRPFOHDQLQJ,QDGGLWLRQERWKKRWHOURRP
FOHDQLQJDQGKRWHOURRPFOHDQLQJVKRZHGXSSHUDUPYHORFLWLHVDERYHWKHDFWLRQ
OHYHOIRUSUHYHQWLQJ:06'VVXJJHVWHGE\RXUGHSDUWPHQW GLVFXVVHGEHORZLQWKH
5HVXOWVVHFWLRQ³3K\VLFDOZRUNORDGLQKRWHOURRPFOHDQLQJ´ 





7DEOH7KHZLWKLQVXEMHFWYDULDWLRQRIXSSHUDUPHOHYDWLRQDQGYHORFLW\EHWZHHQZRUNLQJGD\VIURPSDSHU,,,
7KHJURXSPHDQWKHZLWKLQVXEMHFW6' °RU°VFRQILGHQFHLQWHUYDO&, WKHFRHIILFLHQWRIUHSHDWDELOLW\ °RU°V
&5 DQGWKHLQWUDFODVVFRUUHODWLRQFRHIILFLHQW ,&& RIXSSHUDUPHOHYDWLRQVDWWKHWKDQGWKSHUFHQWLOHVRIWKHDQJXODU
GLVWULEXWLRQDQGWKHPHGLDQDQJXODUYHORFLW\ °V EHWZHHQZRUNLQJGD\VIRUVXEMHFWV6HOIUHFRUGLQJVRIKRWHOURRP
FOHDQLQJ FOHDQLQJ KRWHO URRPV  DQG KRWHO URRP FOHDQLQJ FOHDQLQJ KRWHO URRPV DQG RWKHU WDVNV VXFK DV FOHDQLQJ
FRUULGRUV 7KHVWDQGDUGUHIHUHQFHSRVWXUHZDVXVHGDVUHIHUHQFH
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)LJXUH7KHLQGLYLGXDOXSSHUDUPYHORFLW\GXULQJZRUNIURPSDSHU,,,
7KHPHGLDQJHQHUDOLVHGDQJXODUYHORFLW\GXULQJZRUNIRUWKHVXEMHFWVIRUGD\GD\DQGGD\7KHGDVKHGOLQH
LVWKHDFWLRQOHYHOIRUWKHSUHYHQWLRQRI:06'V







V(0*
0D[LPDOYROXQWDU\FRQWUDFWLRQVDQGHOHFWURGHSRVLWLRQLQJ
,QERWKSDSHU,,DQG,9WKHKLJKHVWJURXSPHDQ09(VZHUHIRUERWKHOHFWURGHSDLU
SRVLWLRQV DQG IRXQGIRUUHVLVWHGZULVWH[WHQVLRQ 7DEOH ,QSDSHU,,WKHVH
YDOXHVZHUHDQGWLPHVKLJKHUWKDQIRUKDQGJULS,QSDSHU,9FRUUHVSRQGLQJ
YDOXHV ZHUH  DQG  7KH YDULDWLRQ LQ UHVLVWHG ZULVW H[WHQVLRQ RYHU WKH WKUHH
RFFDVLRQV SDSHU,, LQWHUPVRIWKHJURXSPHDQ&9ZDVIRUERWKHOHFWURGH
SDLUSRVLWLRQV)RUKDQGJULSLWZDV±7KHKLJKHVWJURXSPHDQ09(&9
UDWLR FRPELQHG PHDVXUH RI JRRGQHVV  RYHU WKH WKUHH RFFDVLRQV ZDV GHULYHG IRU
UHVLVWHGZULVWH[WHQVLRQ7KHUHSHDWDELOLW\LQWHUPVRI,&&ZDVPRGHUDWH YDOXHV
EHWZHHQDQG IRUERWKFRQWUDFWLRQVDQGERWKHOHFWURGHSDLUSRVLWLRQV
7KHJURXSPHDQ09(VIRUWKHWZRFRQWUDFWLRQVYDULHGFRQVLGHUDEO\ZLWKHOHFWURGH
SRVLWLRQLQJ 7DEOH 7KLVLVOLNHO\GXHWRVNLQPRYHPHQWVDUPSRVLWLRQVLQIOXHQFH
RIVXUURXQGLQJPXVFOHVDQGWKHGLVWDQFHIURPWKH,=>@
7DEOH7KHJURXSPHDQVRI0()DQG09(DWWZRHOHFWURGHSDLUSRVLWLRQVLQSDSHU,,DQG,9
)RUSDSHU,,WKHJURXSPHDQRIWKHPHDQVDFURVVWKUHHRFFDVLRQVRIWKHPD[LPDOH[HUWHGIRUFH 0()1HZWRQ DQGWKH
JURXSPHDQRIWKHPHDQVDFURVVWKUHHRFFDVLRQVRIPD[LPDOYROXQWDU\HOHFWULFDODFWLYLW\ 09(μ9 WKHFRHIILFLHQWRI
YDULDWLRQ &9 WKH09(&9UDWLRDQGWKHLQWUDFODVVFRUUHODWLRQFRHIILFLHQW ,&& LVUHSRUWHG)RUSDSHU,9WKHJURXS
PHDQRIKLJKHVWYDOXHRIWKH0()LVUHSRUWHG
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&RUUHODWLRQEHWZHHQ0()DQG09(
,QSDSHU,9WKHFRUUHODWLRQEHWZHHQWKH0()DQG09(ZDVORZHUDWSRVLWLRQ
U S )LJXUH WKDQDWSRVLWLRQ U S  7KHYDOXHVIRU
KDQGJULSZHUHU  S  DWSRVLWLRQDQGU  S  DWSRVLWLRQ
$VWKHPXVFOHDFWLYLW\LVXVHGDVDSUR[\IRUPXVFOHH[HUWLRQGXULQJZRUNDKLJK
FRUUHODWLRQ EHWZHHQ 09( DQG WKH DSSOLHG IRUFH ZKHQ SHUIRUPLQJ WKH 09& LV
GHVLUDEOH+RZHYHUDVGHVFULEHGDERYHWKH09(LVLQIOXHQFHGE\HJHOHFWURGH
SRVLWLRQDQGVXEFXWDQHRXVWKLFNQHVVZKLFKDIIHFWVWKHFRUUHODWLRQ)RUWKHUHVLVWHG
ZULVWH[WHQVLRQDWSRVLWLRQD5RIZDVVHHQEHWZHHQWKH09(DQGWKH0()



7KXV   RI WKH YDULDQFH LQ 09( FRXOG EH H[SODLQHG E\ WKH 0() 7KH
FRUUHVSRQGLQJYDOXHIRUKDQGJULSZDVRQO\1RFRUUHODWLRQVZHUHIRXQGIRU
SRVLWLRQIRUQRQHRIWKH09&V

)LJXUH7KHFRUUHODWLRQEHWZHHQ0()DQG09(VKRUWYHUVLRQIURPSDSHU,9
7KHPD[LPDOYROXQWDU\HOHFWULFDODFWLYLW\ 09(μ9 YHUVXVWKHPD[LPDOH[FHUWHGIRUFH0()1HZWRQ IRUUHVLVWHG
ZULVWH[WHQVLRQDQGKDQGJULSDWHOHFWURGHSDLUSRVLWLRQ



0XVFXODUORDGGXULQJZRUN
7KHJURXSPHDQ09( WKSHUFHQWLOH DWERWKSRVLWLRQDQGZHUHORZHUZKHQ
UHVLVWHGZULVWH[WHQVLRQZDVXVHGDVUHIHUHQFHFRQWUDFWLRQWKDQZKHQKDQGJULSZDV
XVHG 7DEOH 7KH09(DWWKHWKSHUFHQWLOHZDVDERYHIRUWZRVXEMHFWV
DWSRVLWLRQZKHQXVLQJKDQGJULSDVWKHUHIHUHQFH7KHVHVXEMHFWV QXPEHUDQG
 KDGKDQGJULS09(VWKDWZHUHDPRQJWKHORZHUYDOXHVZKLOHWKHLU09(VIRU
UHVLVWHGZULVWH[WHQVLRQZHUHDPRQJWKHKLJKHVW0RUHRYHUWKHLUUDWLRVRIWKH0()
EHWZHHQWKHWZRFRQWUDFWLRQVZHUHWKHVDPHDVIRUWKHRWKHUVXEMHFWVZKLOHWKHLU
09(UDWLRVZHUHDPRQJWKHWZRKLJKHVW,WVHHPVOLNHWKH\DFWLYDWHGWKHLUH[WHQVRU
PXVFOHVWRDOHVVHUH[WHQWWKDQWKHRWKHUVGXULQJWKHKDQGJULS7KLVUHVXOWHGLQDQ
RYHUHVWLPDWLRQ RI WKH PXVFXODU ZRUNORDG ZKHQ KDQG JULS ZDV XVHG DV UHIHUHQFH
FRQWUDFWLRQ,WLVQRWSRVVLEOHWRGHWHUPLQHLIDVXEMHFWDFWLYDWHVWKHH[WHQVRUPXVFOHV
PD[LPDOO\E\DQDO\VLQJWKHKDQGJULSIRUFHDQG09(RQO\7KHUHIRUHWKH09(
UDWLR EHWZHHQ UHVLVWHG ZULVW H[WHQVLRQ DQG KDQG JULS PD\ EH XVHG WR GLVWLQJXLVK
LQGLYLGXDOVZKRIXOO\DFWLYDWHWKHLUH[WHQVRUPXVFOHVIURPWKRVHZKRGRQRW7KH
09(UDWLRVIRUWKHWZRVXEMHFWVZKRKDGD09(DERYHZHUH!1R
FRQVLVWHQWHIIHFWRIHOHFWURGHSRVLWLRQLQJZDVIRXQG
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+DQGJULS

09( WKSHUFHQWLOH 

:RUNORDG

7DEOH7KHPD[LPDOH[FHUWHGIRUFH 0() WKHPD[LPDOYROXQWDU\HOHFWULFDODFWLYLW\ 09( DQGWKHPXVFXODUORDG 09( RIKRWHOURRPFOHDQLQJIURPSDSHU,9
5DWLRVEHWZHHQUHVLVWHGZULVWH[WHQVLRQDQGKDQGJULS 1  

3K\VLFDOZRUNORDGLQKRWHOURRPFOHDQLQJ
,QFOLQRPHWU\
3RVWXUHVDQGPRYHPHQWVRIKHDGXSSHUEDFNDQGERWKXSSHUDUPVDVZHOODVWKH
PXVFOHDFWLYLW\DQGWLPHIRUUHFRYHU\RIWKHULJKWIRUHDUPH[WHQVRUVIRUIHPDOH
KRWHOURRPFOHDQHUVGXULQJRQHZRUNLQJGD\DUHUHSRUWHGLQ7DEOH7KHJURXS
PHDQVRIWKHWKDQGWKSHUFHQWLOHVRIIRUZDUGEHQGLQJRIWKHKHDGZHUH° UDQJH
° DQG° UDQJH±° UHVSHFWLYHO\7KHWKSHUFHQWLOHRIXSSHUDUP
HOHYDWLRQ ZDV ° UDQJH  ± °  DQG WKH PHGLDQ DQJXODU YHORFLW\ ZDV  °V
±°V 7KLVLVWKHKLJKHVWIHPDOHJURXSPHDQRIXSSHUDUPYHORFLW\WKDWZH
KDYHUHFRUGHGVRIDUGXULQJQHDUO\\HDUVRIUHVHDUFK:KHQFRPSDULQJZLWKWKH
DFWLRQOHYHOVIRUWKHSUHYHQWLRQRI:06'VSURSRVHGE\RXUUHVHDUFKJURXSWKH
KRWHOURRPFOHDQHUV H[FHHGHGIRXURIWKHILYHDFWLRQOHYHOVWKDWDUHSURSRVHGIRU
LQFOLQRPHWU\>@)RUWKHPHGLDQDQJXODUYHORFLW\RIULJKWXSSHUDUPWKHDFWLRQ
OHYHO °V ZDVH[FHHGHGE\DOOVXEMHFWV>@

V(0*
7KHPXVFXODUORDGLQWKHIRUHDUPH[WHQVRUVDWWKHWKDQGWKSHUFHQWLOHVZDV
RI09( UDQJH±RI09( DQGRI09( UDQJH±RI09( 
UHVSHFWLYHO\ )RU WKH WK SHUFHQWLOH DOVR WKLV JURXS PHDQ LV WKH KLJKHVW WKDW ZH
KLWKHUWR KDYH UHFRUGHG DPRQJ DOO IHPDOH RFFXSDWLRQDO JURXSV :KHQ FRPSDULQJ
ZLWKWKHDFWLRQOHYHOVERWKWKHWKDQGWKHWKSHUFHQWLOHVZHUHH[FHHGHG
7KHWLPHIRUUHFRYHU\ZDVRIWLPH UDQJH±RIWLPH 7KHSURSRVHGDFWLRQ
OHYHOLVRIWLPH$OOVXEMHFWVKDGDWLPHIRUUHFRYHU\EHORZWKLVOHYHOLHWKH
WLPHZKHQWKHH[WHQVRUPXVFOHVKDGSRVVLELOLWLHVWRUHVWZDVWRRVKRUW

&RPPHQWV
+RWHOURRPFOHDQHUVKDYHDYHU\KLJKSK\VLFDOZRUNORDGERWKLQWHUPVRISRVWXUHV
YHORFLWLHVDQGPXVFXODUORDG7KH\H[FHHGHGVHYHQRIWKHQLQHDFWLRQOHYHOVWKDWZH
KDYHSURSRVHGIRULQFOLQRPHWU\DQGV(0*RIWKHIRUHDUP:KHQWKHH[SRVXUHLV
KLJKHUWKDQWKHDFWLRQOHYHOVIRUSRVWXUHVYHORFLWLHVDQGPXVFXODUORDGWKHULVNVIRU
GHYHORSLQJ:06'VDUHKLJK)RUWLPHIRUUHFRYHU\LWLVWKHRSSRVLWHDQH[SRVXUH
EHORZWKHDFWLRQOHYHOLPSOLHVDKLJKULVNIRUGHYHORSLQJ:06'V
,Q VXPPDU\ KRWHO URRP FOHDQHUV KDYH D YHU\ KLJK ULVN IRU GHYHORSLQJ :06'V
7KHUH LV D QHHG IRU SUHYHQWLYH DFWLRQV 2XU VXJJHVWLRQ LV WKDW WKH ZRUN SDFH LV



ORZHUHGE\UHGXFLQJWKHQXPEHURIURRPVWKDWDUHLQFOXGHGLQDKRWHOURRPFOHDQHU¶V
ZRUNLQJ GD\ WR GHFUHDVH WKH ULVNV IRU GHYHORSLQJ :06'V 7KH VWDII VKRXOG EH
RIIHUHG UHJXODU PHGLFDO H[DPLQDWLRQV UHJDUGLQJ HUJRQRPLFDOO\ GHPDQGLQJ ZRUN
:LWK VXFK DSSURDFK LW LV SRVVLEOH WR WDNH DFWLRQV IRU WKH HPSOR\HH RU JURXS RI
HPSOR\HHVZKLFKDUHDERXWWRGHYHORSGLVRUGHUVSDLQLQPXVFOHVDQGRUMRLQWV7KH
ZRUNSODFHLVUHFRPPHQGHGWRXVHWKH2FFXSDWLRQDO+HDOWK6HUYLFHV 2+6 ZKLFK
FDQSHUIRUPWKHPHGLFDOH[DPLQDWLRQVDQGFRQWLQXRXVO\SHUIRUPDVVHVVPHQWVRIWKH
ZRUN7KH\VKRXOGDOVRHGXFDWHWKHFOHDQLQJVWDIILQHUJRQRPLFV7KHVHOIUHFRUGLQJ
PHWKRG LV D VXLWDEOH WRRO WR XVH WR FKHFN LI WKH SUHYHQWLYH DFWLRQV LH D UHGXFHG
QXPEHURIURRPVKDVKDGWKHGHVLUHGHIIHFWRQWKHZRUNSDFH
7DEOH3K\VLFDOZRUNORDGLQKRWHOURRPFOHDQLQJGXULQJRQHZRUNLQJGD\
7KHZRUNORDGLQWKHULJKWVLGHRIWKHVXEMHFWVLQFOXGHGLQSDSHU,9FRPSDUHGWRWKHDFWLRQOHYHOVIRUWKHSUHYHQWLRQ
RI:06'VSURSRVHGE\WKHGLYLVLRQRI2FFXSDWLRQDODQG(QYLURQPHQWDO0HGLFLQH/XQG
D

+LJKULVNRIGLVRUGHUVDWKLJKHUH[SRVXUH

E
F

+LJKULVNRIGLVRUGHUVZLWKVKRUWHUWLPHIRUUHFRYHU\

$SSOLHVLIWKHDUPVDUHXQVXSSRUWHGDJDLQVWIRUH[DPSOHDWDEOH
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*HQHUDOGLVFXVVLRQ

7KHDLPVRIWKLVWKHVLVZHUHWRVLPSOLI\DQGUHILQHWZRREMHFWLYHWHFKQLFDOPHWKRGV
IRU DVVHVVPHQW RI HUJRQRPLF H[SRVXUH 6LPSOLILFDWLRQ DLPV WR PDNH WKH
LQFOLQRPHWU\PHWKRGHDVLHUWRXVHIRUGLIIHUHQWDFWRUVLQWKHZRUNHQYLURQPHQWILHOG
SDSHU,DQG,,, DQGUHILQHPHQWDLPVWRLPSURYHWKHV(0*PHWKRGRIWKHIRUHDUP
H[WHQVRUVLQRUGHUWRDFKLHYHPRUHDFFXUDWHHVWLPDWHVRIPXVFXODUORDGGXULQJZRUN
SDSHU ,, DQG ,9  7KH PHWKRGV KDYH EHHQ XVHG GXULQJ PDQ\ \HDUV RI UHVHDUFK
ZKHUHVWULFWO\VWDQGDUGLVHGSURWRFROVKDYHEHHQXVHG7KLVKDVPDGHLWSRVVLEOHWR
FROOHFWVXFKDPRXQWRIGDWDWKDWH[SRVXUHUHVSRQVHUHODWLRQVKLSVEHWZHHQVHYHUDO
SK\VLFDO H[SRVXUHV DQG :06'V KDYH EHHQ HVWDEOLVKHG > @ +RZHYHU WKH
HTXLSPHQWXVHGLQWKRVHVWXGLHVKDYHEHHQTXLWHH[SHQVLYHDQGWKHSURFHHGLQJVIRU
DWWDFKLQJ DQG FDOLEUDWLQJ WKH HTXLSPHQW KDYH EHHQ UDWKHU FRPSOLFDWHG DQG WLPH
FRQVXPLQJ$VREMHFWLYHWHFKQLFDOPHWKRGVKDYHVHYHUDODGYDQWDJHVLQFRPSDULVRQ
ZLWK HJ REVHUYDWLRQDO PHWKRGV VXFK DV H[DFW QXPHULFDO YDOXHV RI SRVWXUHV
PRYHPHQWVDQGPXVFXODUORDGGXULQJZRUNDQGSRVVLELOLWLHVWRUHFRUGWKHZRUNORDG
GXULQJ VHYHUDO GD\V LW LV YDOXDEOH WR PDNH WKHP HDVLHU WR XVH WR PDNH WKHP
H[SORLWDEOHWRWKHSXEOLF7KHSURFHVVWRVLPSOLI\DWHFKQLFDOPHWKRGDQGPDLQWDLQ
DV KLJK TXDOLW\ DV SRVVLEOH KDV D QXPEHU RI FKDOOHQJHV 7KH\ OLH RQ GLIIHUHQW
HFKHORQVRIWKHPHWKRGZKHUHVRPHDUHHDVLHUWRDOWHUWKDQRWKHUVVXFKDVHJWKH
LQVWUXFWLRQVLQWKHSURWRFROLQFRPSDULVRQWRHJWKHVL]HRIDFHUWDLQHTXLSPHQW
)RUWKHLQFOLQRPHWU\PHWKRGWKHQHZHTXLSPHQWKDGWREHLQH[SHQVLYH$VXLWDEOH
DOWHUQDWLYHZDVRQHVHQVRURIWKHQHZJHQHUDWLRQRIDFFHOHURPHWHUVWKDWKDYHEHHQ
RQ WKH PDUNHW IRU DERXW D GHFDGH ZKLFK KDG D SULFH RI DERXW ¼ 7KXV WKH
HTXLSPHQWIRUDFRPSOHWHVHWZHUH ¼ IRXUDFFHOHURPHWHUVDWWDFKHGWRWKHKHDG
XSSHUEDFNDQGERWKXSSHUDUPVDQGRQHXVHGIRUHYHQWV ZKLFKZDVDERXWRI
WKHSULFHIRUWKHWUDGLWLRQDOHTXLSPHQW /7LQFOLQRPHWHUV ,WZHQWIDVWHUWRDWWDFK
WKHVHQHZGHYLFHV *&LQFOLQRPHWHUV DVWKH\KDYHQRFDEOHVDQGKDYHDQLQWHJUDWHG
GDWDORJJHULQFRQWUDVWWRWKH/7LQFOLQRPHWHUV)RUWKHVHDVHSDUDWHORJJHUPXVW
EHZRUQLQDEHOWDQGWKHLQFOLQRPHWHUFDEOHVWKDWDUHFRQQHFWHGWRWKHORJJHUKDYH
WREHWDSHGWRWKHVNLQ$VWKH*&LQFOLQRPHWHUVLQFOXGHDEDWWHU\WKH\DUHDOLWWOH
ELWELJJHUWKDQWKH/7LQFOLQRPHWHUVZKLFKRIFRXUVHLVDGLVDGYDQWDJHZKHQWKH\
DUHDWWDFKHGWRHJWKHIRUHKHDGHVSHFLDOO\ZKHQXVLQJWKHPWRUHFRUGWKHZRUNORDG
LQ RFFXSDWLRQV LQ WKH VHUYLFH VHFWRU )XUWKHUPRUH LW KDV EHHQ UHSRUWHG WKDW WKH
EDWWHULHVVRPHWLPHVH[SDQGLQKRWDQGKXPLGFOLPDWH SHUVRQDOFRPPXQLFDWLRQZLWK



UHVHDUFKHUVLQ&HQWUDO$PHULFD DQGWKHOLWKLXPEDWWHU\ZLOOHYHQWXDOO\EHWRWDOO\
GHSOHWHG DIWHUDFRXSOHRIKXQGUHGFKDUJHV 7KHYDOLGDWLRQVWXG\ SDSHU, VKRZHG
WKDWWKH*&LQFOLQRPHWHUVUHSRUWHGGDWDWKDWZHUHDOPRVWLGHQWLFDOWRWKDWRIWKH/7
LQFOLQRPHWHUV7KH\ZHUHDOVRHDVLHUWRKDQGOHWKDQWKH/7LQFOLQRPHWHUVZLWKRXW
FDEOHVDQGH[WHUQDOORJJHUEXWDERYHDOOWKH\ZHUHFKHDSHU7KHUHIRUHWRSURYLGHD
VHQVRUWRWKHSXEOLFZKLFKUHSRUWVGDWDWKDWDUHYHU\FORVHWRRQHZLWKKLJKDFFXUDF\
ZHFRPSURPLVHGRQWKHVL]HDQGWKHSUREOHPVZLWKWKHEDWWHU\
7KHUHTXLUHPHQWIRUWKHVLPSOLILHGUHIHUHQFHSRVWXUHZDVWKDWLWFRXOGEHDGRSWHG
ZLWKRXW DQ\ GXPEEHOO DQG FKDLU IRU XVH DW DQ\ ZRUNSODFH DQG WKDW HPSOR\HHV¶
WKHPVHOYHV FRXOG DGRSW LW ,W ZDV DOVR GHVLUDEOH ZLWK D KLJK UHSHDWDELOLW\ 7KH
VLPSOLILHGUHIHUHQFHSRVWXUHV SRVWXUHVDQG WKDWZHUHHYDOXDWHGLQSDSHU,ZHUH
FKRVHQDIWHUTXLWHDORWRISUHWHVWLQJ0DQ\RIWKHWHVWHGYDULDQWVVXFKDVOHDQLQJ
IRUZDUGWR°ZLWKWKHDUPVKDQJLQJYHUWLFDOO\WRZDUGVWKHIORRURUKROGLQJWKH
DUPIOH[HGWR°ZLWKWKHXSSHUDUPFORVHWRWKHERG\ZHUHUHMHFWHGGXHWRWRR
GHYLDWLQJDQJOHV XSWRWKUHHWLPHVDVKLJKDVWKRVHIURPSRVWXUHVDQG LQUHODWLRQ
WR WKH VWDQGDUG UHIHUHQFH SRVWXUH ,Q SDSHU , WKH VLPSOLILHG UHIHUHQFH SRVWXUH
SRVWXUH ZDVDGRSWHGE\LQVWUXFWLRQVDQGFRUUHFWLRQVIURPDUHVHDUFKHU7KXVDV
WKHVLPSOLILHGUHIHUHQFHSRVWXUHZDVLQWHQGHGWREHXVHGE\ZRUNHUVWKHPVHOYHVLW
QHHGHGIXUWKHUHYDOXDWLRQLQDVWXG\ZKHUHZRUNHUVDGRSWHGLW,WDOVRGHYLDWHGIURP
WKH VWDQGDUG UHIHUHQFH WR VXFK PDJQLWXGH WKDW LW ZDV MXGJHG WR QHHG IXUWKHU
YDOLGDWLRQ LQ ILHOG UHFRUGLQJV RI SK\VLFDO ZRUNORDG ,Q SDSHU ,,, ZKHUH WKH
VLPSOLILHG UHIHUHQFH SRVWXUH ZDV DGRSWHG E\ WKH VXEMHFWV WKHPVHOYHV WKH
UHSHDWDELOLW\RIWKHVLPSOLILHGUHIHUHQFHSRVWXUHZDVORZ &5° 7KLVPD\EHGXH
WR WKH GLIILFXOWLHV WR UHSURGXFH WKH VDPH SRVLWLRQ ZLWKRXW VXSSRUW IURP DQ REMHFW
VXFKDVDFKDLU+RZHYHUZKHQXVLQJLWDVUHIHUHQFHLQWKHILHOGUHFRUGLQJVRI
FOHDQLQJLWJDYHYDOXHVRIXSSHUDUPHOHYDWLRQVWKDWZHUHYHU\FORVHWRWKRVHZKHQ
XVLQJ WKH VWDQGDUG UHIHUHQFH SRVWXUH DV UHIHUHQFH 7KHUHIRUH ZH FRPSURPLVHG
UHJDUGLQJWKHZLWKLQVXEMHFWYDULDWLRQDQGUHFRPPHQGLWIRUXVHLQJURXSUHFRUGLQJV
RIXSSHUDUPHOHYDWLRQV)RUVLQJOHUHFRUGLQJVWKHVWDQGDUGUHIHUHQFHSRVWXUHPD\
EHXVHGDVWKLVLVPRUHUHOLDEOH &5° 
)RUWKHV(0*PHWKRGWKHPDLQIRFXVHVZHUHWRH[SORUHZK\VRPHVXEMHFWVVKRZ
(0*DPSOLWXGHVGXULQJZRUNWKDWDUHKLJKHUWKDQWKRVHREWDLQHGGXULQJWKH09&
KDQGJULS DQGWRLPSURYHWKHZLWKLQVXEMHFWYDULDWLRQRIWKH09&5HVLVWHGZULVW
H[WHQVLRQZDVDVXLWDEOHDOWHUQDWLYHDVWKLVPD\EHRQHRIWKHPRUHREYLRXVPDQQHUV
WRDFWLYDWHWKHH[WHQVRUPXVFOHV7KHJORYHWKDWZDVXVHGWRSHUIRUPWKHUHVLVWHG
ZULVWH[WHQVLRQ09&ZDVQRWRSWLPDODVLWZDVRQHVL]HZLWKRXWSDGGLQJDQGKDG
WR EH WLJKWHQHG KDUG DURXQG WKH ZULVW ,W ZDV D FKDOOHQJH LQ WKH ILHOG UHFRUGLQJV
SDSHU,9 WRSODFHWKHVXEMHFWLQWKHULJKWVLWWLQJSRVLWLRQWLJKWHQWKHJORYHDQGWR
FDUHIXOO\ DGMXVW WKH VWUDS DV TXLFNO\ DV SRVVLEOH WR NHHS WKH FDOLEUDWLRQ WLPH WR D
PLQLPXPZLWKRXWFRPSURPLVLQJRQDFFXUDF\



0HWKRGRORJLFDOFRQVLGHUDWLRQV
$VWUHQJWKLQWKLVWKHVLVLVWKDWWKHLQFOLQRPHWU\DQGV(0*PHWKRGVZHUHHYDOXDWHG
ERWKLQWKHODERUDWRU\DQGLQILHOGVWXGLHVRIUHDOZRUN,WZDVPRVWO\IHPDOHFOHDQHUV
WKDWZHUHUHFUXLWHGLQWKHILHOGVWXGLHV RI DQGWKHUHIRUHDVHOHFWLRQELDVPD\
EHVXVSHFWHG+RZHYHUZHGRQRWEHOLHYHWKDWZRPHQDQGPHQSHUIRUPHJWKH
KDQG JULS FRQWUDFWLRQ GLIIHUHQWO\ RU WKDW ZRPHQ DQG PHQ PDQDJH WR IROORZ WKH
LQVWUXFWLRQVLQDSURWRFROGLIIHUHQWO\7KHUHIRUHZHILQGWKHUHVXOWVIURPWKHILHOG
VWXGLHVWREHDSSOLFDEOHWRERWKZRPHQDQGPHQ

,QFOLQRPHWU\
$V WKHUH LV QR JROG VWDQGDUG IRU LQFOLQRPHWU\ ZH FKRVH WR HYDOXDWH WKH *&
LQFOLQRPHWHU DJDLQVW D SUHYLRXVO\ YDOLGDWHG RQH ZLWK KLJK DFFXUDF\ GXULQJ
VLPXODWHGZRUNWDVNV7KHZRUNWDVNVLQSDSHU,ZHUHFKRVHQGXHWRWKHFRQWHQWRI
GLIIHUHQWFRPELQDWLRQVRIERWKKLJKDQGORZHOHYDWLRQVDQGYHORFLWLHV7KLVDOORZHG
XV WR GHWHFW SRWHQWLDO UDQGRP RU V\VWHPDWLF HUURUV +RZHYHU WKH UHFRUGLQJ WLPH
FRXOGKDYHEHHQDELWORQJHUDVWKHPRYHPHQWSDWWHUQZDVQRWVWULFWO\UHSHWLWLYH
H[FHSWIRUWKHUHVWZLWKHOHYDWHGVXSSRUWHGDUPV7KHYDOLGDWLRQFRXOGKDYHEHHQ
FDUULHGRXWLQILHOGUHFRUGLQJVEXWVLQFHLWZDVWZRLQFOLQRPHWHUVRQWRSRIHDFK
RWKHU IRU HDFK ERG\ SDUW WKHVH ZHUH VXVSHFWHG WR LQWHUIHUH ZLWK WKH VXEMHFW¶V
SHUIRUPDQFHGXULQJUHDOZRUN7KXVWKHYDOLGDWLRQZDVFDUULHGRXWLQWKHODERUDWRU\
7KHVHOIUHFRUGLQJPHWKRGZDVWHVWHGLQILHOGUHFRUGLQJVRIFOHDQLQJDQRFFXSDWLRQ
ZLWK KLJK SURSRUWLRQ RI LPPLJUDQWV 7KH VXEMHFWV VSRNH 6ZHGLVK DQG (QJOLVK RI
YDU\LQJTXDOLW\7KH\WKXVQHHGHGLQVWUXFWLRQVWKDWZHUHHDV\WRIROORZ:HEHOLHYH
WKDWE\GHYHORSLQJWKHSURWRFROLQVXFKDJURXSRIVXEMHFWVZHKDGDQRSSRUWXQLW\
WR EULQJ RXW D SURWRFRO WKDW DOPRVW DQ\RQH ZLOO EH DEOH WR XVH 7KH DSSURDFK RI
PDNLQJ FKDQJHV GXULQJ WKH RQJRLQJ VWXG\ VHHPHG WR EH VXFFHVVIXO DV WKH KHOS
QHHGHGGHFUHDVHGZLWKLPSURYHGYHUVLRQV:HEHOLHYHWKDWWKHFXUUHQWSURWRFROLV
UHDG\ IRU XVH ,W ZRXOG EH LQWHUHVWLQJ WR LQYHVWLJDWH LI WKH VHOIUHFRUGLQJ PHWKRG
FRXOG EH VHQW RXW SHU PDLO ZLWK WKH UHFHLYHU SHUIRUPLQJ LW ZLWKRXW D UHVHDUFKHU
QHDUE\)RUVXFKDVWXG\LWZRXOGEHSRVVLEOHWRLQFOXGHPDQ\PRUHVXEMHFWVDVWKH
RQO\WLPHUHTXLUHGIRUWKHUHVHDUFKHUZRXOGEHWRVHQGRXWDSDFNDJHLQFOXGLQJWKH
SURWRFRODQGD*&LQFOLQRPHWHUDQGWRDQDO\VHWKHGDWD

V(0*
2XUUHVHDUFKJURXSKDYHFKRVHQWRUHFRUGWKHH[WHQVRUPXVFOHDFWLYLW\DVDSUR[\
IRUWKHIRUHDUPPXVFOHH[HUWLRQGXULQJZRUN$QRWKHUVWUDWHJ\FRXOGEHWRUHFRUG
WKHPXVFOHDFWLYLW\RIWKHIRUHDUPIOH[RUV+RZHYHULQDVWXG\PDGHE\*UHLJet



al WKH H[WHQVRU FDUSL XOQDULV PXVFOH VKRZHG WKH KLJKHVW DFWLYDWLRQ RI WKH VHYHQ
H[WHQVRUDQGIOH[RUIRUHDUPPXVFOHVVWXGLHGIROORZHGE\H[WHQVRUGLJLWRUXPDQG
H[WHQVRUFDUSLUDGLDOLV>@2QHRIWKHWKUHHH[WHQVRUVKDGWKHKLJKHVWDFWLYDWLRQRI
DOO PXVFOHV LQ DERXW  RI DOO H[HUWLRQV  HIIRUWV  7KH ILQGLQJV VXSSRUW WKH
QRWLRQ WKDW WKH H[WHQVRUV DUH KHDYLO\ ORDGHG GXULQJ PDQXDO WDVNV >@ %DVHG RQ
WKHVH IDFWV *UHLJ et al VXJJHVWHG WKDW WKH IRUHDUP H[WHQVRUV VKRXOG EH LQFOXGHG
ZKHQFROOHFWLQJ(0*WRHVWLPDWHGHPDQGLQWKHIRUHDUP
$QRWKHUDSSURDFKFRXOGEHWRUHFRUGWKHIRUHDUPPXVFOHDFWLYLW\XVLQJDWKURXJK
IRUHDUP VHWWLQJ ,Q D VWXG\ PDGH E\ 7DNDOD et al WKH WKURXJKIRUHDUP VHWWLQJ
VKRZHG WKH ORZHVW YDULDWLRQ LQ (0* DFWLYLW\ FRPSDUHG WR ILYH RWKHU HOHFWURGH
SRVLWLRQV>@
7KHHTXLSPHQWWRSHUIRUPUHVLVWHGZULVWH[WHQVLRQZDVQRWGHVLJQHGWREHDGDSWHG
WRGLIIHUHQWKDQGVL]HVDQGWKHUHIRUHQRWVRFRPIRUWDEOH,WVKRXOGDOVREHHDVLHUWR
DGMXVWDVWKHWLPHIRUSUHSDULQJWKHVXEMHFWLVFULWLFDO,WPD\EHPRUHFRUUHFWWR
SHUIRUPUHVLVWHGZULVWH[WHQVLRQLQWKHIXQFWLRQDOSRVLWLRQRIWKHKDQGWRDFKLHYHD
KLJKHU IRUFHEXW DV WKH DFWLRQSRWHQWLDOLV HTXDOO\ODUJH UHJDUGOHVV RI WKH PXVFOH
OHQJWKZHGRQRWEHOLHYHWKDWWKLVLVVLJQLILFDQWIRUWKHFRQFOXVLRQV+RZHYHUDVWKH
PXVFOHVPRYHLQUHODWLRQWRWKHHOHFWURGHVEHWZHHQGLIIHUHQWSRVWXUHVDIXQFWLRQDO
KDQGSRVLWLRQ VRPHZKDWGRUVDOO\IOH[HG LQFRPSDULVRQWRDVWUDLJKWZULVWGXULQJ
WKH09&PLJKWEHPRUHUHOHYDQWDVWKLVLVDFRPPRQZRUNSRVWXUH

0HWKRGRORJLFDOO\DQGFOLQLFDOO\UHOHYDQWGLIIHUHQFHV
:H MXGJH WKDW IURP ° RI XSSHU DUP HOHYDWLRQ DQG DERYH D GLIIHUHQFH RI ° LV
FOLQLFDOO\ UHOHYDQW 7DEOH   )RU WKH PHGLDQ DQJXODU XSSHU DUP YHORFLW\ D
GLIIHUHQFH RI  °V LV UHOHYDQW )RU VWDWLF ZRUN DOUHDG\ D GLIIHUHQFH RI  °V LV
UHOHYDQW DV VXFK GLIIHUHQFH LV EHWWHU IURP WKH YLHZ RI WKH ULVN IRU GHYHORSLQJ
:06'V

(VWLPDWLRQRIVDPSOHVL]HDQGSRZHUFDOFXODWLRQ
3RZHU FDOFXODWLRQV VKRXOG EH SHUIRUPHG EHIRUH D VWXG\ IRU HVWLPDWLRQ RI VDPSOH
VL]H7KLVZDVQRWGRQHLQWKHVWXGLHVLQFOXGHGLQWKLVWKHVLV,QVWHDGWKHVL]HRIWKH
VWXGLHVZHUHGHWHUPLQHGGXHWRHFRQRPLFDQGSUDFWLFDOLVVXHV%DVHGRQWKHUHVXOWV
REVHUYHGLQWKHSUHVHQWWKHVLVLWLVYDOXDEOHWRUHIOHFWRQWKHVWXG\VL]HQHHGHGLQ
IXWXUHSURMHFWVWRGHWHFWWKHREVHUYHGHIIHFWVZLWKUHDVRQDEOHVWDWLVWLFDOSRZHU,Q
SDSHU , WKH GLIIHUHQFH IRU HJ WKH ULJKW DUP GXULQJ VLPXODWHG SDLQWLQJ WK
SHUFHQWLOH  EHWZHHQ WKH VLPSOLILHG UHIHUHQFH DQDO\VLV DQG WKH VWDQGDUG UHIHUHQFH
DQDO\VLVZDV°ZLWKDPHDQ6'RI° 7DEOH 7RGHWHFWVXFKDVPDOOGLIIHUHQFH
ZLWKSRZHUVXEMHFWVZRXOGKDYHKDGWREHLQFOXGHG+RZHYHUZHEHOLHYH



WKDWDQDFFHSWDEOHGLIIHUHQFHEHWZHHQWKHDQDO\VHVXVLQJWKHVLPSOLILHGUHIHUHQFH
SRVWXUHDQGXVLQJWKHVWDQGDUGUHIHUHQFHLV°7RGHWHFWDGLIIHUHQFHRI°ZLWK
SRZHUVXEMHFWVVKRXOGEHLQFOXGHG DVVXPLQJDQ6'RI° 6WLOOWKHSUHVHQW
UHVXOWV LQGLFDWH WKDW WKH GLIIHUHQFH RQ JURXS OHYHO EHWZHHQ WKH WZR UHIHUHQFH
SRVWXUHPHWKRGVLVQHJOLJLEOH
,QSDSHU,,,WKHUHZDVDGLIIHUHQFHRI°VLQXSSHUDUPYHORFLW\EHWZHHQKRWHO
URRP FOHDQLQJ DQG KRWHO URRP FOHDQLQJ :LWK WKH QXPEHU RI VXEMHFWV LQFOXGHG
WKHUHZDVSRZHUWRGHWHFWWKLVGLIIHUHQFHDVVWDWLVWLFDOO\VLJQLILFDQW,QIDFWS
ZDV:HFRQVLGHU°VDFOLQLFDOO\UHOHYDQWGLIIHUHQFHEHWZHHQRFFXSDWLRQV
7RGHWHFWVXFKDGLIIHUHQFHEHWZHHQWZRVLWXDWLRQVVXEMHFWVLQHDFKRFFXSDWLRQDO
JURXSVKRXOGEHLQFOXGHGLIWKH6'LV°VDVLQWKHSUHVHQWVWXG\
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+RWHOURRPFOHDQLQJDQGKRWHO
URRPFOHDQLQJ WKUHHZRUNLQJ
GD\VULJKWXSSHUDUPHOHYDWLRQ
WKSHUFHQWLOH 
+RWHOURRPFOHDQLQJDQGKRWHO
URRPFOHDQLQJ WKUHHZRUNLQJ
GD\VULJKWXSSHUDUPYHORFLW\
WKSHUFHQWLOH 

/7DQG*& VLPXODWHGSDLQWLQJ
ULJKWXSSHUDUPHOHYDWLRQWK
SHUFHQWLOH 
$QDO\VLVXVLQJVLPSOLILHGUHIDQG
DQDO\VLVXVLQJVWDQGDUGUHI
VLPXODWHGSDLQWLQJULJKWDUP
HOHYDWLRQWKSHUFHQWLOH 
$QDO\VLVXVLQJVLPSOLILHGUHIDQG
DQDO\VLVXVLQJVWDQGDUGUHI WKUHH
ZRUNLQJGD\VULJKWXSSHUDUP
HOHYDWLRQWKSHUFHQWLOH 

&RPSDULVRQEHWZHHQ
ZRUNORDGV

&RPSDULVRQEHWZHHQPHWKRGV
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,QFOLQRPHWU\
,QFOLQRPHWHUVKDYHEHHQVKRZQWRKDYHDKLJKSUHFLVLRQDQGDFFXUDF\ZKHQIL[HG
LQ D ULJLG MLJXVLQJ JUDGXDWHG DUFV >@ +RZHYHU DV WKH\ FDQQRWEH IL[HG WR WKH
KXPDQVNHOHWRQWKH\PD\EHVXVFHSWLEOHWRPHWKRGRORJLFDOHUURUVGXHWRFKDQJHV
LQSRVLWLRQUHODWLYHWRWKHXQGHUO\LQJERQHGXULQJPRYHPHQWV VRIWWLVVXHDUWHIDFWV 
7KLV HPSKDVL]H WKH LPSRUWDQFH RI FRQVLVWHQF\ LQ KRZ D WRRO LV XVHG HJ WKH
PRXQWLQJRIWKHLQFOLQRPHWHUDQGKRZWKHUHIHUHQFHSRVWXUHLVDGRSWHG,WKDVEHHQ
UHSRUWHGDQXQGHUHVWLPDWLRQRIDWOHDVW°RIXSSHUDUPHOHYDWLRQVDWDQJOHVJUHDWHU
WKDQ ° ZKHQ XVLQJ /7 LQFOLQRPHWHUV FRPSDUHG WR ³PHWLFXORXV DVVLVWHG
REVHUYDWLRQ´ >@ +RZHYHU RXU UHVHDUFK JURXS KDV UHSRUWHG D JURXS PHDQ
GLIIHUHQFH !° DW LQVWUXFWHG DUP HOHYDWLRQV RI ° >@ 7KXV WKH VWULFWO\
VWDQGDUGLVHG SURFHGXUH IRU PRXQWLQJ WKH LQFOLQRPHWHUV DQG KRZ WR DGRSW WKH
UHIHUHQFHSRVWXUH DQGIRUZDUGGLUHFWLRQ VXJJHVWWKDWPHWKRGRORJLFDOHUURUVFDQEH
UHGXFHGDQGHQVXUHFRQVLVWHQF\LQSUHFLVLRQ

V(0*
(OHFWURGHSRVLWLRQLQJ
,WLVUHFRPPHQGHGWRDYRLGWKH,=ZKHQDSSO\LQJHOHFWURGHVIRUV(0*DVWKLVZLOO
UHGXFHWKH(0*DPSOLWXGHDQGDOVRPDNHLWVHQVLWLYHWRVPDOOVNLQPRYHPHQWV>
@7KHUHIRUHRXUUHVHDUFKJURXSZHUHLQWHUHVWHGLQH[DPLQLQJLIRXUWUDGLWLRQDO
HOHFWURGH SDLU SRVLWLRQLQJ FRLQFLGHG ZLWK WKH ,= 3ULRU WR WKH ODERUDWRU\ VWXG\ LQ
SDSHU,,ZHDVVXPHGWKDWWKH,=ZDVWKHVDPHDVWKHPRWRUSRLQW 03 7KXVWKH
03LQRQHRIWKHIRUHDUPH[WHQVRUFDUSLUDGLDOLVPXVFOHVZHUHORFDOLVHG+RZHYHU
ZH ODWHU XQGHUVWRRG WKDW WKH ,= DQG WKH 03 ZHUH WZR GLIIHUHQW FRQFHSWV >@
$QDWRPLFDOO\WKH03FRUUHVSRQGVWRWKHVLWHZKHUHPRWRUQHXURQVHQWHUPXVFOHV
)LJXUH 2SHUDWLRQDOO\WKH03LVWKHVLWHZKHUHDPXVFOHFRQWUDFWLRQDWDPLQLPDO
HOHFWULFDOVWLPXODWLRQLQWHQVLW\LVDFKLHYHG>@)RUWKHIRUHDUPH[WHQVRUVWKLVSRLQW
LV DW WKH VLWH ZKHUH WKH LQGH[ RU WKH PLGGOH ILQJHU H[WHQGV UHSHDWHGO\ 7KH ,=
FRUUHVSRQGVWRWKHDQDWRPLFDOVLWHZKHUHFOXVWHUVRIQHXURPXVFXODUMXQFWLRQVDUH
ORFDWHG >@ 7KH UHVXOWV IURP SDSHU ,, LQGLFDWHG WKDW ZKHQ XVLQJ UHVLVWHG ZULVW
H[WHQVLRQDVUHIHUHQFHWKHHOHFWURGHSDLUSRVLWLRQFORVHVWWRWKHHOERZLQWHUPVRI
KLJKDPSOLWXGHDQGORZ&9ZDVWKHEHVWRSWLRQ7KHUHVXOWVDOVRLQGLFDWHGWKDWRXU
WUDGLWLRQDO SRVLWLRQ ZDV DW ULVN RI EHLQJ RYHU WKH ,= +RZHYHU ZKHQ WDNLQJ WKH
FRUUHODWLRQEHWZHHQWKH0()DQG09(LQSDSHU,9LQWRDFFRXQWWKHSRVLWLRQFORVHVW
WR WKH HOERZ SRVLWLRQ   ZDV GRRPHG WR EH OHVV DGHTXDWH WKDQ WKH WUDGLWLRQDO


SRVLWLRQ SRVLWLRQ 7KHUHIRUHZHUHFRPPHQGWRXVHSRVLWLRQZKHQUHFRUGLQJ
WKH PXVFXODU ZRUNORDG RI WKH IRUHDUP H[WHQVRUV GHVSLWH WKH GUDZEDFNV IURP
SRVLWLRQLQJWKHHOHFWURGHVRYHUWKH,=


)LJXUH0RWRUSRLQW 03 DQG,QQHUYDWLRQ]RQH ,= 
03 ZKHUHWKHPRWRUQHXURQHQWHUVWKHPXVFOHDQG,= FOXVWHUVRIQHXURPXVFXODUMXQFWLRQV

09&V
7KHUH LV DQ RQJRLQJ GLVFXVVLRQ RQ KRZ WR QRUPDOLVH (0* UHFRUGLQJV DQG D ODUJH
QXPEHURIVWUDWHJLHVKDVEHHQSURSRVHGVXFKDVXVLQJWKHSHDNRUPHDQ(0*IURP
WKH WDVN XQGHU LQYHVWLJDWLRQ UHVLVWHG IOH[RU RU H[WHQVRU PRPHQW WDVNV LVRPHWULF
PD[LPDOYROXQWDU\FRQWUDFWLRQV HJKDQGJULS RUG\QDPLFVWUHQJWKH[HUFLVHV SXVK
XSVDQGFKLQXSV >@7KHFKRVHQQRUPDOLVDWLRQVWUDWHJ\LVGHSHQGHQWRQ
WKHSXUSRVHRIWKHVWXG\HJLIWKHSXUSRVHLVWRUHGXFHLQWHULQGLYLGXDOYDULDELOLW\
WKHQWKHSHDNRUPHDQ(0*IURPWKHWDVNXQGHULQYHVWLJDWLRQPD\EHXVHG,IWKH
VWXG\ DLPV WR DVVHVV WKH H[WHUQDO ORDG DQ 59& LV SUHIHUDEOH ,I WKH SXUSRVH LV WR
FRPSDUH PXVFOH H[HUWLRQV EHWZHHQ VXEMHFWV LQ UHODWLRQ WR WKHLU VWUHQJWK DQ 09&
VKRXOGEHXVHG'LIIHUHQWQRUPDOLVDWLRQVWUDWHJLHVPDNHLWGLIILFXOWWRFRPSDUHWKH
ZRUNORDGEHWZHHQVWXGLHVZKLFKLQWXUQFRPSOLFDWHVWKHSURJUHVVWRVWUHQJWKHQWKH
H[SRVXUHUHVSRQVHUHODWLRQVKLSEHWZHHQPXVFXODUORDGDQG:06'V

*HQGHUDVSHFWV
:RPHQ KDYH KLJKHU ULVN IRU GHYHORSLQJ :06'V WKDQ PHQ > @ 2QH
H[SODQDWLRQ LV GXH WR GLIIHUHQFHV LQ PXVFOH ILEUH FKDUDFWHULVWLFV ZKLFK H[SODLQ
JHQGHU GLIIHUHQFHV LQ VWUHQJWK DQG IDWLJXH UHVLVWDQFH >@ $OVR GLIIHUHQFHV LQ


PRWRU YDULDELOLW\ KDYH EHHQ VXJJHVWHG ZKHUH D KLJK PRWRU YDULDELOLW\ PD\ EH D
PHFKDQLVP IRU SUHYHQWLQJ FKURQLF V\PSWRPV >@ )XUWKHUPRUH ZRPHQ XVH D
KLJKHUSURSRUWLRQRIWKHLUPXVFXODUFDSDFLW\WKDQPHQZKHQWKH\SHUIRUPWKHVDPH
ZRUNWDVNV>@:RPHQDUHDOVRRQDYHUDJHRIVPDOOHUKHLJKWDQGWKXVSUREDEO\
PRUHRIWHQZRUNZLWKWKHLUKDQGVDERYHVKRXOGHUKHLJKW,WKDVEHHQUHSRUWHGWKDW
WKHWHQGRQVRIZRPHQDUHPRUHVHQVLWLYHWRRYHUVWUHWFK>@DQGWKDWZRPHQKDYH
PRUHIOH[LEOHMRLQWVDURXQGWKHLUVKRXOGHUMRLQW>@,WKDVEHHQSURSRVHGWKDWPHQ
DQGZRPHQKDYHGLIIHUHQWH[SRVXUHWRULVNIDFWRUVGXHWRWKHJHQGHUVHJUHJDWLRQRI
WKHODERXUPDUNHW>@+RZHYHUWKHGLIIHUHQFHLQSUHYDOHQFHUHPDLQVZKHQPHQ
DQGZRPHQIURPWKHVDPHRFFXSDWLRQDOFODVV>@RUZLWKWKHVDPHZRUNWDVNV
>@DUHFRPSDUHG7HFKQLFDOPHWKRGVDUHVXLWDEOHIRULQYHVWLJDWLRQZKHWKHUWKHUH
DUH GLIIHUHQFHV LQ ZRUNORDG EHWZHHQ ZRPHQ DQG PHQ V(0* LV DQ LPSRUWDQW
PHWKRG IRU DVVHVVLQJ WKH ULVN IRU GHYHORSLQJ :06'V DV WKH PXVFOH H[HUWLRQ LV
GLIILFXOW WR DVVHVV ZLWK HJ REVHUYDWLRQDO PHWKRGV 1RUPDOLVDWLRQ WR WKH DFWLYLW\
GXULQJD09&LVQHFHVVDU\LQVWHDGRI59&DVWKHDSSOLHGIRUFHLQUHODWLRQWRWKH
LQGLYLGXDOFDSDFLW\RWKHUZLVHZRXOGEHORVW

5HFRUGLQJVWUDWHJLHV
7KHVHOIUHFRUGLQJPHWKRGLPSOLHVWKDWDQ\RQHFDQSHUIRUPDUHFRUGLQJRIXSSHU
DUPHOHYDWLRQVDQGYHORFLWLHV+RZHYHUWREHDEOHWRFRUUHFWO\LQWHUSUHWWKHGHULYHG
HOHYDWLRQVDQGYHORFLWLHVLQIRUPDWLRQDERXWWKHUHFRUGHGZRUNLVLPSRUWDQWVXFKDV
WKHW\SHRIZRUNGLIIHUHQWZRUNWDVNVDQGVWDUWLQJDQGVWRSSLQJWLPHVRIZRUNDQG
EUHDNV,WLVDOVRLPSRUWDQWWRSURYLGHLQIRUPDWLRQDERXWKRZWKHZRUNLVSHUIRUPHG
HJLIWKHDUPVDUHVXSSRUWHGRQDVXUIDFHDVWKLVLVFRQVLGHUHGWREHOHVVGHPDQGLQJ
WKDQXQVXSSRUWHGDUPV'XULQJWKH\HDUVRIUHVHDUFKZHKDYHXVXDOO\KDGDSROLF\
WRLQFOXGHWZHOYHVXEMHFWVIURPHDFKRFFXSDWLRQDQGWKHZRUNORDGKDVEHHQUHFRUGHG
GXULQJ RQH ZRUNLQJ GD\ :LWK WKH VHOIUHFRUGLQJ PHWKRG WKLV FDQ HDVLO\ EH
LQFUHDVHGERWKWKHQXPEHURIVXEMHFWVDQGGD\V,WLVLPSRUWDQWWKDWLWLVIXOOGD\
UHFRUGLQJVLILWLVDYDULHGZRUNRULIWKHZRUNORDGLVLQWHQGHGWREHFRPSDUHGZLWK
WKHVXJJHVWHGDFWLRQOHYHOVIRUWKHSUHYHQWLRQRI:06'V7KHLQFOXGHGVXEMHFWV
VKRXOGSHUIRUPWKHVDPHZRUNWDVNVIRUDORZHULQWHULQGLYLGXDOYDULDWLRQ>@)RU
UHSHWLWLYHZRUNLWLVJHQHUDOO\HQRXJKWRUHFRUGWKHZRUNORDGGXULQJDSDUWRIWKH
ZRUNLQJGD\)XUWKHUPRUHWKHUHVXOWVIURPZRPHQDQGPHQVKRXOGEHSUHVHQWHG
VHSDUDWHO\DVZRPHQJHQHUDOO\KDYHHJDKLJKHUPXVFXODUORDGWKDQPHQVHHWKH
³*HQGHUDVSHFWV´VHFWLRQ






7HFKQLFDOPHWKRGVLQSUDFWLFHDQGLQUHVHDUFK
2QH LPSRUWDQW DVSHFW RI WHFKQLFDO PHWKRGV LQ SUDFWLFH LV WKH EDODQFH EHWZHHQ
VLPSOLFLW\DQGTXDOLW\:KHQWKHPHWKRGVEHFRPHHDVLHUWRSHUIRUP HJVLPSOLILHG
UHIHUHQFHSRVWXUH WKHTXDOLW\PD\JRGRZQ XQFHUWDLQW\LQH[SRVXUH 7KHUHIRUHLW
LVRIUHOHYDQFHWRGLVFXVVWKHSXUSRVHRIWKHUHFRUGLQJVDQGDVNLILWLVWRJHWDQLGHD
RI KRZ WKH ZRUNORDG LV DW D VSHFLILF ZRUNSODFH RU LI WKH SXUSRVH LV WR DFKLHYH
UHFRUGLQJVZLWKKLJKDFFXUDF\VXFKDVZKHQLQWHUYHQWLRQVDUHSHUIRUPHGRUZKHQD
WKRURXJKHYDOXDWLRQRIDFHUWDLQRFFXSDWLRQLVSHUIRUPHG,QSUDFWLFHLWLVSUREDEO\
PRUHYDOXDEOHWRUHFRUGWKHH[SRVXUHRQPDQ\VXEMHFWVDVDSDUWRIWKHV\VWHPDWLF
ZRUNHQYLURQPHQWZRUNWRDVVHVVWKHSK\VLFDOZRUNORDGDWDZRUNSODFH,QUHVHDUFK
WR FUHDWH D MREH[SRVXUH PDWUL[ RU WR HVWDEOLVK H[SRVXUHUHVSRQVH UHODWLRQVKLSV
EHWZHHQ ZRUNORDG DQG :06'V ZLWK WKH SXUSRVH WR HYHQWXDOO\ EULQJ RXW OLPLW
YDOXHVRISK\VLFDOH[SRVXUH ERWKDKLJKDFFXUDF\DQGDKLJKQXPEHURIVXEMHFWVLV
ZLVKHGIRU
$QRWKHUDVSHFWRIWHFKQLFDOPHWKRGVLQSUDFWLFHLVWKDWWKHUHVHDUFKHUVZKRGHYHORS
HDV\WRXVHWHFKQLFDOPHWKRGVPD\QRWDOZD\VNQRZZKDWWKHSUDFWLWLRQHUV HJWKH
2+6 QHHGDQGZDQWDQGWKHSUDFWLWLRQHUVPD\EHGRQRWNQRZZKDWWKH\FDQDVN
IRU7KHUHIRUHLWFRXOGEHYDOXDEOHWRRIIHUWKHPHJDWRROOLNHWKHVHOIUHFRUGLQJ
PHWKRGDQGKDYHDGLDORJXHZLWKWKHPDQGLIQHFHVVDU\DGMXVWLWVRWKDWLWVXLWVWKHLU
QHHGV 7KH\PLJKW KDYH D ZLVK WR HJ XVH LW RQ VLQJOH LQGLYLGXDOV ZKLFK ZRXOG
PHDQWKDWWKHLQVWUXFWLRQVKDGWREHFKDQJHGWRLQFOXGHLQVWUXFWLRQVIRUWKHVWDQGDUG
UHIHUHQFHSRVWXUHLQVWHDGRIWKHVLPSOLILHGUHIHUHQFHSRVWXUH
0RVWUHVHDUFKJURXSVKDYHWKHLURZQZD\VKRZWRUHFRUGSK\VLFDOZRUNORDGZLWK
GLIIHUHQW ZD\V KRZ WR HJ DGRSW UHIHUHQFH SRVWXUHV DQG GLUHFWLRQV DQG KRZ WR
SHUIRUP WKH UHIHUHQFH FRQWUDFWLRQ IRU IRUHDUP V(0* 7KLV PDNHV LW GLIILFXOW WR
FRPSDUHGDWDIURPGLIIHUHQWVWXGLHV+RZHYHUWKHUHDUHRQJRLQJZRUNWRHVWDEOLVK
FRPPRQZD\VKRZWRSHUIRUPWHFKQLFDOUHFRUGLQJVRISK\VLFDOZRUNORDGLQWKH(8
>@ 6XFK JXLGHOLQHV HJ KRZ WR DGRSW WKH UHIHUHQFH SRVWXUHV IRU XSSHU DUPV
ZRXOGJLYHRSSRUWXQLWLHVWRFRPSDUHDQGPHUJHGDWDIURPVHYHUDOFRXQWULHV7KLV
ZRXOGJLYHDJUHDWFRQWULEXWLRQWRWKHH[SRVXUHUHVSRQVHUHODWLRQVKLSVDQGWKXVD
ODUJHVWHSWRZDUGVVXFFHHGLQJLQHVWDEOLVKLQJOLPLWYDOXHVRISK\VLFDOH[SRVXUH

&KDQJLQJWKHUHIHUHQFHFRQWUDFWLRQ"
(YHQWKRXJKWKHUHVXOWVIURPSDSHU,,DQG,9LQGLFDWHWKDWUHVLVWHGZULVWH[WHQVLRQ
JLYHVPRUHDFFXUDWHHVWLPDWHVRIPXVFXODUORDGRIWKHIRUHDUPH[WHQVRUVWKDQKDQG
JULSZHVWLOOKDYHQRWGHFLGHGWRUHSODFHWKHKDQGJULSFRQWUDFWLRQ,IZHFKDQJHLW
FRPSDULVRQV WR SUHYLRXV VWXGLHV ZRXOG EH ORVW 2QH ZD\ WR RYHUFRPH WKLV LV WR



SHUIRUPERWK09&VDQGUHSRUWGDWDWKDWKDVEHHQQRUPDOLVHGWRERWK+RZHYHUWKLV
ZRXOG H[WHQG WKH WLPH LW WDNHV WR SUHSDUH D VXEMHFW IRU D ZKROHGD\ UHFRUGLQJRI
SK\VLFDO ZRUNORDG ZKLFK PD\ PDNH HPSOR\HUV UHOXFWDQW WR SHUPLW UHFRUGLQJV DW
WKHLUZRUNSODFH)XUWKHUPRUHWKHWLPHIRUDQDO\VLQJWKHGDWDZRXOGLQFUHDVHZKLFK
LVLQWKHRSSRVLWHGLUHFWLRQWRZKDWZHVWULYHIRU7KHFXUUHQWHTXLSPHQWDOVRQHHG
LPSURYHPHQWVHJEHWWHUILWWLQJDQGOHVVWLJKWHQLQJWRWKHZULVW0RUHRYHULWVKRXOG
EHPDGHRIDPDWHULDOWKDWFDQEHSURSHUO\FOHDQHG7KHGLVFXVVLRQLVRQJRLQJ

3UDFWLFDOLPSOLFDWLRQV
7KLVWKHVLVKDVSURYLGHGGLIIHUHQWDFWRUVLQWKHZRUNHQYLURQPHQWILHOGVXFKDVWKH
2+6DQGUHVHDUFKHUVZLWKDORZFRVWHDV\WRXVHREMHFWLYHWHFKQLFDOPHWKRGIRU
UHFRUGLQJRIZRUNSRVWXUHVDQGYHORFLWLHVRIKHDGXSSHUEDFNDQGERWKXSSHUDUPV
,WKDVDOVRSURYLGHGDVHOIUHFRUGLQJPHWKRGRIXSSHUDUPHOHYDWLRQDQGYHORFLW\IRU
FRQWLQXRXV UHFRUGLQJ GXULQJ VHYHUDO GD\V ,Q DGGLWLRQ XVHUIULHQGO\ VRIWZDUH WR
DQDO\VHWKHUHFRUGHGGDWDREWDLQHGZLWKWKH*&LQFOLQRPHWHUVKDYHEHHQGHYHORSHG
7KLVPHDQVWKDWWZRORZFRVWDQGHDV\WRXVHFRPSOHWHPHWKRGVIRUDVFHUWDLQPHQW
RISK\VLFDOH[SRVXUHDWZRUNDUHDYDLODEOHIRUWKHSXEOLF7KHPHWKRGVHVSHFLDOO\
WKHVHOIUHFRUGLQJPHWKRGPDNHVLWSRVVLEOHWRLQFUHDVHWKHXVHRIWHFKQLFDOPHWKRGV
ERWK DPRQJ SUDFWLWLRQHUV DQG UHVHDUFKHUV EXW DOVR DPRQJ HPSOR\HUV DQG
HPSOR\HHV,QSUDFWLFHWKHPHWKRGFDQEHXVHGHJDVDSDUWRIULVNDVVHVVPHQWV
DQGRUZKHQLQWHUYHQWLRQVDUHSHUIRUPHG7KHPHWKRGVLQFRPELQDWLRQZLWKDFWLRQ
OHYHOVIRUSUHYHQWLRQRI:06'VSURYLGHSUDFWLWLRQHUVDQGHPSOR\HUVZLWKDPHWKRG
RI DVVHVVLQJ WKH ULVN RI GHYHORSLQJ :06'V DPRQJ HPSOR\HHV ZKLFK LV DQ
LPSRUWDQW LPSURYHPHQW RI SUHYHQWLRQ ,Q UHVHDUFK WKH H[SRVXUHUHVSRQVH
UHODWLRQVKLSV EHWZHHQ ZRUNORDG DQG :06'V PD\ EH HDVLHU WR GHWHUPLQH LI DQ
LQFUHDVLQJDPRXQWRIUHVHDUFKHUVZLOOXVHWKHPHWKRGV
7KHILQGLQJVLQWKLVWKHVLVVXJJHVWWKDWUHVLVWHGZULVWH[WHQVLRQVKRXOGEHXVHGDV
UHIHUHQFH FRQWUDFWLRQ LQVWHDG RI KDQG JULS IRU EHWWHU HVWLPDWHV RI WKH UHFRUGHG
ZRUNORDGRIWKHIRUHDUPH[WHQVRUPXVFOHV+RZHYHUDVKDQGJULSKDVEHHQXVHGLQ
PDQ\SUHYLRXVVWXGLHVFRPSDULVRQVWRWKHVHZRXOGEHORVW7RRYHUFRPHWKLVERWK
FRQWUDFWLRQVFRXOGEHSHUIRUPHGDQGUHSRUWHG$QRWKHUDSSURDFKFRXOGEHWRUHSRUW
GDWDZKLFKKDYHEHHQQRUPDOLVHGWRKDQGJULSDQGH[FOXGHVXEMHFWVZLWKD09(
UDWLRDERYHDFHUWDLQOHYHO LQSDSHU,9 $VRPHZKDWORZHU09(FRXOGWKHQEH
H[SHFWHGRQJURXSOHYHO  FRPSDUHGWRSUHYLRXVVWXGLHVDVWKH\OLNHO\LQFOXGH
VXEMHFWVZLWKDQRYHUHVWLPDWHGZRUNORDG











&RQFOXVLRQV

7KH ORZFRVW HDV\WRXVH *& LQFOLQRPHWHUV UHSRUWHG GDWD RI ZRUN SRVWXUHV DQG
YHORFLWLHVWKDWZHUHIXOO\FRPSDUDEOHWRGDWDIURPRXUWUDGLWLRQDOLQFOLQRPHWHUV
7KHVLPSOLILHGUHIHUHQFHSRVWXUHGHYLDWHGVRPHZKDWIURPRXUVWDQGDUGUHIHUHQFH
+RZHYHU WKH HIIHFW RI WKLV GHYLDWLRQ RQ JURXS UHFRUGLQJV RI ZRUNORDG ZDV
QHJOLJLEOH 7KXV VHOIUHFRUGLQJV RQ D JURXS OHYHO KDG WKH VDPH TXDOLW\ DV
UHFRUGLQJVSHUIRUPHGE\UHVHDUFKHUV
+RWHOURRPFOHDQHUVPDQDJHGWRVWDUWDQGDWWDFKWKHVHQVRUWRWKHLUXSSHUDUPDQG
WRDGRSWWKHUHIHUHQFHSRVWXUHE\IROORZLQJLQVWUXFWLRQVLQDSURWRFROZLWKSKRWRV
)RU QRUPDOLVDWLRQ RI V(0* RI WKH IRUHDUP H[WHQVRUV UHVLVWHG ZULVW H[WHQVLRQ
VKRZHGKLJKHU09(DQGORZHU&9WKDQKDQGJULS
6RPH FOHDQHUV GLG QRW IXOO\ DFWLYDWH WKHLU IRUHDUP H[WHQVRU PXVFOHV GXULQJ KDQG
JULS UHVXOWLQJ LQ DQ RYHUHVWLPDWLRQ RI ZRUNORDG ZKHQ XVLQJ KDQG JULS DV WKH
UHIHUHQFH
3UREOHPVDVVRFLDWHGZLWKSRRUO\DFWLYDWHGIRUHDUPH[WHQVRUVFDQEHRYHUFRPHE\
XVLQJUHVLVWHGZULVWH[WHQVLRQDVWKHUHIHUHQFHLQVWHDGRIKDQGJULS
7KHUDWLREHWZHHQWKH09(DQG&9ZDVKLJKHVWDWWKHHOHFWURGHSDLUFORVHVWWRWKH
HOERZ EXW QR FRQVLVWHQW HIIHFW RI HOHFWURGH SRVLWLRQLQJ RQ ILHOG UHFRUGLQJV RI
ZRUNORDGZDVIRXQG

5HFRPPHQGDWLRQV
6HOIUHFRUGLQJVVKRXOGEHHYDOXDWHGRQJURXSOHYHOZLWKWKHDVVXPSWLRQWKDWLWLV
WKHVDPHZRUNWDVNVDQGDKLJKVLPLODULW\LQZRUNSHUIRUPDQFHIRUDOOLQGLYLGXDOV
)RUVLQJOHUHFRUGLQJVRIXSSHUDUPHOHYDWLRQVWKHVWDQGDUGUHIHUHQFHSRVWXUHVKRXOG
EHXVHGDVUHIHUHQFHSRVWXUHDVWKLVLVPRUHUHOLDEOH
,QFRPELQDWLRQZLWKDFWLRQOHYHOVIRUSUHYHQWLRQRI:06'VGLIIHUHQWDFWRUVLQWKH
ZRUNHQYLURQPHQWILHOGPD\XVHVHOIUHFRUGLQJVIRUHJULVNDVVHVVPHQWRISK\VLFDO
ZRUNORDG DQGRU ZKHQ LQWHUYHQWLRQV HJ DQ LPSURYHG ZRUNLQJ WHFKQLTXH LV
LPSOHPHQWHG








)XWXUHUHVHDUFK

$QRWKHU LPSRUWDQW H[SRVXUH ZLWK D KLJK ULVN RI :06'V LV ZULVW YHORFLW\ 7KLV
H[SRVXUHLVRIWHQDVVRFLDWHGZLWKDKLJKSK\VLFDOZRUNORDGLQWKHZKROHXSSHUSDUW
RIWKHERG\ VHH,QWURGXFWLRQVHFWLRQ³5LVNIDFWRUVIRUGHYHORSLQJ:06'V´ 7KXV
ZULVWJRQLRPHWU\LVDOVRDQLPSRUWDQWPHWKRGIRUUHFRUGLQJRISK\VLFDOORDGDWZRUN
+RZHYHUWKHFXUUHQWHTXLSPHQWLVYHU\H[SHQVLYHDQGQRWGXUDEOH7KHUHIRUHLWLV
QRW DQ RSWLRQ IRU WKH SXEOLF 7KHUH LV D QHHG WR GHYHORS DQG HYDOXDWH D ORZFRVW
DOWHUQDWLYH7KHHYDOXDWLRQFRXOGWDNHSODFHLQWKHODERUDWRU\DQGLQFOXGHWKHFXUUHQW
JRQLRPHWHUVWKHQHZHTXLSPHQWDQGRQHDQRWKHUUHOLDEOHUHFRUGLQJPHWKRGVXFKDV
DQRSWRHOHFWURQLFPHDVXULQJV\VWHP
,QIODPPDWLRQLVLPSRUWDQWLQWKHGHYHORSPHQWRI:06'V7KHUHIRUHLWZRXOGEH
YHU\LQWHUHVWLQJWRIXUWKHUVWXG\WKHFRQWHQWRILQIODPPDWRU\ELRPDUNHUVLQVHUXPLQ
VXEMHFWVZLWK:06'V>@ZLWKWKHSXUSRVHWRGHYHORSDPHWKRG LQFOXGLQJEORRG
VDPSOLQJ DQG DQDO\VLV  WR ILQG LQGLYLGXDOV DOUHDG\ LQ WKHLU RQVHW RI GHYHORSLQJ
:06'V6XFKPHWKRGPD\SUHYHQWIXUWKHULQMXU\DQGPLJKWDOVRFRQWULEXWHWRD
JUHDWHUDFFHSWDQFHRI:06'VDVDZRUNLQMXU\ZKHQDVVHVVLQJWKHZRUNDELOLW\IRU
GLVDELOLW\SHQVLRQIRUWKRVHLQGLYLGXDOVWKDWDOUHDG\KDYHGHYHORSHG:06'V7KLV
PHWKRGLQFRPELQDWLRQZLWKWKHVHOIUHFRUGLQJPHWKRGZKHUHWKHZRUNORDGRQPDQ\
VXEMHFWV LV HDVLO\ UHFRUGHG VKRXOG LQFUHDVH WKH NQRZOHGJH DERXW WKH UHODWLRQVKLS
EHWZHHQSK\VLFDOH[SRVXUH:06'VDQGWKHSDWKRPHFKDQLVPVLQYROYHG
7KHUH DUH VHYHUDO LQGXVWULHV ZLWK D KLJK SK\VLFDO ZRUNORDG WKDW VKRXOG EH
LQYHVWLJDWHG :DUHKRXVLQJ LV RQH DQG ZLWK WKH LQFUHDVLQJ HEXVLQHVV WKLV LV DQ
LQGXVWU\ZLWKDQLQFUHDVLQJQXPEHURIHPSOR\HHV,WLVRIWHQVHDVRQDOHPSOR\PHQWV
HJ &KULVWPDV  ZLWK EDG ZRUNLQJ FRQGLWLRQV VXFK DV KHDY\ OLIWLQJ DQG KDQGOLQJ
ORDGVDWDKLJKZRUNSDFH:HEHOLHYHWKDWREMHFWLYHO\UHFRUGHGSK\VLFDOH[SRVXUH
WKDWFDQEHFRPSDUHGZLWKDFWLRQOHYHOVKDYHDJUHDWHULPSDFWRQHPSOR\HUVXQLRQV
DQGDXWKRULWLHVWKDQVXEMHFWLYHHUJRQRPLFDVVHVVPHQWV7KLVVKRXOGEHVWXGLHGZLWK
DTXDOLWDWLYHDSSURDFKHJLQZDUHKRXVLQJ
:H KDYH D GDWDEDVH RI SK\VLFDO H[SRVXUH IURP QHDUO\  GLIIHUHQW RFFXSDWLRQV
+LWKHUWR ZH KDYH VWXGLHG HDFK H[SRVXUH RI ZRUNORDG VHSDUDWHO\ &RPELQHG
H[SRVXUHVVXFKDVZULVWYHORFLW\DQGIRUHDUPH[WHQVRUPXVFOHH[HUWLRQVDPSOHE\
VDPSOHZRXOGSURYLGHXVZLWKYDOXDEOHLQIRUPDWLRQWRDGGWRWKHH[SRVXUHUHVSRQVH
UHODWLRQVKLSEHWZHHQZRUNORDGDQG:06'V



:HKDYHIRUWKHPRVWSDUWRIRXUVWXGLHVSHUIRUPHGFURVVVHFWLRQDOVWXGLHV7REH
DEOH WR VWXG\ WKH FDXVDOLW\ EHWZHHQ ZRUNORDG DQG :06'V SURVSHFWLYH VWXGLHV
VKRXOGEHSHUIRUPHG$SURVSHFWLYHVWXG\ZLWKLQZDUHKRXVLQJZRXOGEHDGHTXDWH
WRVWXG\WKHZRUNORDG VHHDERYH DQGIRULQFUHDVHGNQRZOHGJHDERXWFDXVDOLW\



5HIHUHQFHV



(XURSHDQ$JHQF\IRU6DIHW\DQG+HDOWKDW:RUN26+LQILJXUHV:RUNUHODWHG
PXVFXORVNHOHWDOGLVRUGHUVLQWKH(8²)DFWVDQGILJXUHV/X[HPERXUJS

 %HYDQ6(FRQRPLFLPSDFWRIPXVFXORVNHOHWDOGLVRUGHUV 06'V RQZRUNLQ(XURSH
%HVW3UDFWLFH 5HVHDUFK&OLQLFDO5KHXPDWRORJ\  
GRLKWWSVGRLRUJMEHUK
 5*0XVFXORVNHOHWDOGLVRUGHUV$QLOOXQGHUVWRRGSDQGHPLF%HOJLXP(XURSHDQ
7UDGH8QLRQ,QVWLWXWHIRU5HVHDUFK(GXFDWLRQ+HDOWKDQG6DIHW\
 $GDPV-(+DEEX57HQGLQRSDWKLHVRIWKH+DQGDQG:ULVW7KH-RXUQDORIWKH
$PHULFDQ$FDGHP\RI2UWKRSDHGLF6XUJHRQV'HF  GRL
MDDRVG3XE0HG30,'HQJ
 +DGUHYL-*KDIRXUL%/DUVVRQ%HWDO0XOWLYDULDWHPRGHOLQJRISURWHLQVUHODWHGWR
WUDSH]LXVP\DOJLDDFRPSDUDWLYHVWXG\RIIHPDOHFOHDQHUVZLWKRUZLWKRXWSDLQ
3/R62QH  HGRLMRXUQDOSRQH3XE0HG30,'
3XE0HG&HQWUDO30&,'30&30&HQJ
 1HDO6)LHOGV.%3HULSKHUDOQHUYHHQWUDSPHQWDQGLQMXU\LQWKHXSSHUH[WUHPLW\
$PHULFDQIDPLO\SK\VLFLDQ-DQ  3XE0HG30,'
HQJ
 %RQJHUV30.UHPHU$0WHU/DDN-$UHSV\FKRVRFLDOIDFWRUVULVNIDFWRUVIRU
V\PSWRPVDQGVLJQVRIWKHVKRXOGHUHOERZRUKDQGZULVW"$UHYLHZRIWKH
HSLGHPLRORJLFDOOLWHUDWXUH$P-,QG0HG0D\  GRL
DMLP3XE0HG30,'HQJ
 GH/DQJH$+7DULV7:.RPSLHU0$HWDO7KHYHU\EHVWRIWKHPLOOHQQLXP
ORQJLWXGLQDOUHVHDUFKDQGWKHGHPDQGFRQWURO VXSSRUW PRGHO-RXUQDORI
RFFXSDWLRQDOKHDOWKSV\FKRORJ\2FW  GRL
3XE0HG30,'HQJ
 .UDDW]6/DQJ-.UDXV7HWDO7KHLQFUHPHQWDOHIIHFWRISV\FKRVRFLDOZRUNSODFH
IDFWRUVRQWKHGHYHORSPHQWRIQHFNDQGVKRXOGHUGLVRUGHUVDV\VWHPDWLFUHYLHZRI
ORQJLWXGLQDOVWXGLHV,QW$UFK2FFXS(QYLURQ+HDOWK0D\  GRL
V\3XE0HG30,'HQJ
 'LDWFKHQNR/)LOOLQJLP5%6PLWK6%HWDO7KHSKHQRW\SLFDQGJHQHWLFVLJQDWXUHV
RIFRPPRQPXVFXORVNHOHWDOSDLQFRQGLWLRQV>5HYLHZ$UWLFOH@1DWXUH5HYLHZV
5KHXPDWRORJ\RQOLQHGRL
QUUKHXPKWWSVZZZQDWXUHFRPDUWLFOHVQUUKHXPVXSSOHP
HQWDU\LQIRUPDWLRQ



 &ROGH[SRVXUHDQGPXVFXORVNHOHWDOGLVRUGHUVDQGGLVHDVHV$UHYLHZ$8
3LHQLPlNL7XRPR,QWHUQDWLRQDO-RXUQDORI&LUFXPSRODU+HDOWK
  GRLLMFKYL
 6DXQL53DDNNRQHQ59LUWHPD3HWDO'RVHUHVSRQVHUHODWLRQVKLSEHWZHHQ
H[SRVXUHWRKDQGDUPYLEUDWLRQDQGKHDOWKHIIHFWVDPRQJPHWDOZRUNHUV7KH$QQDOV
RIRFFXSDWLRQDOK\JLHQH-DQ  GRLDQQK\JPHQ
3XE0HG30,'HQJ
 0DJQDYLWD1(ORYDLQLR0'H1DUGLV,HWDO(QYLURQPHQWDOGLVFRPIRUWDQG
PXVFXORVNHOHWDOGLVRUGHUV2FFXSDWLRQDOPHGLFLQH 2[IRUG(QJODQG 
0D\  GRLRFFPHGNTU3XE0HG30,'HQJ
 )LPODQG069LH*+ROWHUPDQQ$HWDO2FFXSDWLRQDODQGOHLVXUHWLPHSK\VLFDO
DFWLYLW\DQGULVNRIGLVDELOLW\SHQVLRQSURVSHFWLYHGDWDIURPWKH+8176WXG\
1RUZD\2FFXSDWLRQDO$QG(QYLURQPHQWDO0HGLFLQH  GRL
RHPHG3XE0HG30,'
 1RUGDQGHU&+DQVVRQ*c2KOVVRQ.HWDO([SRVXUH±UHVSRQVHUHODWLRQVKLSVIRU
ZRUNUHODWHGQHFNDQGVKRXOGHUPXVFXORVNHOHWDOGLVRUGHUV±$QDO\VHVRISRROHG
XQLIRUPGDWDVHWV$SSOLHG(UJRQRPLFVGRL
KWWSVGRLRUJMDSHUJR
 $ULHQV*$YDQ0HFKHOHQ:%RQJHUV30HWDO3K\VLFDOULVNIDFWRUVIRUQHFNSDLQ
6FDQG-:RUN(QYLURQ+HDOWK)HE  3XE0HG30,'HQJ
 'DOE¡JH$)URVW3$QGHUVHQ-+HWDO&XPXODWLYHRFFXSDWLRQDOVKRXOGHUH[SRVXUHV
DQGVXUJHU\IRUVXEDFURPLDOLPSLQJHPHQWV\QGURPHDQDWLRQZLGH'DQLVKFRKRUW
VWXG\2FFXSDWLRQDODQG(QYLURQPHQWDO0HGLFLQH

 YDQ5LMQ50+XLVVWHGH%0.RHV%:HWDO$VVRFLDWLRQVEHWZHHQZRUNUHODWHG
IDFWRUVDQGVSHFLILFGLVRUGHUVRIWKHVKRXOGHU²DV\VWHPDWLFUHYLHZRIWKHOLWHUDWXUH
>UHVHDUFKDUWLFOH@6FDQGLQDYLDQ-RXUQDORI:RUN(QYLURQPHQW +HDOWK
 3XE0HG30,'HGVMVU
 6YHQGVHQ6:%RQGH-30DWKLDVVHQ6(HWDO:RUNUHODWHGVKRXOGHUGLVRUGHUV
TXDQWLWDWLYHH[SRVXUHUHVSRQVHUHODWLRQVZLWKUHIHUHQFHWRDUPSRVWXUH2FFXS
(QYLURQ0HG2FW  GRL
KWWSG[GRLRUJRHP3XE0HG30,'3XE0HG
&HQWUDO30&,'30&30&HQJ
 0D\HU-.UDXV72FKVPDQQ(/RQJLWXGLQDOHYLGHQFHIRUWKHDVVRFLDWLRQEHWZHHQ
ZRUNUHODWHGSK\VLFDOH[SRVXUHVDQGQHFNDQGRUVKRXOGHUFRPSODLQWVDV\VWHPDWLF
UHYLHZ,QWHUQDWLRQDO$UFKLYHVRI2FFXSDWLRQDODQG(QYLURQPHQWDO+HDOWK
  GRLV
 1RUGDQGHU&2KOVVRQ.cNHVVRQ,HWDO([SRVXUH±UHVSRQVHUHODWLRQVKLSVLQZRUN
UHODWHGPXVFXORVNHOHWDOGLVRUGHUVLQHOERZVDQGKDQGV±$V\QWKHVLVRIJURXSOHYHO
GDWDRQH[SRVXUHDQGUHVSRQVHREWDLQHGXVLQJXQLIRUPPHWKRGVRIGDWDFROOHFWLRQ
$SSOLHG(UJRQRPLFV  GRL
KWWSG[GRLRUJMDSHUJR



 YDQ5LMQ50+XLVVWHGH%0.RHV%:HWDO$VVRFLDWLRQVEHWZHHQZRUNUHODWHG
IDFWRUVDQGWKHFDUSDOWXQQHOV\QGURPHDV\VWHPDWLFUHYLHZ6FDQG-:RUN(QYLURQ
+HDOWK-DQ  3XE0HG30,'HQJ
 YDQ5LMQ50+XLVVWHGH%0.RHV%:HWDO$VVRFLDWLRQVEHWZHHQZRUNUHODWHG
IDFWRUVDQGVSHFLILFGLVRUGHUVDWWKHHOERZDV\VWHPDWLFOLWHUDWXUHUHYLHZ
5KHXPDWRORJ\ 2[IRUG(QJODQG 0D\  GRL
UKHXPDWRORJ\NHS3XE0HG30,'HQJ
 $XGUH\3HWLW/H0K<YHV5&DWKHULQH+HWDO5LVNIDFWRUVIRUGH4XHUYDLQ V
GLVHDVHLQD)UHQFKZRUNLQJSRSXODWLRQ>UHVHDUFKDUWLFOH@6FDQGLQDYLDQ-RXUQDORI
:RUN(QYLURQPHQW +HDOWK  3XE0HG30,'HGVMVU
 3XOORSGLVVDNXO6(NSDQ\DVNXO&7DSWDJDSRUQ6HWDO8SSHUH[WUHPLWLHV
PXVFXORVNHOHWDOGLVRUGHUV3UHYDOHQFHDQGDVVRFLDWHGHUJRQRPLFIDFWRUVLQDQ
HOHFWURQLFDVVHPEO\IDFWRU\>$UWLFOH@,QWHUQDWLRQDO-RXUQDORI2FFXSDWLRQDO0HGLFLQH
(QYLURQPHQWDO+HDOWK  GRLV\
3XE0HG30,'
 ,OPDULQHQ-3K\VLFDOORDGRQWKHFDUGLRYDVFXODUV\VWHPLQGLIIHUHQWZRUNWDVNV
6FDQGLQDYLDQ-RXUQDORI:RUN(QYLURQPHQW +HDOWK'HF9/  
GRLVMZHK
 ,EUDKLP,.KDQ:6*RGGDUG1HWDO&DUSDOWXQQHOV\QGURPHDUHYLHZRIWKH
UHFHQWOLWHUDWXUH7KH2SHQ2UWKRSDHGLFV-RXUQDOGRL
3XE0HG30,'
 +DQYROG71: UVWHG00HQJVKRHO$0HWDO:RUNZLWKSURORQJHGDUPHOHYDWLRQ
DVDULVNIDFWRUIRUVKRXOGHUSDLQ$ORQJLWXGLQDOVWXG\DPRQJ\RXQJDGXOWV$SSOLHG
(UJRQRPLFVGRL
KWWSVGRLRUJMDSHUJR
 &{Wp3YDQGHU9HOGH*&DVVLG\-'HWDO7KH%XUGHQDQG'HWHUPLQDQWVRI1HFN
3DLQLQ:RUNHUV5HVXOWVRIWKH%RQHDQG-RLQW'HFDGH±7DVN)RUFHRQ
1HFN3DLQDQG,WV$VVRFLDWHG'LVRUGHUV-RXUQDORI0DQLSXODWLYHDQG3K\VLRORJLFDO
7KHUDSHXWLFV 6XSSOHPHQW 66GRL
KWWSVGRLRUJMMPSW
 $QGHUVHQ//$QGHUVHQ&+6NRWWH-+HWDO+LJKLQWHQVLW\VWUHQJWKWUDLQLQJ
LPSURYHVIXQFWLRQRIFKURQLFDOO\SDLQIXOPXVFOHVFDVHFRQWURODQG5&7VWXGLHV
%LR0HGUHVHDUFKLQWHUQDWLRQDOGRL
3XE0HG30,'3XE0HG&HQWUDO30&,'30&30&HQJ
 $QGHUVHQ//$QGHUVHQ&+=HELV0.HWDO(IIHFWRISK\VLFDOWUDLQLQJRQIXQFWLRQ
RIFKURQLFDOO\SDLQIXOPXVFOHVDUDQGRPL]HGFRQWUROOHGWULDO-RXUQDORIDSSOLHG
SK\VLRORJ\ %HWKHVGD0G 'HF  GRL
MDSSOSK\VLRO3XE0HG30,'HQJ
 +DQYROG71:DHUVWHG00HQJVKRHO$0HWDO7KHHIIHFWRIZRUNUHODWHG
VXVWDLQHGWUDSH]LXVPXVFOHDFWLYLW\RQWKHGHYHORSPHQWRIQHFNDQGVKRXOGHUSDLQ
DPRQJ\RXQJDGXOWV6FDQG-:RUN(QYLURQ+HDOWK-XO  GRL
VMZHK3XE0HG30,'HQJ



 +DQYROG71:DHUVWHG09HLHUVWHG.%/RQJSHULRGVZLWKXQLQWHUUXSWHGPXVFOH
DFWLYLW\UHODWHGWRQHFNDQGVKRXOGHUSDLQ:RUN 5HDGLQJ0DVV 6XSSO
GRLZRU3XE0HG30,'HQJ
 +DJJ*06WDWLFZRUNORDGVDQGRFFXSDWLRQDOP\DOJLDDQHZH[SODQDWLRQPRGHO
(OHFWURP\RJUDSKLFDONLQHVLRORJ\
 5DPHU0LNNHOVHQ8)UHGVWHG$*LVVHO+HWDO([FLWDWLRQLQGXFHG&DLQIOX[DQG
PXVFOHGDPDJHLQWKHUDWORVVRIPHPEUDQHLQWHJULW\DQGLPSDLUHGIRUFHUHFRYHU\
7KH-RXUQDORI3K\VLRORJ\  GRL
MSK\VLRO
 $OJRJHQLFVXEVWDQFHVDQGPHWDEROLFVWDWXVLQZRUNUHODWHG7UDSH]LXV0\DOJLDD
PXOWLYDULDWHH[SORUDWLYHVWXG\>$UWLNHO3HHU5HYLHZHG@%0&0XVFXORVNHOHWDO
'LVRUGHUV  GRL3XE0HG30,'
HGVVZHRDL'L9$RUJOLX
 -RQNHU'*XVWDIVVRQ(5RODQGHU%HWDO+HDOWKVXUYHLOODQFHXQGHUDGYHUVH
HUJRQRPLFVFRQGLWLRQV±YDOLGLW\RIDVFUHHQLQJPHWKRGDGDSWHGIRUWKHRFFXSDWLRQDO
KHDOWKVHUYLFH(UJRQRPLFV  GRL

 +DQVVRQ*$%DORJK,%\VWURP-8HWDO4XHVWLRQQDLUHYHUVXVGLUHFWWHFKQLFDO
PHDVXUHPHQWVLQDVVHVVLQJSRVWXUHVDQGPRYHPHQWVRIWKHKHDGXSSHUEDFNDUPV
DQGKDQGV6FDQG-:RUN(QYLURQ+HDOWK)HE  3XE0HG30,'
HQJ
 3HKNRQHQ,.HWROD55DQWD5HWDO$9LGHR%DVHG2EVHUYDWLRQ0HWKRGWR$VVHVV
0XVFXORVNHOHWDO/RDGLQ.LWFKHQ:RUN$83HKNRQHQ,UPHOL,QWHUQDWLRQDO-RXUQDO
RI2FFXSDWLRQDO6DIHW\DQG(UJRQRPLFV  GRL

 %DWWHYL10HQRQL25LFFL0*HWDO0$32LQGH[IRUULVNDVVHVVPHQWRISDWLHQW
PDQXDOKDQGOLQJLQKRVSLWDOZDUGVDYDOLGDWLRQVWXG\(UJRQRPLFV-XQ
  GRL3XE0HG30,'HQJ
 (OLDVVRQ.3DOP31\PDQ7HWDO,QWHUDQGLQWUDREVHUYHUUHOLDELOLW\RIULVN
DVVHVVPHQWRIUHSHWLWLYHZRUNZLWKRXWDQH[SOLFLWPHWKRG$SSOLHG(UJRQRPLFV
GRLKWWSVGRLRUJMDSHUJR
 7DNDOD(33HKNRQHQ,)RUVPDQ0HWDO6\VWHPDWLFHYDOXDWLRQRIREVHUYDWLRQDO
PHWKRGVDVVHVVLQJELRPHFKDQLFDOH[SRVXUHVDWZRUN6FDQG-:RUN(QYLURQ+HDOWK
-DQ  GRLKWWSG[GRLRUJVMZHK3XE0HG30,'
HQJ
 &KLDVVRQ0Ê,PEHDX'$XEU\.HWDO&RPSDULQJWKHUHVXOWVRIHLJKWPHWKRGV
XVHGWRHYDOXDWHULVNIDFWRUVDVVRFLDWHGZLWKPXVFXORVNHOHWDOGLVRUGHUV,QWHUQDWLRQDO
-RXUQDORI,QGXVWULDO(UJRQRPLFV  GRL
KWWSG[GRLRUJMHUJRQ
 3DOP3*XSWD1)RUVPDQ0HWDO([SRVXUHWR8SSHU$UP(OHYDWLRQ'XULQJ:RUN
&RPSDUHGWR/HLVXUH$PRQJ'LIIHUHQW2FFXSDWLRQV0HDVXUHGZLWK7ULD[LDO
$FFHOHURPHWHUV$QQDOVRI:RUN([SRVXUHV +HDOWK  GRL
DQQZHKZ[\



 6LPRQVHQ-*'DKOTYLVW&(QTXLVW+HWDO$VVHVVPHQWVRI3K\VLFDO:RUNORDGLQ
6RQRJUDSK\7DVNV8VLQJ,QFOLQRPHWU\*RQLRPHWU\DQG(OHFWURP\RJUDSK\6DIHW\
DQG+HDOWKDW:RUNGRL
KWWSVGRLRUJMVKDZ
 :DKOVWU|P-%HUJVWHQ(7UDVN&HWDO)XOO6KLIW7UXQNDQG8SSHU$UP3RVWXUHV
DQG0RYHPHQWV$PRQJ$LUFUDIW%DJJDJH+DQGOHUV$QQDOVRI2FFXSDWLRQDO
+\JLHQH  GRLDQQK\JPHZ3XE0HG30,'
/DQJXDJH(QJOLVK(QWU\'DWH5HYLVLRQ'DWH
3XEOLFDWLRQ7\SH$UWLFOH
 +DQVVRQ*c%DORJK,2KOVVRQ.HWDO3K\VLFDOZRUNORDGLQYDULRXVW\SHVRI
ZRUN3DUW,:ULVWDQGIRUHDUP,QWHUQDWLRQDO-RXUQDORI,QGXVWULDO(UJRQRPLFV
  GRLMHUJRQ
 +DQVVRQ*c%DORJK,2KOVVRQ.HWDO3K\VLFDOZRUNORDGLQYDULRXVW\SHVRI
ZRUN3DUW,,1HFNVKRXOGHUDQGXSSHUDUP,QWHUQDWLRQDO-RXUQDORI,QGXVWULDO
(UJRQRPLFV  GRLMHUJRQ
 :DKOVWU|P-0DWKLDVVHQ6(/LY3HWDO8SSHUDUPSRVWXUHVDQGPRYHPHQWVLQ
IHPDOHKDLUGUHVVHUVDFURVVIRXUIXOOZRUNLQJGD\V$QQDOVRI2FFXSDWLRQDO+\JLHQH
  GRLDQQK\JPHT3XE0HG30,'/DQJXDJH
(QJOLVK(QWU\'DWH5HYLVLRQ'DWH3XEOLFDWLRQ7\SH-RXUQDO
$UWLFOH
 $UYLGVVRQ,%DORJK,+DQVVRQ*cHWDO5DWLRQDOL]DWLRQLQPHDWFXWWLQJ±
&RQVHTXHQFHVRQSK\VLFDOZRUNORDG$SSOLHG(UJRQRPLFV  
GRLKWWSG[GRLRUJMDSHUJR
 /LQGHJnUG$*XVWDIVVRQ0+DQVVRQ*c(IIHFWVRISULVPDWLFJODVVHVLQFOXGLQJ
RSWRPHWULFFRUUHFWLRQRQKHDGDQGQHFNNLQHPDWLFVSHUFHLYHGH[HUWLRQDQGFRPIRUW
GXULQJGHQWDOZRUNLQWKHRUDOFDYLW\±$UDQGRPLVHGFRQWUROOHGLQWHUYHQWLRQ
$SSOLHG(UJRQRPLFV  GRL
KWWSG[GRLRUJMDSHUJR
 +DQVVRQ*$VWHUODQG3+ROPHU1*HWDO9DOLGLW\DQGUHOLDELOLW\RIWULD[LDO
DFFHOHURPHWHUVIRULQFOLQRPHWU\LQSRVWXUHDQDO\VLV0HG%LRO(QJ&RPSXW
  GRLKWWSG[GRLRUJ%)(QJOLVK
 3DOPHUXG*)RUVPDQ06SRUURQJ+HWDO,QWUDPXVFXODUSUHVVXUHRIWKHLQIUDDQG
VXSUDVSLQDWXVPXVFOHVLQUHODWLRQWRKDQGORDGDQGDUPSRVWXUH(XU-$SSO3K\VLRO
2FW  GRLV3XE0HG30,'
HQJ
 9HLHUVWHG.%:HVWJDDUG5+$QGHUVHQ33DWWHUQRIPXVFOHDFWLYLW\GXULQJ
VWHUHRW\SHGZRUNDQGLWVUHODWLRQWRPXVFOHSDLQ,QW$UFK2FFXS(QYLURQ+HDOWK
  3XE0HG30,'HQJ
 9HLHUVWHG.%:HVWJDDUG5+$QGHUVHQ3(OHFWURP\RJUDSKLFHYDOXDWLRQRI
PXVFXODUZRUNSDWWHUQDVDSUHGLFWRURIWUDSH]LXVP\DOJLD6FDQG-:RUN(QYLURQ
+HDOWK$XJ  3XE0HG30,'HQJ
 VWHQVYLN79HLHUVWHG.%1LOVHQ3$VVRFLDWLRQEHWZHHQQXPEHUVRIORQJSHULRGV
ZLWKVXVWDLQHGORZOHYHOWUDSH]LXVPXVFOHDFWLYLW\DQGQHFNSDLQ(UJRQRPLFV
  GRL



 +DQVVRQ*$1RUGDQGHU&$VWHUODQG3HWDO6HQVLWLYLW\RIWUDSH]LXV
HOHFWURP\RJUDSK\WRGLIIHUHQFHVEHWZHHQZRUNWDVNVLQIOXHQFHRIJDSGHILQLWLRQDQG
QRUPDOLVDWLRQPHWKRGV-(OHFWURP\RJU.LQHVLRO$SU  GRL
6  >SLL@3XE0HG30,'HQJ
 9HLHUVWHG.%)RUVPDQ0+DQVVRQ*$HWDO$VVHVVPHQWRIWLPHSDWWHUQVRI
DFWLYLW\DQGUHVWLQIXOOVKLIWUHFRUGLQJVRIWUDSH]LXVPXVFOHDFWLYLW\HIIHFWVRIWKH
GDWDSURFHVVLQJSURFHGXUH-(OHFWURP\RJU.LQHVLRO-XQ  GRL
MMHOHNLQ3XE0HG30,'HQJ
 0XNKRSDGK\D\32¶6XOOLYDQ/*DOOZH\7-(VWLPDWLQJXSSHUOLPEGLVFRPIRUWOHYHO
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Appendix

Instructions for self-recording of upper arm elevation and velocity
Please read these instructions carefully before you put the sensor on.

1. Start the sensor
Touch the USB connector with the magnet. A yellow and a red
lamp start to blink. Remove the magnet immediately. Make sure
the sensor is operating: the yellow lamp should be blinking all the
time, and the red lamp now and then.

2.
Remove the white paper strip from the back of the sensor.

3. Attach it
Attach the sensor to your arm as shown in the
picture.
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4.
Remove the white
backing from the
clear plastic film.

5.
1. Place the plastic film over
the sensor.
2. Press the plastic film firmly
along the sides and ends of the
sensor.

6.
Grab one of the white strips on
the film to remove one half of
the covering plastic film. Then
remove the other half, leaving
only a thin plastic film.

7.
The thin plastic film should cover the whole of the
sensor and part of the arm. Please, use more plastic
films if you have not managed to cover the area
shown in the picture.
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8. Toe jumps
You will now perform 5 toe jumps. Jump up and down 5 times.

9. Zero position
Immediately after the toe jumps, you
should stand in the zero position. Follow
these instructions carefully:
1. Lean to the right and hold your arm by
your side, as shown in the picture. Extend
the elbow.
Hold this position for 20 seconds.
2. IMPORTANT - Write down the exact time
(hh:mm:ss) in the protocol under day 1.

10. Toe jumps again
Perform 5 toe jumps once again. Jump
up and down 5 times.
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You are now ready to start work.
Please note the starting and stopping times of work, the lunch and the breaks in the supplied
form. The sensor should remain on your arm for the whole study period. Do not remove it
during showering or when you go to bed.

If the sensor falls off, please note the date and time here:
…………/………(day/month)
………:…………:……….(hh:mm:ss)
You should not replace it.

If you feel any pain, or if your skin starts to itch, or turns red around the sensor, remove it
immediately. Please note the date and time here:
…………/………(day/month)
………:…………:……….(hh:mm:ss)

Please feel free to give me a call or send me a text message if you have any questions.

Kindly,
Forename Surname, Institution, phone xxxxxxxx, mobile phone xxxxxxxx
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Repetitive work and work in constrained postures are risk factors for developing musculoskeletal disorders. Low-cost, user-friendly technical methods to quantify these risks are needed. The aims were to
validate inclination angles and velocities of one model of the new generation of accelerometers with
integrated data loggers against a previously validated one, and to compare meaurements when using a
plain reference posture with that of a standardized one. All mean (n ¼ 12 subjects) angular RMSdifferences in 4 work tasks and 4 body parts were <2.5 and all mean median angular velocity differences <5.0  /s. The mean correlation between the inclination signal-pairs was 0.996. This model of the
new generation of triaxial accelerometers proved to be comparable to the validated accelerometer using
a data logger. This makes it well-suited, for both researchers and practitioners, to measure postures and
movements during work. Further work is needed for validation of the plain reference posture for upper
arms.
© 2016 Elsevier Ltd and The Ergonomics Society. All rights reserved.
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1. Introduction
Physical workload such as excessive and/or prolonged muscular
load, repetitive work and work in awkward and constrained postures, are known risk factors for developing work-related musculoskeletal disorders (WMSDs) in the neck/shoulder region and in
arms and hands (da Costa and Vieira, 2010; European Agency for
Safety and Health at Work, 2010; National Institute for
Occupational Safety and Health (NIOSH), 1997; National Research
Council (NRC), 1999; Nordander et al., 2009; Staal et al., 2007). As
an example, the 3rd European survey on working conditions
(ESWC) from 2000, displayed that 37% of the workers in the European Union, who reported repetitive hand or arm movements at
least 25% of the work time, reported muscular pain in neck/
, 2001). Even though the risk factors
shoulders (Paoli and Merllie
have been known for a long time, there is limited knowledge about
the quantitative exposure-response relationships and therefore
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regulations are difﬁcult to implement. Still, some guidelines based
on observations and expert ratings for reduction of WMSDs have
been implemented. One example is the threshold limit value (TLV)
based on Hand Activity Level (HAL) and peak hand force, used for
control of workplace exposures in order to prevent disorders in
hand, wrist and forearm (American Conference of Governmental
Industrial Hygienists (ACGIH), 2001).
Some exposure-response relationships have been found in
studies where technical measurements were used. Nordander et al.
have shown a relationship between prevalence of reported complaints in elbow/hand the past seven days and technical measurements of wrist movements, where the slope of the regression
line (b) for wrist angular velocity vs. complaints during the past
seven days was 0.6%/( /s) (Nordander et al., 2013). Another example
is a study about work related shoulder disorders, where a duration
increment of 1% of the daily working hours with the upper arm
elevated more than 90 was associated with an OR of 1.23 for
supraspinatus tendinitis (Svendsen et al., 2004). Such quantitative
relationships are necessary for interpreting the measured exposure
as risks for WMSDs.
Since technical measurements give numerical values in generic
units, e.g. degrees ( ) and  /s, of postures and movements, they are
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well suited for measuring exposure before and after changes in
content and/or duration of work tasks and changes in the use of
work stations, as well as when interventions, e.g. improved working techniques or use of new technical appliances, are implemented
(Arvidsson et al., 2012; Forsman et al., 2012; Lindegård et al., 2012;
Rislund et al., 2013).
Observational methods have been considered to be cheaper and
easier to use than technical measurements (Winkel and
Mathiassen, 1994), and have often been used to identify the risk
factors for WMSDs. However, quantitative generic information is
difﬁcult to achieve with observational methods and no single
method appears to have a clear advantage over any other (Takala
et al., 2010). Further, different observational methods for categorizing the risks for musculoskeletal complaints often give various
results (Chiasson et al., 2012; Kjellberg et al., 2015). In a recent
study, comparing observations and inclinometer measurements,
Trask et al. concluded; “Since observations were biased, inclinometers consistently outperformed observation when both bias
and precision were included in statistical performance” (Trask et al.,
2014). Moreover, dynamic work is best quantiﬁed with technical
measurements (De Looze et al., 1994; Spielholz et al., 2001).
The general opinion about technical measurements is that they
are time consuming, require expensive equipment and also demand technical knowledge to perform, and are therefore not suitable for actors in the work environment ﬁeld, such as the
occupational health services (David, 2005; van der Beek and FringsDresen, 1998). These actors need systematic and objective methods
for their risk assessements that are user-friendly and cost effective
(Kwak et al., 2011; Swedish Work Environment Authority, 2012),
and until now, technical measurements have been considered to be
too time-consuming and expensive. However, there are a number
of low-cost (about $100e$300) technical devices available nowadays, used for monitoring human motions (Korshøj et al., 2014;
Skotte et al., 2014; Yang and Hsu, 2010). This new generation of
accelerometers with integrated data loggers would be an alternative to previous devices, since they do not have to be connected to a
separate data logger. Still, the software for handling the data from
some of these devices are rather time consuming and complicated,
which makes the spreading to practioners limited. In addition to
this study of validation, we have developed a protocol and userfriendly software, where the analysis process is fully automated
as opposed to hitherto used software, and which give the same
parameters of postures and movements as in scientiﬁc reports. The
software for analysing data recorded with these new accelerometers is free to receive after contact with the authors (Forsman et al.,
2015). With these improvements, actors in the work environment
ﬁeld will be able to use objective methods for ergonomic risk assessments. More feasible objective methods for measuring postures
and movements during work may also extend the use of them
among researchers, and thereby contribute to increase the knowledge about the relationship between exposure and WMSDs.
The main aim of the present study was to validate one model of
the new generation of the small, low-cost and user-friendly triaxial
accelerometers with integrated loggers by comparing the derived
inclination angles and angular velocities against a previously validated traditional triaxial accelerometer using a data logger
(Bernmark and Wiktorin, 2002; Hansson et al., 2001) in terms of
accuracy and precision for using it as an objective method for
measuring postures and movements during work. For further
simpliﬁcation of technical measurements, a second aim was to
examine the methodological signiﬁcance of a plain reference
posture compared to our current, by comparing derived inclination
angles and percentage of time above certain arm elevations when
using plain reference postures, i.e. reference postures that are easy
to perform, for which no extra material is needed, with
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corresponding data when using our current standardised reference
posture where a dumbbell and a chair is used (Hansson et al., 2006).
2. Material and methods
2.1. Subjects
Twelve right-handed participants, six women and six men,
participated in the study. For the women, the median age was 36
year (range 28e57), height 169 cm (156e172) and weight 61 kg
(59e72) and corresponding data for the men were 39 year (21e57),
height 180 cm (175e185) and weight 80 kg (70e110). The study has
been approved by the Regional Ethics Committee in Lund (Dnr
Etik:H15 2013/708), and all participants gave their written
informed consent.
2.2. Study design
Each participant performed four different ﬁve-minute tasks in a
random order with an approximate one-minute break between the
work tasks. The tasks were: simulated painting work, simulated
computer work, simulated furniture polishing work and rest with
elevated, supported arms (Fig. 1). The tasks were selected to
represent different combinations of high/low angles and high/low
velocities and were used for comparison of data between the new
accelerometers and the validated accelerometers. Each participant
was instructed how the different work tasks should be performed.
The participants also performed two plain reference postures for
the upper arms (see below).
2.3. Methods
Postures and movements for the head, the upper back and both
upper arms were collected using two different models of triaxial
accelerometers. Four small, low-cost devices (5.0  2.4  1.3 cm)
containing a triaxial accelerometer, 2 Gb memory for data logging, a
female micro USB-connector and a rechearable battery (USB
Accelerometer Model X8M-3 Mini, Gulf Coast Data Concepts, LLC,
Waveland, MS, USA, “GC-inclinometer”1) and 4 validated accelerometers (Logger Teknologi HB, Åkarp, Sweden, “LT-inclinometer”)
in combination with a data logger (Logger Teknologi HB, Åkarp,
Sweden) with a sampling frequency of 20 Hz (Hansson et al., 2001,
2003) were used. The sampling frequency for the GC-inclinometers
was set to 25 Hz in an initiating text ﬁle. Four GC-inclinometers
were tested for drift during 5.5 h and the maximum drift in any
axis for the GC-inclinometers was 0.005 g, and the noise level, in
the band 0e5 Hz, was 0.007 g. The mean absolute accuracy for the
LT-inclinometers is 1.3 and the reproducibility is 0.2 (Hansson
et al., 2001). The dynamic range is ±8 g for the GC-inclinometers
and ±2 g for the LT-inclinometers.
One LT-inclinometer was ﬁxed with double-sided adhesive tape,
to each of the four GC-inclinometers. The GC-inclinometers were
started one by one by holding a magnet near the USB-connector for
1 e 2 s. A LED veriﬁed that the logging had started. For synchronization of the 4 GC-inclinometers, the 4 pairs of inclinometers
were put on a table and were rapidly pushed back and forth with
one hand for 1 s. The time for the beginning of the pushing was
noted. The pairs were then mounted, with double-sided adhesive
tape, to the middle of the forehead just above the eyebrows, to the

1
Inclination is the angle relative to the line of gravity and the term inclinometer
is used when measuring postures of different body parts. This measurement may be
done by using triaxial accelerometers that registers force-signals of gravity and
acceleration.
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Fig. 1. The four different tasks. A ¼ simulated painting work, B ¼ simulated computer work, C ¼ simulated furniture polishing work and D ¼ rest with elevated, supported arms.

upper back to the right of the spine at the level of C7, and to both
upper arms just below the insertion of the deltoid muscle (Fig. 2).
These locations are commonly used, and the same as we use in our
ﬁeld measurements and it is likely that the inclinometers are not
exactly parallel to e.g. the upper arm bone. By recording of a
reference posture (deﬁning 0 of inclination) the inclination may be

calculated as the angle in relation to the reference posture
(Hansson et al., 2006). All pairs were ﬁxed with Tegaderm™ (3M
Health Care, St Paul, MN, USA). After mounting, the LT-inclinometer
logger was started and the time was noted.
The measurements started with recording of 5 toe jumps and
continued with the reference posture for the head and back (0
inclination), performed with the subject standing upright and
looking straight ahead into a mirror. The forward direction was
recorded with the subject sitting, leaning forward, looking at the
ﬂoor. The reference posture for each upper arm (0 elevation) was
performed with the subject seated, with the side of the body
leaning towards the back of a chair, and the arm hanging perpendicular over the back of the chair, with a 2-kg dumbbell in the hand
(Hansson et al., 2006). These reference postures and forward direction are the same as we use in our ﬁeld measurements (Hansson
et al., 2010). All postures during the recordings were calculated in
relation to these reference postures. The recording continued with
the performance of the 4 work tasks, followed by the performance
of 2 alternative, plain reference postures (posture 1 and posture 2)
for the upper arms, giving a total recording duration of approximately 40 min. Posture 1 was performed with the subject standing
upright, leaning to the right (or left) with the arm hanging
perpendicular towards the ﬂoor with extended elbow and ﬁngers,
and with the wrist in neutral position. Posture 2 was performed as
posture 1, but with relaxed ﬁngers and hand (Fig. 3). The instructor
showed the subjects how these postures should be performed. The
collected data from the two different inclinometer models were
then transferred to a computer, one ﬁle containing the data from
the LT-inclinometers and 4 ﬁles, transferred via the USB-connector,
containing the data from the GC-inclinometers.

2.4. Data processing

Fig. 2. The placement and size of three of the four pairs of inclinometers including one
inclinometer with an integrated data logger (GC-inclinometer) and one validated
inclinometer (LT-inclinometer). The black inclinometer is the GC-inclinometer and the
white inclinometer with a cable is the LT-inclinometer. The fourth pair is located on the
left upper arm.

The LT-inclinometer data were processed in EMINGO, a programme for analysing ﬁeld recordings of ElectroMyography,
INclinometry and GOniometry developed at Occupational and
Environmental Medicine, Lund, Sweden: the data ﬁles are low-pass
ﬁltered (5 Hz), and calibration values generated at a previous
recording (stored in a text ﬁle and used by the EMINGO programme
during the analysis process) for þ1 g and 1 g for all three axes for
each inclinometer is used for calibration. The co-ordinates from the
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Fig. 3. The three different reference postures. A ¼ standardised reference posture and 2 alternative, plain reference postures; B ¼ posture 1 and C ¼ posture 2.

inclinometers are transformed to the body segment and a second
transformation is also performed where the co-ordinates of the
body segment are transformed to spherical co-ordinates. These
spherical co-ordinates represents, e.g. for the head, the extent and
the direction of the inclination (Hansson et al., 2001, 2006). The
reference postures, used for deriving angles in relation to them, for
all body parts and forward directions for head and back were
marked in the ﬁles. The start and end time for each of the 4
different work tasks were written in text ﬁles. The recordings were
then analysed, deriving the 1st, 10th, 50th, 90th and 99th percentiles of the angular distributions of head and back forward/backward inclination and upper arm elevation, the percentage of time
with the arms elevated more than 30 , 60 and 90 , and the median
of the forward/backward angular velocity distributions of head and
back and the generalized angular velocity distributions for the
upper arms (summary measures). These measures were computed
for the 4 work tasks.
The signals from the GC-inclinometers were preprocessed in
MATLAB (version 8.2, MathWorks INC., Natick, MA, USA). The four
GC-inclinometers were synchronized to each other by using the
rapid pushing back and forth (or using the 5 toe jumps, for the 1
recording where the rapid pushing back and forth was forgotten) in
the beginning of each ﬁle (see above), and then digitally resampled
to 20 Hz. The data ﬁles were then fused into one ﬁle and the
remaining processing was made in EMINGO and, as for the LTinclinometers, previously generated calibration values were used.
The ﬁrst step was to inspect the recording visually, and if necessary,
adjust the starting time of the GC-inclinometer recording so that
the starting time for the pushing back and forth, or the toe jumps,
coincided with the noted time. The GC-inclinometer recording was
then processed and analysed in the same way as the LTinclinometer recording, deriving summary measures and the median angular velocity for the 4 work tasks and the 4 body parts. To

assess the overall differences and the systematic differences between the inclinometers, the mean root-mean-square differences
(RMSDs), and the mean differences (GC minus LT), for the 12 participants between the summary measures from the LT-inclinometer
recording and the summary measures from the GC-inclinometer
recording were calculated for the 4 work tasks and the 4 body parts.
For calculation of the sample by sample Pearson's correlations
and differences between the two inclinometer models, the lowpass ﬁltered (5 Hz) data ﬁles generated in EMINGO with a frequency of 20 Hz and containing data of all samples of the recording
of forward/backward inclination angles for head and back and
elevation angles for upper arms were used. The comparison of data
ﬁles originating from separate pairs of inclinometers was made in
MATLAB, and the cross-correlation function was used (Bendat and
Piersol, 2000; Jonsson et al., 2011). Hence, one of the signals was
stepwise delayed, and for each delay a correlation factor was
computed. The maximum correlation coefﬁcient was then used for
comparison of similarity. The correlation coefﬁcient and the mean
sample by sample RMSDs were calculated for the 12 participants
for the 4 work tasks and the 4 body parts.
For comparison between the standardised reference posture
and postures 1 and 2 for the upper arms, the recordings from the
GC-inclinometers were used. Inclination angles for postures 1 and 2
were derived for evaluation of the deviation of these postures from
the standardised reference posture. In the next step, the same
recording was used twice; one time with the standardised reference posture as the reference and one time with one of the new
postures as the reference. New summary measures with one of the
new postures as reference were derived, and the differences between these summary measures and those obtained with the
standardized reference posture were calculated.
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The mean and minimum cross correlation coefﬁcients and the
mean sample by sample RMSDs between the GC-inclinometers
and the LT-inclinometers for the 12 participants are shown for
the 4 work tasks and the 4 body parts in Table 2. The mean correlations for the 4 work tasks and the 4 body parts were >0.98,
except for rest with elevated, supported arms where the mean
correlation across body parts ranged between 0.91 and 0.98. This
work task was very static, the median angular velocities were <5
 /s (not in table), resulting in low minimum correlations for back
and both upper arms (range between 0.58 and 0.78, Table 2).
Further, the mean sample by sample RMSDs were <2.5 for all
work tasks and body parts. An illustration of a representative
correlation between a single pair of inclinometers derived from a

1st
1.5 (38)
10th
1.3 (31)
50th
1.0 (3)
90th
1.1 (30)
99th
1.2 (52)
Percentage of time
>30
>60
>90

3.4. Sample by sample correlations and differences

Back

The mean RMSDs of the median angular velocity distribution
between the GC-inclinometers and the LT-inclinometers for the 12
participants for the 4 work tasks and the 4 body parts were <5.0
 /s. There were statistically signiﬁcant differences (GC minus LT)
for most of the different body parts and work tasks, with the
highest difference for the left arm in rest with elevated, supported
arms, with a mean of 5.0  /s (CI95 4.8  /s e 5.2  /s). The median
velocities for the LT-inclinometers ranged from 1.2 /s for the head
in rest with elevated, supported arms to 108 /s for the right arm in
simulated furniture polishing.

Head

3.3. Angular velocity

Computer work

The mean RMSDs of the percentage of time between the GCinclinometers and the LT-inclinometers for the 12 participants
for the 4 work tasks and for upper arm elevation above 30 , 60
and 90 were <1.3%time (Table 1). There were small, but statistically signiﬁcant differences (GC minus LT) for 7 of the 24 differences, e.g. for the right and left arm elevation above 60 in
simulated painting work, where the mean differences were, for
the right arm elevation -0.2%time (CI95 -0.3%time e -0.1%time),
and for the left -1.0%time (CI95 -1.4%time e -0.7%time).

L arm

3.2. Percentage of time

R arm

The mean RMSDs between the GC-inclinometers and the LTinclinometers for the 12 participants are shown for the 4 work
tasks and the 4 body parts at 1st, 10th, 50th, 90th and 99th percentiles of the angular distributions in Table 1. The highest mean
RMSDs, 2.4 , were seen for the left arm in simulated painting work
at the 90th and 99th percentiles of the angular distribution. All
other tasks and body parts at all percentiles of the distribution,
gave a mean RMSD <1.7. There were statistically signiﬁcant differences (GC minus LT) for i.a. the left arm in simulated painting
work, where the differences for the 90th and 99th percentiles
were 2.4 (CI95 -3.1 e -1.6 ) and -2.4 (CI95 -3.1 e -1.7 ),
respectively.

Back

3.1. Angular distributions

Head

3. Results

Painting

The statistical analysis was conducted in IBM SPSS Statistics
Version 22 (SPSS, Chigago, IL, USA). A p-value of <0.05 (twotailed) was considered signiﬁcant. Comparisons between group
means were performed using t-test and a conﬁdence interval of
95% (CI95).

Percentile

2.5. Statistical analysis

L arm
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Table 1
Mean RMS differences ( ) for the 12 participants at the 1st, 10th, 50th, 90th and 99th percentiles ( ) of the angular distributions and the percentage of time (%time) above 30 , 60 and 90 for right and left arm, between the GCinclinometers and the LT-inclinometers, for the 4 work tasks and the 4 body parts. The angles and the percentage of time for the LT-inclinometers are given within brackets.
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Table 2
Mean and minimum (min) cross correlation coefﬁcients and the mean and maximum (max) sample by sample RMS differences (RMSDs;  ) for the 12 participants for the 4
work tasks and the 4 body parts.
Painting
Head
Correlation
mean
0.999
min
0.997
RMSD ( )
mean
1.8
max
3.1

Computer work

Furniture polishing

Rest with elevated, supported arms

Back

R arm

L arm

Head

Back

R arm

L arm

Head

Back

R arm

L arm

Head

Back

R arm

L arm

0.997
0.995

0.996
0.991

0.999
0.995

0.995
0.980

0.987
0.972

0.989
0.957

0.994
0.986

0.998
0.997

0.992
0.974

0.982
0.954

0.998
0.996

0.977
0.920

0.944
0.776

0.907
0.578

0.945
0.764

0.9
1.3

1.3
2.3

2.0
3.2

1.3
3.5

0.7
1.1

0.7
1.4

0.7
1.3

1.6
3.3

1.5
2.0

2.4
4.6

1.2
1.6

1.4
3.4

0.6
1.2

1.6
3.4

0.8
1.8

measurement of forward/backward inclination angles for head is
shown in Fig. 4. In this example, the correlation between the signals
was 0.997 and the sample by sample RMSD was 2.6 .
3.5. Reference postures for upper arms
For the right arm and the 12 participants, the mean RMSDs in
relation to the standardised reference posture were, 5.8 (SD 2.0 ,
range 2.4 e 9.9 ) for posture 1, and 5.3 (SD 2.5 , 1.0 e 8.0 ) for
posture 2. For the left arm, the corresponding differences were, 8.3
(SD 3.2 , 2.8 e 14.0 ) for posture 1, and 8.5 (SD 2.5 , 4.9 e 12.1 )
for posture 2.
The differences for posture 1 and 2 in relation to the standardised reference posture were very similar. Posture 2 was
considered to be the easier one to perform, since the hand was

relaxed and was therefore chosen as an alternative reference
posture. The mean RMSDs between the results when posture 2 was
used as reference posture and the results when the standardised
reference posture was used as reference posture for the 12 participants are shown for the 4 work tasks and for both upper arms at
1st, 10th, 50th, 90th and 99th percentiles of the angular distributions and for the percentage of time above 30 , 60 and 90 in
Table 3. The mean RMSDs of the angular distributions were more
than twice as high for the left arm than for the right arm in rest
with elevated, supported arms. Further, the overall mean RMSD
across work tasks was 3 for the right arm and 4 for the left.
Corresponding differences between the GC-inclinometer and the
LT-inclinometer (Table 1) was 0.7 for both right and left arm. There
were no statistically signiﬁcant differences for any of the percentiles for the 4 work tasks of right arm, e.g. the rest with supported,
elevated arms, with a difference of -1.0 (CI95 -2.9  1.0 ) for the
99th percentile. Contrary, for the left arm, the higher percentiles for
3 of the work tasks and all percentiles for rest with elevated, supported arms were statistical signiﬁcant. The highest mean difference for this task was seen for the 99th percentile; -6.0 (CI95
-8.1  -3.9 ). Moreover, the mean RMSDs for the percentage of
time above 30 in simulated computer work for both upper arms
for the recording when posture 2 was used as reference, were
approximately 25% of the time percentages measured with the
recording when the standardised reference was used. The corresponding differences between the GC-inclinometers and the LTinclinometers (Table 1) was approximately 1% of the time
percentages.
4. Discussion

Fig. 4. Signals from a single pair of inclinometers, including one LT-inclinometer and
one GC-inclinometer, mounted on the head on one of the twelve subjects. The signals
show the angles during work simulation and are selected from 48 measurements
obtained from 4 separate pairs of inclinometers/participant from 12 participants. The
blown up part is half a minute of the recording. The red signal ¼ LT-inclinometer and
the blue signal ¼ GC-inclinometer. A ¼ simulated painting work, B ¼ simulated
computer work, C ¼ simulated furniture polishing work and D ¼ rest with elevated,
supported arms. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

In this study of validating a small, low-cost and user-friendly
accelerometer with integrated datalogger against a validated
accelerometer during different work tasks, the mean RMSDs between the two devices were similar for percentiles of inclination
angles (<2.5 ) and for the percentage of time above certain arm
elevations (<1.5 %time). Further, the mean RMSD of the median
velocity was also similar (<5  /s). Compared to the standardized
reference posture, the plain reference posture showed rather high
overall mean RMSD across work tasks in percentile values, 3 for
the right arm and 4 for the left one, in relation to the overall
RMSDs across work tasks between the two devices (0.7 and 0.7,
respectively).
Inclinometers in general, determine their tilt angle relative the
vector that is the sum of gravity and the dynamic accelerations;
during more rapid motions this vector does not coincide with
gravity, and a principal error is introduced. It was concluded in a
study by Bernmark and Wiktorin, that the LT-inclinometer was not
inﬂuenced by dynamic accelerations at slow (0.1 Hz) rates of arm
swings; the curves from the LT-inclinometer and the optoelectric
measuring system “coincided”. For very fast (0.75 Hz) arm swings,
the curves differed more; the LT-inclinometer was “inﬂuenced by
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Table 3
Mean RMS differences (RMSDs;  ) at the 1st, 10th, 50th, 90th and 99th percentiles ( ) of the angular distributions, and the mean RMSDs of the percentage of time above 30 , 60
and 90 for the 12 participants and the 4 work tasks for right and left upper arms, between the recording with posture 2 as reference and the recording with the standardised
reference posture as reference. The values for the GC-inclinometer recordings with the standardised reference posture as reference are given within brackets.
Painting
Right arm
Percentile ( )
1st
3.7 (10.2)
10th
3.6 (16.6)
50th
3.5 (30.1)
90th
3.7 (56.7)
99th
3.1 (79.3)
Percentage of time
10.6 (50.8)
>30
1.0 (8.3)
>60
0.4 (2.0)
>90

Computer work
Left arm
1.6
2.9
4.6
4.8
4.8

(6.5)
(18.2)
(45.5)
(92.1)
(105.9)

5.1 (68.3)
4.4 (33.3)
3.0 (14.7)

Right arm
4.3
4.2
4.1
4.1
3.4

(21.8)
(24.9)
(27.8)
(34.0)
(49.3)

10.9 (43.8)
0.1 (0.5)
0.0 (0.1)

Furniture polishing
Left arm
3.3
3.6
4.2
4.9
4.7

(17.2)
(21.1)
(26.0)
(34.9)
(46.9)

11.5 (44.3)
0.2 (1.2)
0.1 (0.5)

dynamic accelerations [that] altered the direction of the total acceleration and caused a deviation from the vertical line” (Bernmark
and Wiktorin, 2002). Also, in a recent study, Korshøj et al.
concluded that the root-mean-square error (RMSE) values of
inclination, at slow (0.125 Hz) and intermediate (0.25 Hz) frequencies, and for most of the simulated work tasks, between a
triaxial accelerometer and a magnetic tracking device were “in
close agreement”. However, the inclination estimated by the
triaxial accelerometer at high (0.5 Hz) frequency deviated from the
reference measurements, where RMSE values up to ~10 were
noted (Korshøj et al., 2014). In the current study, the frequency of
large movements was highest for the simulated painting work and
was estimated to 0.25e0.5 Hz.
It has been suggested that the mounting of the inclinometers
may introduce a methodological error, such as underestimating
upper arm elevation. This may be due to that the relative position of
the inclinometer to the underlying bone, will change throughout
the range of motion, to different extents at different arm elevations,
i.e. soft tissue artifact. In a recent study, Jackson et al. showed an
underestimation of about 10 at instructed arm elevations of 90
(Jackson et al., 2015). However, our experience shows a difference
of <1 at instructed arm elevations of 90 (Hansson, 2015). In the
current study, we followed the same instructions for arm elevations
of 90 as in those 80 measurements that Hansson referred to in his
Letter to the editor (Hansson, 2015). These instructions differ from
those performed in Jackson et al. The arm elevations of 90 in
Jackson and coworkers study was performed with the arms
abducted, while the arm elevations in the current study (and in all
our studies), were performed with the arms abducted, but somewhat ﬂexed (20 e30 ). There were also differences in the performance of the reference posture. Jackson and coworkers asked their
subjects to sit, leaning to the right with the arm hanging vertically,
while the subjects in the current study were asked to sit, with the
side of the body leaning towards the back of a chair, and the arm
hanging perpendicular over the back of the chair. Other methodological errors may also be introduced when using different sampling frequencies and ﬁlters when processing accelerometer data
and calculating the summary measures.
As the signals from the GC-inclinometers and the LTinclinometers of compared inclinometers were sampled and
stored separately, with only manual synchronization, there were
differences in the times arriving from the noted start times, which
was used to deﬁne the time interval for the computation of the
summary measures. Further, the reference postures for the GC- and
LT-inclinometer recordings were marked separately in the two
different inclinometer recordings, and were therefore not exactly
the same. When comparing the start times for the toe jumps, the

Right arm
1.0
1.4
1.8
2.2
2.1

(2.5)
(7.5)
(21.6)
(42.9)
(60.3)

3.8 (29.0)
0.3 (2.8)
0.0 (0.0)

Rest with elevated, supported
arms
Left arm
4.0
4.7
5.2
4.3
4.6

(23.7)
(34.9)
(55.8)
(84.4)
(101.0)

3.3 (89.9)
11.5 (42.7)
1.9 (7.4)

Right arm

Left arm

2.7
2.7
2.6
2.6
2.6

6.4
6.4
6.4
6.5
6.5

(131.2)
(132.6)
(134.7)
(137.8)
(139.4)

0.0 (100.0)
0.0 (100.0)
0.0 (100.0)

(135.1)
(136.7)
(138.8)
(141.8)
(143.7)

0.0 (100.0)
0.0 (100.0)
0.0 (100.0)

time differences between the two recordings for the 12 subjects
were <1.2 s. This maximal time difference is negligible for the
summary measures, since the work task durations were about
300 s. This maximal time difference is also well below the 5 e 7 s
that the reference postures were held. Thus, the time differences
have, if any, only a marginal impact on the summary measures and
the reference postures.
The different work tasks were selected to accomplish a wide
range of postures and movements. With these tasks, the GCinclinometers were tested in different combinations of high/low
angles and high/low velocities in order to ﬁnd out if they inﬂuenced
the overall differences. The mean RMSDs for the 12 subjects for the
4 work tasks and the 4 body parts were <1.7 for the angular distributions, except for the left arm in the simulated painting work,
where the left arm showed mean RMSDs of 2.4 for the high percentiles (90th and 99th; Table 1). When scrutinizing the data, this
task and this body part showed a combination of high angles and
high velocity (71  /s). Other combinations, e.g. high angles and low
velocity, i.e. the left arm in rest with elevated, supported arms,
showed a lower mean RMSD, on average 0.7 for the high percentiles. An additional combination, e.g. low angles and high velocity (108  /s) was seen for the right arm in the simulated furniture
polishing, where the mean RMSD was 0.5 for the high percentiles.
High angular velocities in combination with high angles at the
same time resulted in deviating values for the high angles when
measuring with the GC-inclinometer compared to the LTinclinometer.
The GC-inclinometers showed signiﬁcant differences of the
inclination and the median angular velocity compared to the LTinclinometers for some occasions, where the most conspicuous
were seen for the high percentiles of the inclination for the left arm
in simulated painting work and for the median angular velocity for
the left arm in rest with elevated, supported arms. Still, the differences for the percentiles across tasks and body parts between
the GC-inclinometers and the LT-inclinometers, are smaller
compared to methodological errors, e.g. soft tissue artifacts (10 ).
The differences are also below relevant differences that can be seen
between occupational groups; it was shown in an earlier study by
Hansson et al., that the head ﬂexion and the arm elevation varied
between 9 and 63 and 49  124 , respectively, in 43 types of
work (Hansson et al., 2010). Further, the present differences of the
arm elevation are also less than the between-days and betweensubjects variability (3.4 and 4.0 , respectively) that has been
seen during strictly standardized work tasks (Hansson et al., 2006).
The correlations between paired readouts in the present study
were >0.98, except for one work task. The lower correlations for
rest with elevated, supported arms across body parts are most
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likely due to the very low activity. The noise in the separate devices
was “visible” in the output signals and since the noise behaves
irregularly in comparison to each other, the co-variation became
low. Still, the absolute error was low also for this case, <2.5 (c.f.
Table 2). The RMSD and the cross-correlation values complement
each other. The RMSD is a measure of how far away the output
signals are from each other while the cross-correlations is a measure of how well they follow each other. In 3 of the 4 tasks, there is a
high cross-correlation value (>0.98) and a low RMSD (<2.5 ) for all
body parts. The reason for a lower cross-correlation in the 4th task,
the rest with elevated, supported arms, is discussed above.
The overall mean RMSDs between the percentile values derived
using the plain reference posture and the percentile values derived
using the standardized reference, across work tasks, was 3 for the
right arm and 4 for the left one (derived from Table 3). These
differences are four times higher for the right arm and almost six
times higher for the left, than the corresponding differences between the GC-inclinometer and the LT-inclinometer, across work
tasks (derived from Table 1). Further, the percentage of time above
30 elevation, differed considerably between the plain reference
posture and the standardized reference posture for both arms
during the computer work (Table 3; 11 %time and 12 %time,
respectively). These differences are most likely due to that this
work was carried out in a small range of elevations of approximately 20 e 50 , which includes the 30 elevation cut off. The
differences between the plain reference posture and the standardized reference posture in the current study was 5 for the right
arm and 8 for the left one. The methodological signiﬁcance of a
plain reference posture had implications on the percentage of time
above certain elevations for this type of work task. Furthermore,
the left arm showed considerable, and statistically signiﬁcant, differences between the two reference postures for all higher percentiles of all 4 work tasks, which indicate a non-negligible
difference between the two reference postures.
In addition to this study, we developed a protocol and a userfriendly software for analysing the recorded data obtained with
the new accelerometers that has been tested by practitioners
(Forsman et al., 2015). The software has the same calculation algorithms as EMINGO and the protocol is basically: “Attach 1 to 4
inclinometers, start each of them when the subject is in the reference posture position (of that body part). Ask the subject to do 5
jumps and note the time at the ﬁrst jump. Also note other times, as
those of different tasks, and breaks. Ask the subject to hold the arms
in a 90 -abduction, and to bow forward once”. After the recording,
the accelerometers are connected to a computer. In the userfriendly software, the user is asked to write the start time for
jump and start and stop time for work. The accelerometers are
synchronized, and the reference postures for the different body
parts are automatically taken as the ﬁrst couple of seconds of each
recording. The software ﬁnds the start of the jumps, analyses the
recording, and immediately presents postures and movements of
the recorded workload in ﬁgures and in tables (in an Excel ﬁle). The
procedure for measuring and analysing data with this protocol and
software is less time consuming and more user-friendly than for
the validated accelerometers. The estimated time for mounting,
and starting recordings including reference posture measurements,
is about 3 e 5 min, where the corresponding time for the validated
accelerometers, with cables and an external logger, is about 12
e 15 min. The system (accelerometers, protocol and software) give
actors in the work environment ﬁeld, because of the low costs and
usability, opportunities to objectively measure the workload in
different occupations. This may increase the quality of their risk
assessments. The system may also give clearer support for prioritizing actions and clearer evaluations of implemented changes than
observation methods do. The new accelerometers are also better
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suited than the validated ones in certain types of work, e.g. work
that is carried out in conﬁned spaces e.g. plumbing; there are no
cables that may get stuck and there is no external data logger that
may be in the way.
5. Conclusions
This model of the new generation of accelerometers with integrated data loggers proved to be fully comparable to a previously
validated traditional triaxial accelerometer using an external data
logger. With this new generation of accelerometers, in combination
with the software and protocol, actors in the work environment
ﬁeld now have a cost effective, user-friendly and scientiﬁcally based
objective method available for their risk assessments. The new
accelerometers are also well-suited for researchers to measure
postures and movements during work. However, different types of
new accelerometers may have different properties regarding drift
and noise level, which can contribute to methodological errors.
Therefore we recommend testing other accelerometers concerning
noise level and drift before use. Further investigation is needed in a
larger material for validation of the plain reference posture for the
upper arms.
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Abstract.
BACKGROUND: Wrist disorders are common in force demanding industrial repetitive work. Visual assessment of force
demands have a low reliability, instead surface electromyography (EMG) may be used as part of a risk assessment for workrelated wrist disorders. For normalization of EMG recordings, a power grip (hand grip) is often used as maximal voluntary
contraction (MVC) of the forearm extensor muscles. However, the test-retest reproducibility is poor and EMG amplitudes
exceeding 100% have occasionally been recorded during work. An alternative MVC is resisted wrist extension, which may
be more reliable.
OBJECTIVE: To compare hand grip and resisted wrist extension MVCs, in terms of amplitude and reproducibility, and to
examine the effect of electrode positioning.
METHODS: Twelve subjects participated. EMG from right forearm extensors, from four electrode pairs, was recorded
during MVCs, on three separate occasions.
RESULTS: The group mean EMG amplitudes for resisted wrist extension were 1.2–1.7 times greater than those for hand
grip. Resisted wrist extension showed better reproducibility than hand grip.
CONCLUSIONS: The results indicate that the use of resisted wrist extension is a more accurate measurement of maximal
effort of wrist extensor contractions than using hand grip and should increase the precision in EMG recordings from forearm
extensor muscles, which in turn will increase the quality of risk assessments that are based on these.
Keywords: Technical risk assessment, electromyography, normalization, resisted wrist extension, hand grip
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1. Introduction
Many occupations require excessive and/or prolonged muscular load, which in combination with
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repetitive work, may result in a high frequency of
work-related wrist disorders [1–3]. The frequency
is especially high for females in the assembly
industry, and therefore, interventions in the physical work stations and in work organisations are
needed, to decrease the risk for development of musculoskeletal disorders. The interventions are based
on risk assessments, and it is important that the
assessments are valid and reliable. Many observational risk assessment methods have been developed
[4, 5]. However, visual assessments, as well as selfassessments of force and/or exertion intensity often
show a low reliability [4]. It has been recommended
that technical measurements should replace visual
assessments when feasible [6], and surface electromyography (EMG) is a technical method that
could be used to obtain quantitative measures of
the forces exerted by the hand. One example of
an observation method where the force assessment
component can be replaced, is the ACGIH threshold limit value (TLV) for hand activity level [7]. The
ACGIH hand activity level includes levels of force
and repetitiveness (used to assess the risk of developing disorders in the hand, wrist or forearm), and EMG
has been suggested for reliability reasons to determine the peak force when assessing the hand activity
level, to be compared with the TLV in hand intense
work. Furthermore, a direct association between the
amplitude of muscular activity from EMG measures
and pain has been demonstrated in several studies
[3, 8–10]. Moreover, a low frequency of so called
EMG gaps (short time periods with muscular rest)
and/or a small time proportion with muscular rest,
are associated with work-related musculoskeletal
complaints [8, 11, 12].
The amplitude of EMG recordings differs between
and within subjects carrying out the same working
task [13, 14]. The difference between subjects may
depend on technique, strength and skinfold thickness
[15]. Therefore, large differences are seen between
male and female workers performing the same working tasks [16, 17]. The difference in measurements
made on one subject from one day to the next may also
be inﬂuenced by the reproducibility of the electrode
positioning, especially if the electrodes are positioned
close to the innervation zone. Furthermore, to enable
comparison of the muscular activity between subjects, EMG recordings are generally normalized to
a reference contraction [18, 19]. Reference contractions can be obtained in a variety of postures and
at different loads, e.g. maximal voluntary isometric
contraction (MVC). The highest electrical activity

obtained during the MVC is generally referred to
as the maximal voluntary electrical activity (MVE)
and the muscular load during work is then expressed
as a percentage of the MVE. Work is often carried
out in a variety of arm postures at different loads,
and it is desirable that the reference contraction and
the electrode position are appropriate during all these
conditions.
Variation may be observed in the reference contraction of an individual when measured on different
days. In fact, when evaluating the reproducibility of
EMG measurements in a laboratory setting, we found
that the muscular activity during work, expressed as
%MVE in the right forearm extensors (Mm. extensor carpi radialis (longus et brevis); ECR), showed
a high intra-individual coefﬁcient of variation of
about 33%. The corresponding variation in nonnormalized data was 16%. For MVE during the
contractions themselves, the coefﬁcient of variation
was 29% [14]. Thus, normalization itself introduces
a variation.
Although the resisted wrist extension may be the
most obvious manner to activate the extensor muscles, many research groups, including ours, elicit
the MVC of the forearm muscles with a power grip
(here referred to as the hand grip) in a mid-pronated
(i.e. neutral) forearm posture [20–22]. This grip can
be used for simultaneous MVCs for both the ﬂexor
and the extensor muscles. However, we occasionally see higher EMG amplitudes during industrial
work than those obtained during the MVC performed
with the maximum hand grip. We also see higher
EMG amplitudes for some subjects when they perform a maximal active range of motion of the wrist
in ﬂexion-extension (maximal wrist extension) compared to when performing the MVC with the hand
grip. These observations indicate that the muscles are
not always fully activated during the reference contraction. Also the resisted wrist extension has been
used as reference contraction for normalizing the
forearm extensor muscle activity [17, 23–25]. However, we have considered this contraction to be more
inconvenient to perform in work place recordings
than the hand grip. Thus, there is clearly a need to
re-evaluate the reference contractions.
Additionally, in some professions, such as dental
hygienists [26, 27], a high force pinch grip is frequent.
The impact of pinch grip on EMG from the forearm
extensors has been discussed [28]. It would therefore
be interesting to register both maximal wrist extension and pinch grip, when using the resisted wrist
extension and the hand grip for normalization.
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The effect of electrode positioning on EMG amplitude is also signiﬁcant. If a pair of electrodes is
placed symmetrically above the innervation zone, the
recorded amplitude will be reduced, and will also be
sensitive to small movements of the skin [29, 30]. To
improve our knowledge on the location of the innervation zone, it would be interesting to ﬁnd the motor
point, i.e. the point where the nerve enters into the
muscle, as this presumably is proximal to the innervation zone.
The aim of this study was to compare the amplitude and reproducibility of two different methods of
measuring MVCs of the forearm extensors, and to
examine the effect of electrode positioning on recordings of forearm extensor muscle activity.

2. Methods
2.1. Study design and subjects
Twelve right-handed employees at our department, six women and six men, without ongoing
upper extremity complaints, participated in the study
(Table 1). The electrical activity of the right forearm
extensors was recorded on three separate occasions,
at least seven days apart. On each occasion, three
MVCs of two different types of contraction (the hand
grip and the resisted wrist extension), and three maximal activations of two different types (pinch grip
and maximal wrist extension), were performed, each
followed by a short rest of about half a minute. The
instructor actively encouraged the subject to perform
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at their best and they were asked to sustain the
maximum contraction/activation for about 5 seconds.
The subject was seated and body movements were
controlled during each test.
All participants were colleagues at our research
division, and were informed about the study according to the Declaration of Helsinki. They were
informed verbally about the procedures, that participation was voluntary and that they were free to
discontinue at any time without explanation. They all
gave their verbal consent.
2.2. Electromyography
Mm. extensor carpi radialis longus et brevis (ECR)
were located, in the same way as we do in our work
place recordings, in the right forearm by palpation,
while the subject performed a voluntary contraction
with the forearm pronated. The skin was cleansed
with acetone and rubbed with emery cloth. Two
Ag/AgCl electrodes (Ambu Neuroline 720, Ambu
A/S, Ballerup, Denmark) were applied along the muscle ﬁbres, on the skin above the most prominent part
of the muscles, i.e. at approximately one third of
the distance from the epicondylus lateralis humeri
to the processus styloideus ulnae [14]. Three additional electrodes were applied, two proximally to the
original pair, and one distally, as shown in Fig. 1.
This arrangement of ﬁve electrodes (numbered 1 to
5 starting from the elbow) allowed measurements
to be made from four pairs of electrodes, labelled
A to D in Fig. 1. The active diameter of the electrodes
was 6 mm, and the centre-to-centre distance 20 mm.

Table 1
Characteristics of the six female (F) and six male (M) subjects, their skinfold thickness and maximal exerted force for the two maximal
voluntary contractions (MVCs) and one of the two maximal activations, presented as the mean and standard deviation (SD) of
measurements made on three occasions
Subject

Sex

Age (year)

Height (cm)

Weight (kg)

Skinfold
thickness (mm)

Mean (SD)
1
2
3
4
5
6
7
8
9
10
11
12

F
F
F
F
F
F
M
M
M
M
M
M

43
66
53
46
34
50
57
31
61
55
37
58

168
160
153
166
167
165
169
173
171
178
185
194

61
63
51
71
60
57
72
62
81
73
74
90

8.9 (0.6)
7.1 (0.1)
9.0 (0.3)
7.9 (0.3)
5.6 (0.4)
4.4 (0.2)
4.7 (0.4)
3.1 (0.1)
4.0 (0.3)
5.5 (0.2)
4.1 (0.1)
5.0 (0.2)

Force (N)
Contraction (MVC)
Resisted wrist
Hand grip
extension
Mean (SD)
Mean (SD)
78 (2.5)
48 (6.0)
64 (3.1)
82 (4.9)
89 (2.1)
57 (4.9)
114 (4.9)
112 (3.2)
121 (4.4)
112 (1.7)
137 (8.1)
104 (7.4)

337 (15)
262 (15)
275 (0)
422 (0)
405 (25)
373 (26)
464 (12)
405 (25)
520 (10)
493 (6)
510 (20)
582 (54)

Activation
Pinch grip
Mean (SD)
108 (6.2)
75 (6.0)
66 (5.8)
95 (7.6)
71 (2.9)
86 (2.5)
106 (5.8)
110 (4.6)
83 (4.0)
110 (4.6)
135 (0.0)
117 (8.5)

234

C. Dahlqvist et al. / Reﬁning risk assessments for work-related wrist disorders

Fig. 1. Electrode positioning on the right forearm extensor muscles. The electrodes are numbered 1 to 5 starting at the elbow.
The large blue electrode is the ground electrode. The signals were
measured between pairs of electrodes (A-D).

The impedance was measured for each pair, and if the
value was >15 k, the electrodes were removed and
replaced after repeated skin cleansing. The ground
electrode was placed on the inside of the distal part
of the upper arm.
After performance of the MVCs/activations
described below, the positions of the electrodes were
marked on the forearm with a felt-tip pen before
they were removed. A line was drawn between the
epicondylus lateralis humeri and the processus styloideus radii, and the shortest perpendicular distance
between this line and each electrode was drawn. The
distance from the epicondyle to the projection of
each electrode on the line was measured, as was the
distance between the epicondyle and the styloid.
The signals were ampliﬁed, ﬁltered (10–400 Hz)
and sampled at a rate of 1024 Hz, and stored on
portable data loggers (Logger Teknologi HB, Åkarp,
Sweden) using exchangeable ﬂash-memory cards
[31]. After collection, the data were transferred to
a computer for quality assurance and analysis. The
signal was band-pass (30–400 Hz) and notch ﬁltered,
i.e. 50 Hz and all harmonics. The root-mean-square
value was calculated for epochs of 0.125 s, and the
noise was subtracted in a power sense [32]. A moving window with a width of 0.5 s was used to ﬁnd
the highest EMG activity recorded during the three
contractions and the three activations, for each kind
of contraction and activation [32, 33].
2.3. Maximal voluntary contractions
2.3.1. Resisted wrist extension
The subject was seated with a backrest, with the
upper arm close to the body, the elbow ﬂexed and the
forearm pronated and supported on a table, adjusted

to a comfortable height. The hand was inserted into
a glove that was attached to a sheet of plywood on
the dorsal side of the glove. The middle ﬁnger of the
glove went through a metal ring that was mounted on
the underside of the plywood. A non-ﬂexible strap
went through the ring, which was attached to a force
transducer on the ﬂoor. The hand was outside the
table while the wrist was supported on the table
(Fig. 2). The subject was asked to attempt to perform a maximal extension of the wrist, while the wrist
remained in the neutral position, and care was taken to
ensure that the sheet of plywood remained horizontal
when the wrist extensors were maximally activated
(Table 1).
2.3.2. Hand grip
The subject performed a maximal isometric grip
around a Jamar hand dynamometer (Sammons Preston, Bolingbrook, IL, USA) while seated with a
backrest, with the right upper arm close to the body,
with the elbow ﬂexed at 90◦ holding the forearm and
hand without support, in a neutral position (Table 1,
Fig. 2).
2.4. Maximal activations
For the pinch grip, the subject was seated with
the arm unsupported and somewhat forward ﬂexed at
the shoulder, with the elbow ﬂexed to approximately
90◦ , holding the forearm in a neutral position. The
wrist was in a functional position (0–30◦ extension,
0–15◦ ulnar deviation, Fig. 2). The examiner handed
a pinch dynamometer (North Coast Medical, Gilroy,
CA, USA) to the subject who was instructed to grip
it by the thumb and the second and third ﬁngers, and
press as hard as possible (Table 1).
For the maximal wrist extension, the subject was
seated with the elbow supported by the table, ﬂexed
at 90◦ (forearm pronated and approximately 45◦
upwards). The wrist was at maximal dorsal ﬂexion,
and the subject was instructed to continue to extend
the wrist as much as possible (Fig. 2).
2.5. Detection of the motor point
The motor point was detected using a transcutaneous electrical nerve stimulator (TENS, CEFAR
Medical AB, Lund, Sweden). A carbon rubber electrode, 50 × 30 mm, was placed on the muscles on the
ﬂexor side of the forearm, and ﬁxed with Meﬁx®
(Mölnlycke Health Care AB, Gothenburg, Sweden).
The extensor side was shaved, and covered with
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Fig. 2. The maximal voluntary contractions and maximal activations.

electrode gel. A smaller carbon rubber electrode
(18 mm in diameter) was held in place on the skin over
the muscle belly. The TENS was set to low-frequency
stimulation, generating constant current trains of
8 square pulses with a repetition rate of 1.7 Hz. The
amplitude was slowly increased while the electrode
was slid up and down, as well as sideways, along the
full length of the muscle. The point at which repeated
extension of the index and/or the middle ﬁnger was
observed at the lowest electrical stimulation was identiﬁed as the motor point. This point was marked, and
the distance to the epicondyle was measured. Finally,
the markings on the arm were photographed to allow
subsequent quality checks.
2.6. Skinfold thickness
The thickness of the subcutaneous tissue was
measured at the area between the electrodes forming pair C, using a skinfold calliper (Harpenden,
British Indicators, West Sussex, UK), according to the
manufacturer’s instructions.

2.7. Data analysis
The quality review of the collected data revealed
no anomalies, and all the data were analysed. Calculations were performed separately for each pair
of electrodes and each type of MVC and maximal
activation. After inspecting the data and ﬁnding it
reasonable, the mean EMG amplitude (V) across
occasions was calculated for each subject, as well as
the group mean of these means.
The standard deviation and the coefﬁcient of variation (CV: standard deviation/ mean) for the MVCs
were calculated for each subject for the three different
occasions. We then calculated the group mean of the
CVs. To derive a combined measure of goodness, i.e.
the combination of high amplitude and low CV, the
ratio between the group mean EMG amplitude and the
group mean CV (group EMGamp /CV) was calculated.
The effect of type of MVC on the EMG amplitude was calculated using a linear mixed regression
model, with a random intercept for each individual
and with MVC and occasion included as ﬁxed factors.
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A p-value below 0.05 was considered statistically signiﬁcant. To investigate the retest correlation for the
two different MVCs, the intra class correlation coefﬁcients (ICC) were calculated from the linear mixed
regression models ﬁtted for each type of MVC separately. Values above 0.6 were considered good or
excellent [34], indicating a low between-days variation within subjects. The MVC with the highest group
mean EMG amplitude was selected. For each subject,
the mean EMG amplitudes for the other MVC and
the maximal activations were normalized to this, and
expressed as %MVE. Then, the group mean EMG
amplitudes for the maximal activations were normalized to both the resisted wrist extension and the hand
grip, and expressed as %MVE. IBM SPSS Statistics
Version 22.0 (SPSS, Chicago, IL, USA) was used for
the statistical analyses.

sion and 4% for the hand grip (derived from Table 1).
The highest group EMGamp /CV ratio (the combined
measure of goodness) over the three occasions was
derived for the resisted wrist extension in all electrode
pairs. Concerning the reliability, in terms of ICC, values above 0.6 was found in pair A, B and C for the
resisted wrist extension, and in pair A and C for the
hand grip (Table 2).
When the mean EMG amplitudes for the hand
grip was normalized to the mean EMG amplitude
for the resisted wrist extension (expressed as %MVE
of resisted wrist extension) for each participant in all
four electrode pairs, a value greater than 100% was
found for three subjects, two of the subjects in pair B
and D and one in pair C and D (Fig. 4).

3. Results

The pinch grip gave 60–68 %MVE when normalized to the resisted wrist extension, and 74–100
%MVE when normalized to the hand grip. For the
maximal wrist extension, 58–80 %MVE was registered when normalized to the resisted wrist extension,
and 67–121 %MVE when normalized to the hand
grip (Fig. 4).

3.1. Maximal voluntary contractions
The highest group mean EMG amplitudes were, for
all electrode pairs found for the resisted wrist extension (Table 2, Fig. 3). These values were 1.2–1.7 times
higher than those obtained with the hand grip. The
reproducibility in the resisted wrist extension over the
three occasions, in terms of the group mean CV, was
14–15% for electrode pairs A, B and C, and 22–28%
for the hand grip. For pair D, the corresponding values were 21% and 28%, respectively. The group mean
CVs for force were 5% for the resisted wrist exten-

3.2. Maximal activations

3.3. Electrode positioning
The group mean EMG amplitudes for the two
MVCs varied considerably with the electrode positioning (Table 2, Fig. 3). The lowest values were
observed with electrode pair C (the pair used in our

Table 2
Group mean EMG amplitude (EMGamp ) from three separate occasions and group mean across these. Group mean CV (CV) and the ratio
between the mean and CV (EMGamp /CV) for the maximal EMG amplitudes for two different contractions (MVCs) obtained using four
different pairs of electrodes in twelve subjects. Statistically signiﬁcant differences in EMG amplitudes between MVCs, and intraclass
correlation coefﬁcients (ICC), calculated by linear mixed regression models
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Fig. 3. Mean EMG amplitude versus CV for two types of contraction. The EMG amplitude was measured on three separate occasions
= the resisted wrist extension, and
= the hand grip). The horizontal lines
using four pairs of electrodes in twelve subjects ( and
represent the group mean EMG amplitude and the vertical lines the group mean CV for each type of MVC. The slopes of the lines through
the origin represent the ratio between the group mean EMG amplitude and group mean CV for the twelve participants.

work place recordings) for the resisted wrist extension
(Table 2), the pinch grip and the maximal wrist extension (data not shown), while the hand grip showed the
lowest amplitudes for pair A (Table 2). The highest
group mean EMG amplitudes were seen for pair D
for the resisted wrist extension, the hand grip and
the pinch grip, and for pair B for the maximal wrist
extension. The highest group EMGamp /CV ratio was
seen for pair A for the resisted wrist extension and
for pair D for the hand grip.
The electrode positions for participants number
7 and 8 varied >20 mm between sessions, i.e. the
electrode pair positions were interchanged (Fig. 5).
These participants also showed high CVs between
sessions.

3.4. Motor point
The median distance from the epicondylus lateralis humeri to the motor point was 63 mm (range
50–73 mm), approximately ¼ (range 22–27%) of the
distance between the epicondylus lateralis humeri
and the processus styloideus radii. This was very
close to electrode 2, the one used in pairs A and B
(Fig. 5).

4. Discussion
In this comparison of two MVCs, and four electrode positions, the resisted wrist extension gave the
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Fig. 4. Normalized mean EMG amplitudes. The EMG amplitude was measured on three separate occasions for two types of MVC and
,
two types of maximal activation using four pairs of electrodes in twelve subjects. The mean EMG amplitudes for the hand grip ( and
), and the maximal wrist extension ( and ), have been normalized to the mean EMG amplitude for the resisted
the pinch grip ( and
), and are presented as %MVE. The horizontal lines represent the group mean %MVE.
wrist extension ( and

highest group mean EMG amplitude for all electrode
pairs, and the group mean CV was lower for the
resisted wrist extension than for the hand grip for all
electrode pairs. Furthermore, the group EMGamp /CV
ratio was substantially higher for the resisted wrist
extension than for the hand grip for all electrode pairs.
ICC showed no substantial difference between the
two contractions. Concerning electrode positioning,
the highest group EMGamp /CV ratio in the resisted
wrist extension was observed for pair A, the most
proximal position, and in the hand grip for pair D.
The motor point was located approximately ¼ of the
distance between the epicondylus lateralis humeri
and the processus styloideus radii.
4.1. Maximal voluntary contractions
In the present study, 11 of the 12 subjects exhibited
higher EMG amplitudes with the resisted wrist extension than with the hand grip (Fig. 4; electrode pair C).

This differs from the results reported in a previous
study, where both the resisted wrist extension and the
hand grip were performed [23]. In that study, only 6
of the 11 subjects showed the highest EMG activity
with the resisted wrist extension, while the rest of the
participants showed the highest activity with the hand
grip. Recalculation of the original data gave an MVE
group mean of 114% when comparing the hand grip
to the resisted wrist extension. In the present study, the
corresponding value was 77%, which is in accordance
with the results of a recent study by Meyland et al.,
who reported a value of 79% [17], approximately a
factor of 0.8 for these studies. There is no obvious
explanation for the difference between the present
study and that carried out by Åkesson et al. However,
in the study by Åkesson et al. the hand grip was performed with a supported forearm, which was not the
case in the present study or that by Meyland et al.
The results in the current study are in good agreement with the results in a recent study by Ngo and
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Fig. 5. Distances for right forearm. The distance (mm) from the epicondylus lateralis humeri ( ) to the electrodes ( ), to the motor point
( ) and to the processus styloideus radii ( ), measured on three separate occasions in twelve subjects. The digit given for each participant
is the distance between the epicondylus lateralis humeri and the motor point. The ratio of the median distance between the epicondylus
lateralis humeri and the motor point, and the distance between the epicondylus lateralis humeri and the processus styloideus radii is given
in brackets.

Wells [35]. In their study, the ECR muscles also
showed 1.3 times higher EMG amplitudes for the
resisted wrist extension than the amplitudes obtained
with the hand grip. The subjects in Ngo and Wells´
study performed the resisted wrist extension with
the forearm in a mid-pronated (i.e. neutral) position,
while the subjects in the current study performed it
in a pronated forearm position; the results from these
two studies indicate that the forearm position may be
of less importance when performing the MVC with
the resisted wrist extension. For practical reasons, in
workplace recordings, the resisted wrist extension in a
pronated position may be preferred; especially if also
the activity from the trapezius muscles is recorded.
Then, a force transducer anchored to a heavy metal
plate on the ﬂoor, can be used for both muscles.
In general, the ratio between EMG amplitude and
CV, was more than twice as high for the resisted wrist
extension as for the hand grip, whereas ICC showed
no substantial differences between the two MVCs.
Altogether, the results of this study show that the
resisted wrist extension may be preferred for normalization of the forearm extensor muscles.

4.2. Electrode positioning
The group mean EMG amplitude varied with
the electrode position. The activity in the extensor
muscles may differ considerably depending on the
distance from the IZ, skin movements, arm position
and the inﬂuence of surrounding muscles. Barbero
et al. reported that the IZ could be located, starting
from the epicondylus lateralis humeri, between 17%
and 42% of the length of the forearm [36]. In the
present study, lower amplitudes were obtained for
most subjects with electrode pair C, compared to the
other pairs of electrodes for one of the two MVCs and
for both of the activations studied. It is possible that
these lower amplitudes indicate the location of the
IZ, and in agreement with that reported by Barbero
et al. These facts, in combination with the highest
ratio for the resisted wrist extension being found for
pair A and for the hand grip with pair D, indicate
that our present electrode pair position, pair C, is not
optimal.
The highest EMG amplitudes were seen for pair D
for the resisted wrist extension, the hand grip and the
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pinch grip. However, the reproducibility, in terms of
CV, was low for these MVCs and for the activation.
The reason could be that the electrodes constituting
pair D are placed at the tapered and distal part of the
extensor muscles, and very small changes in electrode
positioning and a shortening of muscle length will
result in higher CVs.
The motor point was located close to electrode 2,
the electrode used in pairs A and B. This location, in
combination with the lower amplitudes in pair C for
one of the two MVCs and both activations, indicates
that the IZ is located distally to the motor point and
should not interfere with the signal given by electrode
pair A. In fact, pair A seems to be located approximately half-way between the IZ and the attachment of
the extensor muscles on the humerus and could therefore be a suitable alternative for electrode positioning.
Variation in electrode positioning may be one factor that inﬂuences the CV. We performed a sensitivity
analysis by excluding the occasion with the most
deviating positions for participant numbers 7 and 8,
which reduced the CVs for both participants on average by 7% for the four electrode pairs and the MVCs
and activations.

that are based on EMG measurements from forearm
extensor muscles. This is increasingly important as
technical development make measurements more
feasible also for practitioners [37], and reliable risk
assessments are needed for efﬁcient preventions of
work-related musculoskeletal disorders.
In EMG research, the method of normalization and
use of MVC versus reference contractions has been a
controversial issue for a long time. We have hitherto
considered the hand grip to be as good as the resisted
wrist extension for recording the MVE of the forearm extensors [23]. However, when normalizing to
the hand grip, we sometimes see unexpectedly large
differences in amplitudes between the right and left
forearm extensors, even when the tasks are performed
bimanually. We suspect that this phenomenon occurs
when the subject only activates the ﬂexors in one of
the forearms, but both ﬂexors and extensors in the
other, when performing the hand grip. By using the
resisted wrist extension instead of the hand grip this
problem might be solved.

4.3. Limitations

The best combination of reference contraction and
electrode positioning, in terms of high EMG amplitude, low CV, high group EMGamp /CV ratio and a
good ICC, was found for the resisted wrist extension
with electrode pair A. Hence, the resisted wrist extension may be used as MVC in new EMG studies, both
in laboratory and in work place recordings.
This study also indicates that the motor point is
located approximately ¼ of the distance from the epicondylus lateralis humeri to the processus styloideus
radii, and that the innervation zone does not interfere with the signal recorded from pair A, i.e. the
most proximal electrode positions. A factor of 0.8
can be used, at group level, for comparisons between
forearm extensor muscle recordings using the resisted
wrist extension and the hand grip as MVCs. Further
studies should be performed during actual work in
work place recordings, including different work tasks
with several different arm positions, to evaluate the
effect of the different ways to perform MVC, and the
different electrode positions.

The results presented in this paper are based on
the EMG amplitudes obtained in the laboratory with
well-deﬁned arm postures during speciﬁc MVCs and
maximal activations, in contrast to the working situation, where there is a wide range of arm posture and
wrist angles. The relations between the tested electrode positions in this study may therefore be different
under real working tasks. The number of participants
in the study was also small. Despite these limitations,
we believe that the results make an important contribution to the discussion on recording forearm EMG.
4.4. Practical implications
Since the resisted wrist extension showed a substantially higher EMGamp /CV ratio in comparison to
the hand grip, the resisted wrist extension may be used
as MVC in new EMG studies, both in laboratory and
in work place recordings. Although there is not yet
any comparisons performed in work place settings,
it seems as the resisted wrist extension should give
a lower inter- and intra-subject variation in comparison to the hand grip. The present ﬁndings should
increase the precision in the measurements, which
would also increase the quality of risk assessments

5. Conclusions
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Abstract
Background: To reduce ergonomic risk factors in terms of awkward and constrained postures and high velocities,
it is important to perform adequate risk assessments. Technical methods provide objective measures of physical
workload. These methods have so far mainly been used by researchers. However, if written instructions how to
apply the sensors and how to adopt the reference posture are provided, together with triaxial accelerometers, it
may be possible for employees to record their own physical workload. The exposure in terms of e.g. upper arm
elevations could then easily be assessed for all workers in a workplace. The main aims of this study were: 1) to
compare analyses for self-recording of upper arm elevation during work using a simplified reference posture versus
using a standard reference posture, and 2) to compare the two reference postures.
Methods: Twenty-eight cleaners attached an accelerometer to their dominant upper arm and adopted a simplified
reference according to a written instruction. They were thereafter instructed by a researcher to adopt a standard
reference. Upper arm elevations were recorded for 2 or 3 days. Each recording was analysed twice; relative to the
simplified reference posture and relative to the standard reference posture. The group means of the differences in
recorded upper arm elevations between simplified and standard reference analyses were assessed using Wilcoxon
signed ranks test. Furthermore, we calculated the group mean of the differences between the simplified reference
posture and the standard reference posture.
Results: For arm elevation during work (50th percentile), the group mean of the differences between the two
analyses was 0.2° (range -7 – 10°). The group mean of the differences between the two references was 9° (range
1 – 21°). The subjects were able to follow the instructions in the protocol and performed self-recording of upper
arm elevation and velocity.
Conclusions: The small difference between the two analyses indicates that recordings performed by employees
themselves are comparable, on a group level, with those performed by researchers. Self-recordings in combination
with action levels would provide employers with a method for risk assessment as a solid basis for prevention of
work-related musculoskeletal disorders.
Keywords: Inclinometry, Zero position, Self-measurement, Physical workload, Angular velocity, Arm elevation, Hotel
housekeeping
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Background
Many jobs involve repetitive work, prolonged muscular
load and work performed in awkward and constrained postures. Such work are known to be risk factors for developing work-related musculoskeletal disorders (WMSDs) in
the neck/shoulder region, arms, and hands [1–4]. To reduce these risks, it is important to perform risk assessments, and to implement organisational and technical
measures when necessary [5]. The reliability of risk assessments is important as this affects the decisions made and
the priorities afforded different interventions [6].
Several kinds of risk assessment methods are available,
such as self-reporting, observational methods and technical methods, all of which have advantages and disadvantages [7]. For example, in self-reporting, which has
the advantage of being practical in large groups, overestimation of the workload is common among individuals with pain [8]. Observational methods are often easy
to use and interpret, and give a rough estimate of postures during work, but results vary between observers
[9]. As observational methods have no common references, they tend to give different results when assessing
the risk of developing WMSDs [10, 11]. Technical
methods, on the other hand, provide exact numerical
values for both postures and movements during work,
i.e. upper arm elevation and velocity [12].
There is a commonly held belief that technical
methods require expensive equipment, technical understanding and are time-consuming [13]. However,
low-cost sensors for recording of elevations and velocities during work are now commercially available [14,
15]. These sensors have also made it feasible to measure
the workload over several days [16]. Many studies have
been performed previously in which the workload on a
few individuals has been recorded during 1 day [17, 18].
With the advent of low-cost sensors, it is now possible
to monitor the entire workforce over several days.
Measurements over extended periods of time are important in planning job rotation as a measure for the
prevention of WMSDs [19]. Furthermore, measurements
made over several days will give a better idea of the
loads experienced on an average working day [20]. Such
an average measurement is likely to be more strongly
correlated with the prevalence of WMSDs than those
from one-day recordings. So far, the number of technical
recordings has been limited, mainly due to the need for
researchers.
If self-recording of physical workload was possible, all the
employees’ workload at almost any workplace could be explored for several days. Such recordings would be invaluable when performing risk assessments. However, it would
be necessary to develop easily understandable instructions
so that the employees can attach the equipment and calibrate it, i.e. adopt a reference posture. The reference
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posture should have a high reproducibility, and this can be
studied if recordings are performed over several days. The
reference posture should also be easy to adopt, and without
the need of extra material. Such a reference would rule out
our standard reference posture, which we have used in
many studies, as the latter requires a chair and a dumbbell
[17, 21–23]. A self-recording method also requires a reliable method of identifying the reference, as this defines
0 degrees of inclination. Furthermore, the starting and
stopping times of work and breaks should be noted, to
distinguish between working time and leisure time.
One occupation with a high physical workload and a
high risk of WMSDs is cleaning [24]. As an example, the
prevalence of complaints and diagnoses in neck/shoulders has been reported to be 48% among female hospital
cleaners working in a traditional work organisation [25].
Around the world there are many employees working as
cleaners and it is important to perform risk assessments
of their work in a cost-effective manner. Therefore, we
would like to test the self-recording method in the
cleaning industry.
The main aims of this study were: 1) to compare
analyses for self-recording of upper arm elevation
during work using a simplified reference posture versus using a standard reference posture, and 2) to
compare the two reference postures. Other aims were
to study the between-day repeatability in the simplified reference posture, and to assess the suitability of
a protocol for self-recording. Furthermore, we aimed
to compare the physical workload, the between-day
repeatability of the workload, and to assess the risk of
musculoskeletal disorders among different types of
cleaning.

Subjects and methods
Study design

This was a field study including two parts. In part one
(self-recordings), workers received a protocol with instructions on how to attach a triaxial accelerometer (GC
inclinometer) to the upper arm, and how to adopt a reference posture. It was adopted by the cleaners themselves, without the need of extra material, and referred
to as the simplified reference posture. A researcher then
instructed each of them to adopt the standard reference
posture. The workers wore the GC inclinometer continuously, both day and night, for 2 or 3 days. They repeated the simplified reference posture each morning
and noted starting and stopping times of work and lunch
breaks for each day in a provided form.
In part two (researchers’ recordings), which was conducted on different days than the self-recordings, the researchers attached the GC inclinometer to the worker’s
right upper arm and instructed each subject to perform
the standard reference posture. The researchers followed
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each worker during the one-day recording and noted
exact starting and stopping times for work and breaks.
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Table 1 Anthropometric characteristics
Self-recording

Researchers’ recording

Height (cm) Weight (kg) BMI Weight (cm) Height (kg) BMI

Subjects
Self-recordings

Twenty-eight subjects, 24 women and 4 men, participated in the study (Table 1). Their mean age was 43 years
(range 22–58). Twenty-four of the subjects (20 women
and 4 men) worked as hotel cleaners and 4 (all women)
as office cleaners. Three of the 28 subjects were native
Swedish speakers, while the other 25 spoke English and
Swedish of varying quality. All the hotel cleaners cleaned
hotel rooms (denoted hotel housekeeping). Some of
them (eleven subjects) also had other tasks such as
cleaning corridors, conference rooms, pool areas and/or
dining rooms (denoted hotel housekeeping+). The office
cleaners cleaned mainly offices, but also toilets, changing
rooms, corridors and dining rooms.
Researchers’ recordings

Fourteen right-handed female hotel cleaners participated
in standard one-day recordings performed by professionals (Table 1). Their mean age was 42 years (range
22–57). They all cleaned hotel rooms. Five of these also
performed self-recording, on separate occasions.
Materials

Triaxial accelerometers with an integrated data logger (USB
Accelerometer Model X16-mini, Gulf Coast Data Concepts, LLC, Waveland, MS, USA, “GC inclinometer”) with
a sampling frequency of 25 Hz were used. This frequency is
sufficient as it has been shown that 99.5% of the signal
power for wrist (and it is not expected to be higher for the
upper arms) was contained in the 0–5 Hz band in occupational repetitive work [26]. The size was 5 × 2.4 × 1.3 cm
and they contained a 2 GB memory for data logging, a female micro USB-connector and a rechargeable battery [14].
The accelerometer was attached to the upper arm, just
below the insertion of the deltoid muscle, with
double-sided adhesive tape and fixed with plastic film
(Tegaderm™, 3 M Health Care, St Paul, MN, USA) to secure them from falling off.
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Procedures
Standard reference posture

The researcher instructed the subject to sit on a chair
and lean towards the backrest with the arm hanging vertically over the backrest, holding a dumbbell in the hand
(Fig. 1a) [21].
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Simplified reference posture

Height, weight and BMI for the 37 subjects participating in the study. Twentyeight subjects participated in the self-recording and fourteen subjects
participated in the researchers’ recording. Five subjects participated in both
types of recordings
- missing data

The subject followed the instructions in the protocol
and leaned to the right with the arm alongside the body
and with an extended elbow for about 20 s (Fig. 1b) [14].
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to attach the inclinometer. The second change (version
3) was to add a second series of toe jumps after the simplified reference posture to improve our ability to determine which part of the recording corresponded to it. To
make it easier for the subjects to perform the
self-recording, minor changes were made throughout
the study, such as highlighting the most important steps
(starting the device and performing the simplified reference posture), numbering the various steps in the protocol and simplifying the language in the text boxes. Three
versions of the protocol were used. Version 1 was used
by four subjects, version 2 was used by five, and version
3 was used by 19 subjects. A few subjects needed help to
start the GC inclinometer and some of them had to be
reminded to adopt the simplified reference posture.
However, the need for help decreased with improved
versions of the protocol.
Self-recordings

Fig. 1 a The standard reference posture, and (b) the simplified
reference posture

The protocol

The self-recording method was tested in the cleaning industry. We made one Swedish and one English version
of the protocol, as it is known to be a high proportion of
immigrants among the employees [27]. Twenty-five subjects chose to use the Swedish version, while three subjects chose the English version. The protocol with
instructions for using the GC inclinometer consisted
mainly of pictures with short explanations how to attach
the GC inclinometer and how to perform the simplified
reference posture (see Additional file 1). The researcher
noted that the first subjects seemed to have some difficulties in understanding the Swedish and English instructions properly, due to language barriers. Therefore,
we improved the protocol in steps during the study. The
first change (version 2) was to add instructions on how
to start the GC inclinometer (which for the first subjects
had been performed by the researcher), to obtain a
complete instruction for self-recording of upper arm elevation and velocity. We also simplified the part on how

Each subject was given a GC inclinometer and a protocol with instructions. Nineteen subjects (at twelve different times) individually followed the protocol and
attached the GC inclinometer, performed five toe jumps
and adopted the simplified reference posture by themselves. The toe jumps were later used to find this part of
the recording. At one occasion, nine subjects were
helped by their supervisor, due to lack of time. The
supervisor started and attached the GC inclinometer,
and instructed each subject how to perform the simplified reference posture. The supervisor had not used the
protocol previously.
For each subject, the researcher did a brief visual inspection of that the GC inclinometer was attached properly. The researcher then instructed each of the subjects
to perform the standard reference posture.
The subjects were instructed to perform the simplified
reference posture every morning and to note the time
for this and the starting and stopping times of work and
lunch breaks in the provided form. They were instructed
to apply more plastic film if needed and they were also
told to remove the GC inclinometer if they experienced
itching or irritation of the skin. Nineteen of the subjects
wore the GC inclinometer for 3 days and nine subjects
wore it for 2 days. At the end of the second or third
working day, the researcher instructed the subject to
perform the standard reference posture again, and then
removed the GC inclinometer. In four cases the supervisor removed the GC inclinometer, and one subject removed it herself. The stop time was noted.
Researchers’ recordings

Researchers experienced in technical methods attached
the GC inclinometer to the subject’s right upper arm,
one subject at a time, on different days from the
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self-recordings. Each subject was instructed to adopt the
standard reference posture for the right upper arm. The
researchers followed each subject during their working
day, noting the exact starting and stopping times for
work, breaks, and different work tasks.
Questionnaire

To further assess the suitability of the protocol and the
self-recording method, all subjects were asked, after the
recording, to answer six questions about their perceptions of the self-recording.
Data processing and analyses

The data were processed with the EMINGO software
suite, developed by the Division of Occupational and Environmental Medicine in Lund, Sweden using MATLAB
(version 2016b, Math Works INC., Natick, MA, USA).
The data were resampled at 20 Hz, anti-aliased, low-pass
filtered (5 Hz), and visually inspected.
Self-recording

Upper arm elevations and velocities were recorded continuously but only the data on work were analysed.
Lunch breaks were excluded according to the times
noted in the provided form. The data were analysed
twice; once using the simplified reference posture as reference (henceforth referred to as the simplified reference
analysis) and once using the standard reference as reference (henceforth referred to as the standard reference
analysis). The 1st, 10th, 50th, 90th and 99th percentiles of
the angular distribution (°) and the percentage of time
the arm was elevated above 30°, 60° and 90° were calculated. Furthermore, the median generalised angular velocity (°/s) was derived for each subject. 1 °/s =
0.017 rad s− 1 and 1 rad s− 1 = 57.3 °/s. Group means of
upper arm elevations and velocities were calculated for
comparisons between the simplified reference analysis
and the standard reference analysis. Further, for each
subject we calculated the differences between the results
derived from the two different analyses, as well as the
absolute differences (i.e. the non-negative difference, regardless of sign). Then the group means of the differences and the group means of the absolute differences
were calculated.
Furthermore, for each subject, we calculated the difference between the simplified reference posture and the
standard reference posture (°). In most cases we used
the references from day 1. In one case, the GC inclinometer fell off during day 1. The subject attached it again,
and the researcher (who was still there) instructed her,
during her lunch break, to perform the standard reference posture again. Another subject appeared to have replaced the GC inclinometer upside down after it had
fallen off during the morning day 1 (detected during
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data analysis), and therefore this part of the recording
was discarded. For this subject, the standard reference
posture from day 3 was used. The simplified reference
posture from day 2 was used for both these subjects.
The first and second simplified reference posture were
used to investigate the reliability of the reference. Nine
of the subjects performed the simplified reference posture on one occasion only and were therefore excluded
when analysing the within-subject variation of the
reference.
The within-subject variation in workload between the
first and second working days was also calculated among
the hotel cleaners. Then, two recordings were excluded
because the subjects removed their GC inclinometer
while showering after day 1. They had replaced the device after showering, but did not repeat the simplified
reference posture, and therefore, the data for the
remaining days had to be rejected. The remaining 22 recordings were divided into hotel housekeeping and hotel
housekeeping+, with eleven subjects in each group.
When comparing upper arm elevations and velocities
between the specific types of cleaning (hotel housekeeping, hotel housekeeping+, and office cleaning), as well as
when comparing with the researchers’ one-day recordings of hotel housekeeping, the standard reference analysis was used. The four men were excluded from these
calculations, to be able to compare them with previous
and future recordings, where the results for women and
men are separated [28].
Researchers’ recordings

Upper arm elevations and velocities during the working
day were analysed, lunch breaks excluded. The same
measures as for the self-recordings were calculated; the
percentiles of the angular distribution (°) and the percentage of time the arm was elevated above 30°, 60° and
90° were calculated for each subject. The median generalised angular velocity (°/s) was also derived, and group
means of both elevations and velocities were calculated.
Statistical analyses

The statistical analyses were carried out with IBM SPSS
Statistics Version 22 (SPSS, Chicago, IL, USA). The
alpha level was set at 0.05. Comparisons between group
means of upper arm elevations for the two reference
analyses were performed using Wilcoxon signed ranks
test. The within-subject variation was calculated using
one-way ANOVA for the simplified reference posture
and for the upper arm elevations and velocities during
work. The 50th and 90th percentiles of upper arm elevation and the median generalised angular velocity were
the dependent variables, and subject was the independent variable. To investigate the repeatability of the simplified reference posture and of the workload between
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working days, the repeatability coefficient (°) and the
intraclass correlation coefficient (ICC) were calculated
[29, 30]. We used ICC (1,1) i.e. one-way random effects
model, absolute agreement, single measures. ICC estimates less than 0.5, between 0.5 and 0.75, between 0.75
and 0.9, and greater than 0.90 indicate poor, moderate,
good, and excellent reliability, respectively [31]. The difference between the simplified reference posture and the
standard reference posture of two following occasions,
respectively, as well as upper arm elevations (50th and
90th percentiles) and the median angular velocity of two
working days were the input variables in the model.
Comparisons between group means of different types
of cleaning were performed using Kruskal-Wallis
one-way analysis of variance. Post hoc analyses for
p-values < 0.05 was performed using Mann-Whitney
U-test. The non-parametric tests were used since the data
were not normally distributed.
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The group mean of the absolute differences in the 50th
percentile of arm elevation was 4° (range 0 – 10°; Table 3),
and for the percentage of time above 30° it was 9% (range
0 – 21%), for 60° 2% (0 – 11%), and for 90° 1% (0 – 3%).
Simplified reference posture versus standard reference
posture

The differences (°) between the simplified reference posture and the standard reference posture on days 1, 2,
and 3 for each subject are shown in Fig. 3. The group
mean of the differences for day 1 (day 2 for two subjects)
was 9° (range 1 – 21°). The individual arm position in
the simplified reference posture relative to the arm position during the standard reference posture from day 1
(day 2 for two subjects) are shown in Fig. 4. They deviated in all directions (flexion, extension, adduction and/
or abduction) without any obvious pattern.
Within-subject variation of simplified reference posture

Results
Simplified reference analysis versus standard reference
analysis
Recordings of workload

The group means of upper arm elevation and the percentage of time above 30°, 60° and 90° during work were
very similar between the simplified reference analysis
and the standard reference analysis (Table 2). The upper
arm velocity was identical (data not shown), as this is
not dependent on the reference.
The individual differences between the simplified reference analysis and the standard reference analysis at the 50th
percentile of arm elevation during work are shown in Fig. 2.
The group mean difference was 0.2° (range -7 – 10°).
Table 2 Group means of upper arm elevations during work for
the simplified and the standard reference analyses
Simplified
reference analysis

Standard reference
analysis

Mean (range)

Mean (range)

p-value

1st

5 (2 – 8)

5 (2 – 10)

0.68

10th

14 (7 – 21)

13 (8 – 20)

0.98

Percentile (°)

The within-subject variation in the simplified reference
posture was poor, with an ICC of 0.2 (Table 4). The repeatability coefficient was 16°.
The protocol

No subjects were excluded due to an incorrect placement of the GC inclinometer. Nevertheless, we improved the protocol during the study. These changes
appeared to make it easier for the subjects to follow, as
the help needed decreased with improved versions of
the protocol. An additional change (version 4) was made
after the analyses, with instructions not to replace the
GC inclinometer if it falls off.
The protocol includes three parts (see Additional
file 1):
1) Starting the GC inclinometer.
2) Attaching the GC inclinometer to the upper arm.
3) Performing the simplified reference posture.
Comparing different types of cleaning

50th

30 (20 – 47)

30 (22 – 38)

0.98

90th

64 (45 – 91)

64 (50 – 86)

0.95

99th

109 (88 – 132)

110 (94 – 134)

0.30

0.95

Percentage of time
> 30°

49 (27 – 78)

49 (34 – 63)

> 60°

13 (4 – 35)

12 (5 – 24)

0.95

> 90°

4 (1 – 10)

3 (1 – 8)

0.98

Group means (°) for the simplified reference analysis and the standard
reference analysis at the 1st, 10th, 50th, 90th and 99th percentiles of upper arm
elevation and the percentage of time above 30°, 60° and 90° for the 28
subjects during work. P-values for difference calculated with Wilcoxon signed
rank tests

Concerning self-recordings, the median upper arm velocity was higher in hotel housekeeping than in hotel
housekeeping+ (82 vs 63 °/s; Table 5). There were no
differences between self-recordings and researchers’ recordings of hotel housekeeping (Table 5).
Five individuals participated in both the researchers’ recordings and the self-recordings. The 90th percentile of
upper arm elevation and the median generalised angular velocity for these individuals are shown in Figure 5. For them,
the group mean difference for the 90th percentile of upper
arm elevation between the researchers’ recording on 1 day
and the self-recording on several days, using the standard
reference, was 1° (range -2 – 8°). The group mean difference
for the upper arm velocity was -7 °/s (range -21 °/s – 2 °/s).
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Fig. 2 Individual difference (°) between the simplified reference analysis and the standard reference analysis from day 1 at the 50th percentile of
upper arm elevation during work for the 28 subjects. The dashed line indicates the group mean difference (0.2°). Version 1 of the self-recording
protocol was used by four subjects (○), version 2 was used by five (◆) and version 3 was used by 19 subjects (□)

Within-subject variation in workload between days

The repeatability coefficient for hotel housekeeping
was 1.6° with an ICC of 0.98 for the 50th percentile
of upper arm elevation (Table 6). Corresponding
values for hotel housekeeping+ were 4.8° and 0.86,
respectively. The individual variations in upper arm
velocities during the different working days are shown
in Fig. 6.
The subjects’ perception of self-recording

The subjects’ perceptions are reported in Table 7. One
subject answered “Bad” to one of the questions. All
Table 3 Group means of the absolute differences of upper arm
elevations during work between the simplified and the standard
reference analyses
Mean absolute difference (range)
Percentile (°)
1st

1.8 (0.0 – 4.4)

10th

3.8 (0.2 – 9.1)

50th

4.2 (0.1 – 9.8)

90th

4.2 (0.0 – 12)

99th

4.7 (0.3 – 18)

Percentage of time
> 30°

9.3 (0.2 – 21)

> 60°

2.3 (0.0 – 11)

> 90°

0.6 (0.1 – 2.9)

The group mean of the absolute differences (°; Mean absolute difference) at
the 1st, 10th, 50th, 90th and 99th percentiles of the angular distributions (°) and
the percentage of time above 30°, 60° and 90° for the 28 subjects during
work, between the simplified reference analysis and the standard
reference analysis

other answers were positive. Additionally, 87% of the
subjects stated that the GC inclinometer had not interfered during work or leisure time during the three-day
recording, and 96% were willing to wear the GC inclinometer again.

Discussion
On group level, the recordings of upper arm elevation
during work using the simplified reference posture were
almost identical to the same recordings using the standard reference posture. The subjects were able to follow
the instructions in the protocol and performed
self-recording of upper arm elevations and velocities for
several days.
Simplified reference posture and standard reference
posture

For recordings of arm elevations, it has been suggested
that it is sufficient to attach an inclinometer with one of
its axes aligned with the upper arm (humerus) without
adopting a reference posture [15, 32]. However, since the
humerus may not be parallel to the line of gravity, for
example in subjects with voluminous upper arms (strong
or obese), we believe that it is important to perform a
reference posture to define 0° inclination. When using
the standard reference posture the arm hangs out from
the body (see Fig. 1a). Thus, this should be a minor
problem. In the simplified reference posture the arm is
closer to the body (see Fig. 1b). We therefore plotted the
difference between the two reference postures from day
1 (Fig. 4) versus BMI. We saw no correlation, and do
not suspect a major influence of BMI.
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Fig. 3 Individual differences (°) between the simplified reference posture and the standard reference posture on day 1 ( ), day 2 ( ) and day 3
( ) for all 28 subjects

For each individual, the difference in upper arm elevation during work between the two analyses was lower
than the difference between the two references, and may
be explained by the triangle inequality (see Fig. 7). The
distance between the two reference points can be seen
as the length of one side of a triangle (a). The distance
between one of the reference points and a specific

elevation point during work can then be seen as the
length of a second side of the triangle (b), while the distance between the other reference point and the same
specific elevation point can be seen as the length of the
third side of the triangle (c). Thus, as the length of one
side in a triangle is less than the difference (Δ) of the
lengths of the two other sides, the difference between

Fig. 4 Individual arm position in the simplified reference posture ( ) relative to the arm position in the standard reference posture on day 1 (day
2 for two subjects) for the 28 subjects

(2018) 19:402
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Table 4 The within-subject variation of the simplified reference
posture
Simplified reference posture
Within-subject variation
SD

(95% CI)

5.6

(3.7 – 7.5)

Repeatability coefficient

ICC

16

0.2

The within-subject variation (°; standard deviation (SD) and 95% confidence
interval (95% CI)), the repeatability coefficient (°) and the intraclass correlation
coefficient (ICC) of the simplified reference posture

the two reference analyses will be less than the difference between the two references (Δ = b – c < a). For an
elevation point that is equally far from the two reference
points, the triangle becomes isosceles and the difference
between the two reference analyses will be zero (Δ = b –
c = 0). If the elevation point is in line with the two references, the triangle becomes a line and the difference between the two reference analyses will be the
same as the difference between the two references
(Δ = b – c = a). In this study, the difference during
work was never more than 10°, while the difference
between the two references was up to 21°. In addition, the
group mean difference during work was as low as 0.2°
(range -7 – 10°). We therefore consider, on group level,
the simplified reference posture sufficient for recording of
elevations of the upper arm, given that it is the same work
tasks and a low degree of freedom in work performance
for all individuals [33]. In the current group of cleaners,
the simplified reference posture deviated from the standard reference in a uniform pattern (i.e. in all directions,
see Fig. 4). Consequently, deviations during work were
balanced on group level. However, this may not be the
case in other populations. A non-uniform deviation pattern will introduce a systematic error. Concerning upper
arm velocity, the self-recording method can be used on individual level, as this measure is not dependent on the
reference.

Within-subject variation of simplified reference posture

In a previous study of natural head posture recorded
with inclinometer, the individual overall variability
(standard deviation) was 1.6° [34]. In our study, the
standard deviation of the within-subject variation was
5.6° for the simplified reference posture, i.e. somewhat
higher. We speculate that this difference may be because
it is more difficult to repeat an arm posture (without
support) than a head posture, as in the latter the sight
angle serves as a reference. The repeatability coefficient
for the simplified reference posture was 16°. Thus, in
95% of measurements, the absolute difference between
two simplified reference measurements on one subject is
not expected to exceed 16°. Therefore, a recording of
upper arm elevations analysed with the simplified reference posture at only one occasion should be interpreted
with some caution.
The protocol and the subjects’ perceptions of selfrecording

The protocol was continuously improved during the
study. Thereby, the problems that occurred during the
study were resolved. Most importantly, if the GC inclinometer falls off it should not be replaced. Further, toe
jumps are performed before and after the simplified reference posture. We believe that version 4 is easy to use.
Still, for subjects that do not speak Swedish or English,
one might consider to translate it into the language in
question.
According to the questionnaire which the subjects
answered after the study, all but one of the subjects
were positive to self-recordings of upper arm elevations and velocities. Only one person answered “Bad”
to the question “How did you experience to put on more
plastic film?” Since eight subjects reported that it had not
been necessary, we think this negative answer was due to
language barriers, and this subject also meant that it had
not been necessary.

Table 5 Group means of upper arm elevation and velocity during different types of cleaning
Self-recordings during 3 days

Standard one-day recordings

Hotel housekeeping (n = 9)

Hotel housekeeping+ (n = 11)

Office cleaning (n = 4)

Hotel housekeeping (n = 14)

Mean (range)

Mean (range)

Mean (range)

Mean (range)

50th

30 (25 – 36)

28 (22 – 35)

33 (29 – 38)

28 (21 – 38)

90th

65 (50 – 79)

62 (50 – 77)

64 (54 – 83)

61 (47 – 75)

82a (53 – 114)

63a (37 – 89)

56 (37 – 75)

92 (66 – 129)

Elevation (°)

Velocity (°/s)
50th

th

th

Group means at the 50 and 90 percentiles of upper arm elevation (°) and the median generalised upper arm angular velocity (°/s) during different types of
cleaning when using the standard reference posture as reference. (Data from the four men are excluded). The generalised angular velocity is not dependent on
the reference posture. Hotel housekeeping = cleaning hotel rooms, hotel housekeeping+ = cleaning hotel rooms and other tasks such as cleaning corridors. The
standard recordings were performed by researchers. Differences calculated by Kruskal-Wallis analysis of variance. Post hoc analysis with Mann-Whitney U-test
a
p = 0.05
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Fig. 5 Upper arm elevation and the median generalised angular velocity of the upper arm for the five subjects who participated in both the selfrecordings and the researchers’ recordings. △ = upper arm elevation obtained with self-recording (using the standard reference posture). ○ = the
median generalized upper arm velocity obtained with self-recording. ▲ = upper arm elevation obtained by the researchers’ recordings. ● = the
median generalised upper arm velocity obtained by the researchers’ recordings

Risk of musculoskeletal disorders among cleaning staff

Our research group has performed technical measurements of upper arm elevations and velocities for
about thirty years in about sixty different occupations.
Most of these occupational groups have also been
clinically examined using the standardised Health Surveillance in Adverse Ergonomics Conditions (HECO)
method [35, 36] which quantifies the prevalence of
WMSDs and diagnoses of the neck and upper extremities. Exposure-response relationships were obtained by compiling the data from the technical
measurements and the clinical examinations, and we
found strong associations between upper arm velocity
and several diagnoses [2]. Based on this knowledge,
we have recently proposed action levels for the prevention of WMSDs. The proposed action level for the
median generalised angular velocity is 60 °/s [37].
This is well in line with the findings in a recent study

by Dalbøge et al., where it was indicated that a median generalised angular velocity of the upper arm
below 45 °/s was safe [38]. Based on previous studies [2,
39–42], we have proposed an action level of 60° for the
90th percentile of upper arm elevation. The action
level for elevation was exceeded in office cleaning,
while the action levels for both elevation and angular
velocity were exceeded in hotel housekeeping (both
self-recordings and researchers’ recordings) and hotel
housekeeping+, indicating the need for preventive actions. Hence, it was highly relevant to test the
self-recording method among cleaners.
Within-subject variation of workload between working days

The within-subject variation in upper arm elevation and
velocity between working days in hotel housekeeping
was low. This indicates that the work is monotonous
and repetitive. The between days variation differed

Table 6 The group means and the within-subject variations of upper arm elevation and velocity between working days
Hotel housekeeping (n = 11)
Percentile

Hotel housekeeping+ (n = 11)

Group mean
(° or °/s)

Within-subject
variation SD (95% CI)

Repeatability
coefficient (° or °/s)

ICC

Group mean
(° or °/s)

Within-subject
variation SD (95% CI)

Repeatability
coefficient (° or °/s)

ICC

th

50 (°)

29

0.6 (0.3 – 0.9)

1.6

0.98

28

1.7 (0.9 – 2.5)

4.8

0.86

90th (°)

64

1.5 (0.8 – 2.2)

4.1

0.97

62

4.4 (2.3 – 6.4)

12

0.80

Vel. (°/s)

81

4.7 (2.5 – 6.9)

13

0.93

63

12 (6.4 – 18)

33

0.66

The group mean, the within-subject variation (° or °/s; standard deviation (SD) and 95% confidence intervals (95% CI)), the repeatability coefficient (° or °/s) and
the intraclass correlation coefficient (ICC) of upper arm elevations (°; 50th and 90th percentiles of the angular distribution) and median upper arm velocity (°/s;
Vel.) between working days for 22 subjects. Self-recordings of hotel housekeeping and hotel housekeeping+. Hotel housekeeping = cleaning hotel rooms and
hotel housekeeping+ = cleaning hotel rooms and other tasks such as cleaning corridors. The standard reference posture was used as reference
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Fig. 6 The median generalised angular velocity of the upper arm during work for the 28 subjects for day 1 ( ), day 2 ( ) and day 3 ( ). The
dashed line is the suggested action level for ergonomic workload

between hotel housekeeping + and hotel housekeeping,
and one explanation could be that there were additional
and more varied work tasks in hotel housekeeping+,
such as for example cleaning corridors, conference
rooms and pool areas.
Methodological considerations

To the best of our knowledge, this is the first time
self-recordings have been made of upper arm elevation
and velocity. This required a protocol explaining how to
perform the self-recording. A strength of the study was
that the protocol was tested and improved in an occupation with a high proportion of immigrants. Even if the
Table 7 Questionnaire responses after the self-recording
Bad

Rather good

Good

How did you experience to
wear the GC-inclinometer
during several days?

4 (17%)

20 (83%)

How did you experience
to sleep with the
GC-inclinometer on?

5 (22%)

18 (78%)

How did you experience
to shower
with the sensor?

3 (15%)

17 (85%)

1 (7%)

12 (86%)

How did you experience to
perform the toe jumps and
the reference position each
morning?

1 (5%)

21 (95%)

How did you experience
to fill in the diary?

7 (32%)

15 (68%)

How did you experience
to attach more plastic film?a

1 (7%)

Rather
bad

Distribution of questionnaire responses from 24 subjects after self-recording of
upper arm elevation and velocity during 3 days. The response rate (proportion
within brackets) are given for the different options
a
eight subjects reported that this was not necessary

subjects spoke poor Swedish and English, they were able
to perform self-recordings. This indicates that the protocol is easy to follow and may be used by most employees. A weakness is that we did not improve the
protocol systematically and did not evaluate the different
steps of improvements in a systematic manner. Instead,
we made changes in the protocol based on how comfortable and secure the subjects appeared to be when they
attached the GC inclinometer and performed the simplified reference posture. On a visual inspection of Fig. 2
we did not see any improvement concerning the individual differences between the two analyses. Thus, we do
not think that different versions of the protocol impacted on our data.
Considering recordings of upper arm elevation, we
judge a difference of 5° to be clinically relevant. Prior to
the study we did not know the distribution of the differences between the analyses with the two different reference postures. As this was about 5° for both the 50th
and the 90th percentiles we would have needed 11 subjects to be able to detect a 5° difference between the two
analyses with an 80% power. As 28 cleaners were included, we could detect a difference of 3°.

Conclusions
The small difference between the simplified reference
analysis and the standard reference analysis indicates
that recordings performed by employees themselves are
comparable, on group level, with those performed by
researchers. The subjects in this study were able to
perform self-recording of upper arm elevations and
velocities using the protocol provided. The simplified
reference posture is sufficient on group level, with the
assumption that it is the same work tasks and a high
similarity in work performance for all individuals. The
self-recording method can be used at an individual level

Dahlqvist et al. BMC Musculoskeletal Disorders

(2018) 19:402

Page 12 of 14

Fig. 7 The triangle inequality may be used to explain that the average difference in upper arm elevation between the two analyses was lower
than the difference between the two reference postures. The upper triangle illustrates the case that is likely to occur most of the work time. In
that case the difference Δ = b – c < a, where a is the difference between the two reference posture points, and b – c is the difference between
the two analyses. In the (unusual) middle case Δ = b – c = 0; the elevation point is equally far from the two reference posture points, and in the
(unusual) lower case, Δ = b – c = a, the elevation point is in line with and outside the two reference posture points, and the difference between
the two reference analyses will be the same as the difference between the two reference postures. So Δ is always less or equal to the difference
between the two reference posture points

for recording of upper arm velocity. Self-recording could
increase the use of technical methods when performing
risk assessments and, in combination with action levels
for the prevention of WMSDs, increase the accuracy of
risk assessments. In addition, self-recording in combination with action levels would provide employers with a
method of assessing the risk of developing WMSDs
among employees, which would be an important improvement of prevention. Hotel cleaning implies a high
risk of musculoskeletal disorders due to a high upper
arm velocity.
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Purpose. 7R LQYHVWLJDWH WKH HIIHFWV RI XVLQJ KDQG JULS RU UHVLVWHG ZULVW H[WHQVLRQ DV UHIHUHQFH
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ZRUN LV SHUIRUPHG LQ D ZLGH UDQJH RI SRVWXUHV DQG ZLWK YDU\LQJ IRUFHV DQG WKH IRUHDUP
PXVFOHVFDQWKXVEHLQYROYHGWRGLIIHUHQWGHJUHHVLQGLIIHUHQWVLWXDWLRQV>@,WPD\WKHUHIRUH
EHQHFHVVDU\WRUHFRUGWKHPXVFOHDFWLYLW\IURPVHYHUDOIRUHDUPPXVFOHVWRREWDLQDFRPSOHWH
GHVFULSWLRQRIWKHIRUHDUPH[HUWLRQGXULQJZRUN+RZHYHUWKLV PD\ QRW EH IHDVLEOH LQ ILHOG
UHFRUGLQJVRISK\VLFDOZRUNORDGVDVWKHWLPHUHTXLUHGWRDSSO\DQGFDOLEUDWHWKHHTXLSPHQW
PD\ PDNH HPSOR\HUV UHOXFWDQW WR JLYH SHUPLVVLRQ IRU ZRUNSODFH UHFRUGLQJV )XUWKHUPRUH
DQDO\VLQJ WKH YDVW DPRXQW RI GDWD FROOHFWHG ZRXOG DOVR EH WLPHFRQVXPLQJ >@ +DYLQJ WR
ZRUN ZLWK PXOWLSOH PHDVXULQJ HTXLSPHQW PD\ DOVR LQWHUIHUH ZLWKWKH SDUWLFLSDQWV¶ PRELOLW\
DQGFRPIRUW$FRPPRQVWUDWHJ\LVWRUHFRUGWKHPXVFOHDFWLYLW\LQWKH H[WHQVRUFDUSLUDGLDOLV
EUHYLV DQG ORQJXV DV D SUR[\ IRU IRUHDUP PXVFOH H[HUWLRQ GXULQJ ZRUN >@ ([SRVXUH±
UHVSRQVHUHODWLRQVKLSVKDYHEHHQIRXQGEHWZHHQWKHSHDNORDGRQWKHVHPXVFOHV LHWKHWK
SHUFHQWLOHRIWKHDPSOLWXGHGLVWULEXWLRQ DQGUHSRUWHGFRPSODLQWVLQWKHHOERZKDQGGXULQJWKH
SDVWPRQWKVDQGSDVWGD\V>@
7KH UHFRUGHG (0* DPSOLWXGHV VKRXOG EH QRUPDOLVHG WR D UHIHUHQFH FRQWUDFWLRQ DV
WKH\DUHLQIOXHQFHGE\HJVNLQFRQGXFWDQFHDQGVXEFXWDQHRXVWKLFNQHVV>@$SUR[\IRUWKH
DSSOLHGPXVFOHIRUFHUHODWLYHWRWKHVXEMHFW¶VVWUHQJWKFDQEHREWDLQHGE\XVLQJWKHPD[LPDO
YROXQWDU\ FRQWUDFWLRQ 09&  DV D UHIHUHQFH DQG H[SUHVVLQJ WKH HOHFWULFDO DFWLYLW\ REWDLQHG
GXULQJZRUNDVDSHUFHQWDJHRIWKHHOHFWULFDODFWLYLW\REWDLQHGGXULQJWKH09& WKHPD[LPDO
YROXQWDU\HOHFWULFDODFWLYLW\09( $FRPPRQO\XVHGUHIHUHQFHFRQWUDFWLRQLVWKHPD[LPDO
YROXQWDU\ SRZHU JULS KHUH GHQRWHG hand grip  LQ D PLGSURQDWHG IRUHDUP SRVWXUH >@
7KLVJULSFDQEHXVHGIRUERWKIOH[RUDQGH[WHQVRUPXVFOHVEXWKDVEHHQVKRZQWRJLYHORZHU
(0*DPSOLWXGHVWKDQIRUH[DPSOHPD[LPDOUHVLVWHGIOH[RUDQGH[WHQVRUHIIRUWV>@7KLV
PHDQVWKDWWKHH[WHQVRUPXVFOHVDUHQRWIXOO\DFWLYDWHGGXULQJWKHKDQGJULSZKLFKPD\UHVXOW
LQRYHUHVWLPDWLRQRIWKHUHFRUGHGZRUNORDG
7KHPRVWDSSURSULDWHZD\WRSHUIRUPDUHIHUHQFHFRQWUDFWLRQRIWKHIRUHDUPPXVFOHV
KDV EHHQ GLVFXVVHG LQ VHYHUDO VWXGLHV >@ DOWKRXJK QR FRQVHQVXV KDV \HW EHHQ
UHDFKHG)RUH[DPSOH1JRDQG:HOOVSURSRVHGWKDW(0*DPSOLWXGHVREWDLQHGGXULQJSRZHU
JULSSLQJ WDVNV VKRXOG EH QRUPDOLVHG WR UHVLVWHG IOH[RU DQG H[WHQVRU 09&V IRU EHWWHU
DSSUR[LPDWLRQ RI WKH PDJQLWXGH RI PD[LPXP DFWLYDWLRQ RI WKH IRUHDUP PXVFOHV 7KH\ DOVR
VXJJHVWHGWKDWDKDQGJULSFRXOGEHSHUIRUPHGWRDOORZFRPSDULVRQZLWKSUHYLRXVVWXGLHVLQ
ZKLFKWKLVKDVEHHQXVHGDVDUHIHUHQFHFRQWUDFWLRQ>@
5HFRPPHQGDWLRQV RQ WKH W\SH DQG SRVLWLRQLQJ RI HOHFWURGHV VLJQDO SURFHVVLQJ DQG
PRGHOOLQJ ZHUH HVWDEOLVKHG IRU  GLIIHUHQW PXVFOHV E\ WKH (XURSHDQ &RQFHUWHG $FWLRQ
6(1,$0 VXUIDFH(0*IRUQRQLQYDVLYHDVVHVVPHQWRIPXVFOHV LQ>@EXWQRVXFK
UHFRPPHQGDWLRQV ZHUH HVWDEOLVKHG IRU WKH IRUHDUP 'XULQJ QHDUO\  \HDUV RI UHVHDUFK RXU
JURXS KDV SODFHG WKH (0* HOHFWURGHV RQ WKH PRVW SURPLQHQW SDUW RI WKH H[WHQVRU PXVFOHV
+RZHYHU LW KDV EHHQ VXJJHVWHG WKDW WKLV SRVLWLRQ VKRXOG EH DYRLGHG DV WKLV LV ZKHUH WKH
LQQHUYDWLRQ ]RQH LV OLNHO\ WR EH >@ ,Q DGGLWLRQ SUHYLRXV VWXGLHV KDYH DOVR VKRZQ WKDW WKH
(0* DPSOLWXGH YDULHV GHSHQGLQJ RQ WKH HOHFWURGH SRVLWLRQ >@ 7KHUH LV WKHUHIRUH D
QHHGWRVWXG\GLIIHUHQWHOHFWURGHSRVLWLRQVRQWKHIRUHDUP
:HKDYHSUHYLRXVO\IRXQGDYDULDWLRQLQWKH(0*DPSOLWXGHZKHQUHFRUGLQJWKHKDQG
JULS RQ GLIIHUHQW GD\V ,Q D ODERUDWRU\ PRFNXS RI DQ LQGXVWULDO VHWWLQJ WKH FRHIILFLHQW RI
YDULDWLRQRIWKH(0*UHFRUGHGGXULQJWKHKDQGJULSFRQWUDFWLRQZDVIRXQGWREHDVKLJKDV
>@:HRFFDVLRQDOO\DOVRVHHKLJKHU(0*DPSOLWXGHVGXULQJZRUNWKDQWKRVHREWDLQHG
ZLWK WKHKDQG JULS 7KHUHIRUH ZH FRPSDUHG WKH (0* DPSOLWXGHDQGUHSURGXFLELOLW\ RI WZR
GLIIHUHQW 09&V hand grip DQG resisted wrist extension  DQG IRXU HOHFWURGH SRVLWLRQV DQG
IRXQGWKHKLJKHVWJURXSPHDQ(0*DPSOLWXGHDQGWKHORZHVW&9IRUresisted wrist extension


ZLWKWKHHOHFWURGHVSRVLWLRQHGFORVHVWWRWKHHOERZ>@+RZHYHUWKDWVWXG\ZDVFRQGXFWHG
LQDODERUDWRU\VHWWLQJZLWKUHFRUGLQJVRI09&V7KHSUHVHQWVWXG\ZDVWKHUHIRUHFDUULHGRXW
WRLQYHVWLJDWHWKHHIIHFWV RIhand gripDQGresisted wrist extensionRQUHFRUGLQJVRIIRUHDUP
H[WHQVRUPXVFOHDFWLYLW\DWWZRHOHFWURGHSRVLWLRQVLQZKROHGD\ILHOGUHFRUGLQJVGXULQJKRWHO
FOHDQLQJ



0DWHULDOVDQGPHWKRGV

2.1. Study design and subjects
7KLUWHHQULJKWKDQGHGIHPDOHKRWHOKRXVHNHHSHUVSDUWLFLSDWHGLQWKHVWXG\7KHLUPHGLDQDJH
ZDV  \HDUV UDQJH ±  KHLJKW  FP ± GDWD PLVVLQJ IRU RQH VXEMHFW  DQG
ZHLJKW  NJ ± GDWD PLVVLQJ IRU WKUHH VXEMHFWV  7KH HOHFWULFDO DFWLYLW\ RI WKH ULJKW
IRUHDUP H[WHQVRU PXVFOHV ZDV UHFRUGHG E\ WZR SDLUV RI HOHFWURGHV DW GLIIHUHQW ORFDWLRQV
GXULQJDQRUPDOZRUNLQJGD\IRUHDFKVXEMHFW$OOVXEMHFWVSHUIRUPHGWKUHHHIIRUWVRIHDFKRI
WZR W\SHV RI 09& hand grip DQG resisted wrist extension VHH EHORZ  EHIRUH WKH\ VWDUWHG
ZRUN7KHUHVHDUFKHUDVNHGWKHVXEMHFWWRPDLQWDLQHDFKFRQWUDFWLRQIRUDERXWVHFRQGVDQG
HQFRXUDJHGKHUWRSHUIRUPDWKHUEHVW7KHVXEMHFWVDWRQDFKDLUDQGERG\PRYHPHQWVZHUH
FRQWUROOHGGXULQJHDFKDWWHPSW(YHU\RWKHUVXEMHFWVWDUWHGZLWKWKHhand gripDQGWKHRWKHUV
VWDUWHG ZLWK WKH resisted wrist extension $OO VXEMHFWV FOHDQHG KRWHO URRPV $ UHVHDUFKHU
IROORZHGHDFKVXEMHFWGXULQJKHUZRUNLQJGD\DQGQRWHGWKHH[DFWVWDUWLQJDQGVWRSSLQJWLPHV
RI GLIIHUHQW ZRUN WDVNV DQG OXQFK EUHDNV 7KH VWXG\ ZDV DSSURYHG E\ WKH 5HJLRQDO (WKLFV
&RPPLWWHHLQ/XQG 1R $OOVXEMHFWVJDYHWKHLUZULWWHQLQIRUPHGFRQVHQW
1.2. Electromyography
7KHH[WHQVRUFDUSLUDGLDOLVORQJXVDQGEUHYLV ZHUHORFDWHGLQWKHULJKWIRUHDUPE\SDOSDWLRQ
ZKLOHWKHVXEMHFWSHUIRUPHGDYROXQWDU\FRQWUDFWLRQZLWKWKHIRUHDUPUHVWLQJRQDWDEOHZLWKD
SURQDWHGIRUHDUPDQGDQH[WHQGHGZULVW7KHVNLQZDVFOHDQVHGZLWKDOFRKRODQGUXEEHGZLWK
HPHU\ FORWK :H DSSOLHG WZR $J$J&O HOHFWURGHV $PEX 1HXUROLQH  'HQPDUN  WR WKH
VNLQDERYHWKHPRVWSURPLQHQWSDUWRIWKHPXVFOHVZKLFKZDV DSSUR[LPDWHO\RQHWKLUGRIWKH
GLVWDQFHIURPWKHODWHUDOHSLFRQG\OHWRWKHVW\ORLGSURFHVVRIWKHXOQD SRVLWLRQ)LJ >@
7ZRDGGLWLRQDOHOHFWURGHVZHUHDSSOLHGSUR[LPDOO\WRWKHRULJLQDOSDLU SRVLWLRQ)LJ ,Q
WKLVZD\UHFRUGLQJVFRXOGEHPDGHDWWZRSRVLWLRQVIRUHDFKVXEMHFW3RVLWLRQLVWKHORFDWLRQ
XVHGLQRXUSUHYLRXVVWXGLHVRIZRUNORDG>@3RVLWLRQVDQGFRUUHVSRQGWRSRVLWLRQV$DQG
& UHVSHFWLYHO\ LQ WKH VWXG\ E\ 'DKOTYLVW HW DO >@ 7KH FHQWUHWRFHQWUH GLVWDQFH EHWZHHQ
WKHHOHFWURGHVZDVPPDQGWKHDFWLYHGLDPHWHURIWKHHOHFWURGHVZDVPP
7KHVLJQDOVZHUHDPSOLILHGILOWHUHG ±+] DQGVDPSOHGDWDUDWHRI+]
DQGVWRUHGRQ*%PHPRU\FDUGLQD0RELGDWDORJJHU 706,QWHUQDWLRQDO1HWKHUODQGV 
$IWHU UHFRUGLQJ WKH GDWD ZHUH WUDQVIHUUHG WR D FRPSXWHU IRU TXDOLW\ DVVXUDQFH DQG DQDO\VLV
7KH(0*VLJQDOVZHUHGLJLWDOO\EDQGSDVVILOWHUHG ±+] WRUHPRYHHOHFWULFDOVLJQDOV
IURP WKH KHDUW DQG QRWFK ILOWHUHG PDLQV IUHTXHQF\  +] DQG DOO KDUPRQLFV  7KH URRW
PHDQVTXDUH YDOXH ZDV FDOFXODWHG IRU SHULRGV RI  V DQG WKH QRLVH ZDV VXEWUDFWHG LQ D
SRZHUVHQVH>@$PRYLQJZLQGRZZLWKDZLGWKRIVZDVXVHGWRILQGWKHKLJKHVW(0*
DFWLYLW\UHVXOWLQJIURPWKHWKUHHHIIRUWVRI09&VIRUHDFKNLQGRIFRQWUDFWLRQ>@



1.3. Maximal voluntary contractions
1.3.1. Resisted wrist extension
7KH VXEMHFW VDW RQ D FKDLU ZLWKRXW DUPUHVWV ZLWK WKH HOERZ IOH[HG DQG ZLWK WKH IRUHDUP
SURQDWHGDQGVXSSRUWHGRQDWDEOH )LJD 7KHVXEMHFWLQVHUWHGKHUKDQGLQWRDJORYHRQWKH
GRUVDO VLGH RI ZKLFK D SLHFH RI SO\ZRRG ZDV DWWDFKHG $ PHWDO ULQJ ZDV DWWDFKHG WR WKH
XQGHUVLGHRIWKHSO\ZRRGWKURXJKZKLFKWKHPLGGOHILQJHURIWKHJORYHZDVSDVVHG$VWUDS
ZDVDOVRSDVVHGWKURXJKWKHULQJDQGDWWDFKHGWRDIRUFHWUDQVGXFHUFRQQHFWHGWRDPHWDOSODWH
RQ WKH IORRU 7KH VXEMHFW ZDV DVNHG WR SHUIRUP PD[LPDO H[WHQVLRQ RI WKH ZULVW %HIRUH WKH
UHFRUGLQJ RI WKH 09& WKH VWUDS ZDV DGMXVWHG VR WKH SLHFHRI SO\ZRRG UHPDLQHG KRUL]RQWDO
GXULQJWKH09&V7KHH[HUWHGIRUFHZDVUHJLVWHUHGIRUDOOWKUHH09&V>@
 Hand grip
7KHVXEMHFWSHUIRUPHGDPD[LPDOLVRPHWULFJULSXVLQJD-DPDUKDQGG\QDPRPHWHU 6DPPRQV
3UHVWRQ86$ ZLWKWKHHOERZIOH[HGDWZLWKQRVXSSRUWRIWKHIRUHDUPRUKDQG )LJE 
>@
1.4. Data analysis
7KHKLJKHVWHOHFWULFDODFWLYLW\UHVXOWLQJIURPWKHWZRW\SHVRI09& 09( ZDVUHFRUGHGDW
ERWK HOHFWURGH SDLUV (DFK UHFRUGLQJ PDGH GXULQJ FOHDQLQJ ZDV DQDO\VHG WZLFH RQFH XVLQJ
hand grip DV WKH UHIHUHQFH FRQWUDFWLRQ DQG RQFH XVLQJ resisted wrist extension DV WKH
UHIHUHQFHUHVXOWLQJLQIRXUVHSDUDWHUHVXOWVIRUHDFKVXEMHFW 09&V[SRVLWLRQV 7KHWK
DQGWKSHUFHQWLOHVRIWKHDPSOLWXGHGLVWULEXWLRQ PXVFXODUDFWLYLW\GXULQJZRUNH[SUHVVHGDV
09( DQGWLPHIRUUHFRYHU\ RIWLPH(0*DPSOLWXGHEHORZ09( GXULQJZRUN
ZHUHFDOFXODWHGIRUHDFKVXEMHFWIRUWKHIRXUVHWVRIGDWD7KHJURXSPHDQVZHUHFDOFXODWHGIRU
FRPSDULVRQVEHWZHHQWKHIRXUVHWVRIGDWDXVLQJWKH:LOFR[RQVLJQHGUDQNWHVW7KHKLJKHVW
PD[LPDO H[HUWHG IRUFH 0() 1HZWRQ  UHFRUGHG GXULQJ WKH WKUHH HIIRUWV RI HDFK RI WKH WZR
09&VZDVXVHGWRFDOFXODWHWKHLQGLYLGXDOUDWLRVDQGWKHJURXSPHDQUDWLRVEHWZHHQresisted
wrist extension DQG hand grip DW ERWK HOHFWURGH SRVLWLRQV 7KH UDWLRV resisted wrist
extensionhand grip  ZHUH DOVR FDOFXODWHG IRU WKH 09( DQG 09( WK SHUFHQWLOH  7KH
FRUUHODWLRQEHWZHHQWKH0()DQGWKH09(IRUDOOIRXUVHWVRIGDWDZDVFDOFXODWHGLQWHUPVRI
WKH3HDUVRQFRUUHODWLRQFRHIILFLHQW7KH0()ZDVWKHQWKHLQGHSHQGHQWYDULDEOHDQGWKH09(
ZDVWKHGHSHQGHQWYDULDEOH7KHHOHFWURGHSRVLWLRQZLWKWKHKLJKHVWFRUUHODWLRQFRHIILFLHQWIRU
ERWK W\SHV RI FRQWUDFWLRQ ZDV XVHG ZKHQ SORWWLQJ WKH 09( UDWLR YHUVXV WKH 09( WK
SHUFHQWLOH ZKHQXVLQJhand gripDVUHIHUHQFH6366YHUVLRQZDVXVHGIRUWKHVWDWLVWLFDO
DQDO\VHVpZDVXVHGWRLQGLFDWHDVWDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFH



5HVXOWV

3.1. Resisted wrist extension/hand grip ratios for MEF and MVE
7KHLQGLYLGXDOUDWLRVRIWKH0()UDQJHGIURPWR 7DEOH 7KHJURXSPHDQUDWLR
ZDV7KHJURXSPHDQ09(IRUresisted wrist extensionUHFRUGHGDWSRVLWLRQZDV
WLPHV KLJKHU WKDQ WKDW IRU hand JULS 7KH LQGLYLGXDO 09( UDWLRV DW SRVLWLRQ  UDQJHG IURP
 WR  $W SRVLWLRQ  WKH JURXS PHDQ 09( IRU resisted wrist extension ZDV  WLPHV
KLJKHUWKDQWKDWIRUhand gripDQGWKHLQGLYLGXDOUDWLRVUDQJHGIURPWR



2.2. MEF versus MVE
7KHFRUUHODWLRQEHWZHHQWKH0()DQG09(UHFRUGHGZLWKresisted wrist extensionZDVORZHU
DWSRVLWLRQ U p )LJD WKDQDWSRVLWLRQ U p )LJE 7KH
YDOXHVIRUhand gripZHUHU  p  DWSRVLWLRQ )LJF DQGU  p  
DWSRVLWLRQ )LJG 


Muscular load and time for recovery during work

7KHJURXSPHDQ09( WKDQGWKSHUFHQWLOHV ZDVORZHUZKHQresisted wrist extension
ZDV XVHG DV WKH UHIHUHQFH FRQWUDFWLRQ WKDQ ZKHQ hand grip ZDV XVHG DW ERWK HOHFWURGH
SRVLWLRQV 7DEOH $WSRVLWLRQWKHPHDQRIUDWLRVIRUWKHWKSHUFHQWLOHZDV&,
>@ZKLOHWKHFRUUHVSRQGLQJYDOXHDWSRVLWLRQZDV&,>@7KH
09( ZDV DERYH   LQ WKUHH VXEMHFWV UHFRUGHG DW SRVLWLRQ  DQG LQ WZR VXEMHFWV DW
SRVLWLRQZKHQXVLQJhand gripDVWKHUHIHUHQFH
7KHJURXSPHDQVRIWKHWLPHIRUUHFRYHU\ZHUHKLJKHUZKHQresisted wrist extension
ZDV XVHG DV WKH UHIHUHQFH WKDQ ZKHQ hand grip ZDV XVHG DW ERWK HOHFWURGH SRVLWLRQV
7DEOH 7KHPHDQYDOXHVRIWKHUDWLRVIRUWKHWLPHIRUUHFRYHU\DWSRVLWLRQZDV
&,>@DQG&,>@DWSRVLWLRQ QRWLQWDEOH 

2.4. %MVE versus MVE ratio
7KHWZRVXEMHFWVZLWKD09( WKSHUFHQWLOH DERYHDWSRVLWLRQZKHQhand grip
ZDVXVHGDVWKHUHIHUHQFHFRQWUDFWLRQKDG09(UDWLRVRIDQG$OORWKHUVXEMHFWVKDG
UDWLRVEHORZ )LJ 



'LVFXVVLRQ

Resisted wrist extensionVKRZHGKLJKHUJURXSPHDQ09(VWKDQhand gripDWERWKHOHFWURGH
SRVLWLRQV 7KH FRUUHODWLRQ EHWZHHQ WKH 0() DQG 09( ZDV KLJKHU DW SRVLWLRQ  WKDQ DW
SRVLWLRQIRUERWKresisted wrist extensionDQGhand grip$WSRVLWLRQWKLVFRUUHODWLRQZDV
KLJKHUIRUresisted wrist extensionWKDQIRUhand grip:KHQXVLQJhand gripDVWKHUHIHUHQFH
WZR VXEMHFWV VKRZHG D 09( DERYH   DW SRVLWLRQ  GXULQJ FOHDQLQJ WK SHUFHQWLOH 
7KHVHVXEMHFWVDOVRKDGDQ09(UDWLREHWZHHQresisted wrist extensionDQGhand gripJUHDWHU
WKDQ
4.1. MVE and MVE ratios for the two reference contractions
7ZHOYH RI WKH  VXEMHFWV H[KLELWHG KLJKHU 09(V ZLWK resisted wrist extension WKDQ ZLWK
hand gripZKLFKLVLQDFFRUGDQFHZLWKRXUILQGLQJVLQWKHODERUDWRU\VHWWLQJZKHUHWKLVZDV
WKHFDVHLQRIVXEMHFWV >@
3.2. Correlations
:HEHOLHYHWKDWWKH09(WRVRPHGHJUHHUHIOHFWVWKH0()WKDWLVXVHGZKHQSHUIRUPLQJWKH
09& +RZHYHU VHYHUDO VWXGLHV KDYH VKRZQ WKDW HJ WKH VXEFXWDQHRXV WKLFNQHVV HOHFWURGH
SRVLWLRQLQJDQGGLIIHUHQWDUPSRVLWLRQVDOVRLQIOXHQFH09(>@ZKLFKRIFRXUVHZLOO
DIIHFW WKH FRUUHODWLRQ ,Q WKH FXUUHQW VWXG\ ZH IRXQG DQ R RI  EHWZHHQ resisted wrist
extension 09( DW SRVLWLRQ  DQG WKH 0() 7KXV   RI WKH YDULDQFH LQ 09( FRXOG EH


H[SODLQHG E\ WKH 0() 7KH FRUUHVSRQGLQJ YDOXH IRU hand grip ZDV RQO\   1R
FRUUHODWLRQVZHUHIRXQGDWSRVLWLRQZKLFKPD\EHDFRQVHTXHQFHRIHOHFWURGHSRVLWLRQLQJ
7KHUHIRUH LQ VSLWH RI WKH SRVVLEOH GUDZEDFNV UHVXOWLQJ IURP SRVLWLRQLQJ WKH HOHFWURGHV RYHU
WKHLQQHUYDWLRQ]RQHZHUHFRPPHQGSRVLWLRQIRUIRUHDUPH[WHQVRU(0*UHFRUGLQJV
4.3

Muscular load during work and MVE ratios

:KHQXVLQJhand gripDVWKHUHIHUHQFHYDOXHVRI09(DERYHZHUHREWDLQHGIRUWZR
VXEMHFWV8SRQLQVSHFWLQJWKHGDWDZHQRWHGWKDWWKHVHVXEMHFWV QXPEHUDQG KDGhand
grip09(VIRUHOHFWURGHSRVLWLRQWKDWZHUHDPRQJWKHORZHUYDOXHVZKLOHWKHLU09(VIRU
resisted wrist extensionZHUHDPRQJWKHKLJKHVW)XUWKHUPRUHWKHUDWLRVRIWKH0()EHWZHHQ
WKH WZR W\SHV RI FRQWUDFWLRQ IRU WKHVH VXEMHFWV ZHUH WKH VDPH DV IRU WKH RWKHU SDUWLFLSDQWV
ZKLOHWKHLU09(UDWLRVZHUHWKHWZRKLJKHVW,WWKXVDSSHDUVWKDWWKH\DFWLYDWHGWKHLUH[WHQVRU
PXVFOHVWRDOHVVHUH[WHQWWKDQWKHRWKHUVGXULQJWKHhand gripUHVXOWLQJLQRYHUHVWLPDWLRQRI
WKH PXVFXODU ORDG GXULQJ ZRUN ZKHQ XVLQJ hand grip DV WKH UHIHUHQFH ,W LV QRW SRVVLEOH WR
GHWHUPLQHZKHWKHUDVXEMHFWDFWLYDWHVWKHH[WHQVRUPXVFOHVPD[LPDOO\E\VWXG\LQJWKHhand
gripIRUFHDQG09(RQO\,QVWHDGWKH09(UDWLRIRUresisted wrist extensionDQGhand grip
FDQ EH XVHG WR GLVWLQJXLVK LQGLYLGXDOV ZKR IXOO\ DFWLYDWH WKHLU H[WHQVRU PXVFOHV IURP WKRVH
ZKRGRQRW
4.4. Strengths and limitations
'LIIHUHQFHV LQ (0* DPSOLWXGHV RI WKH IRUHDUP PXVFOHV EHWZHHQ GLIIHUHQW PD[LPDO HIIRUWV
DQGRU ZLWK WKH DUP LQ GLIIHUHQW SRVLWLRQV KDYH EHHQ UHSRUWHG LQ VHYHUDO SUHYLRXV
VWXGLHV>@ +RZHYHU WKHVH VWXGLHV RQO\ FRPSDUHG WKH DPSOLWXGHV GXULQJ WKHVH
VSHFLILFPD[LPDOHIIRUWVLQWKHODERUDWRU\DQGLWLVGLIILFXOWWRHVWLPDWHWKHFRQVHTXHQFHVRI
GLIIHUHQW FRQWUDFWLRQV LQ UHDO ZRUNLQJ VLWXDWLRQV XVLQJ VXFK DQ DSSURDFK 7R WKH EHVW RI RXU
NQRZOHGJHWKHSUHVHQWVWXG\LVWKHILUVWLQZKLFKGLIIHUHQWUHIHUHQFHFRQWUDFWLRQVKDYHEHHQ
XVHG DQG FRPSDUHG LQ ILHOG UHFRUGLQJV RI UHDO ZRUN XVLQJ GLIIHUHQW HOHFWURGH SRVLWLRQV :H
UHFRUGHGWKHPXVFXODUORDGLQDQRFFXSDWLRQZLWKYHU\VWUHQXRXVZRUNWDVNVDQGHQDEOHGXV
WR UHYHDO WZR VXEMHFWV LQ ZKLFK WKH ZRUNORDG ZDV REYLRXVO\ RYHUHVWLPDWHG GXH WR SRRU
DFWLYDWLRQRIWKHIRUHDUPH[WHQVRUVLQWKHhand grip FRQWUDFWLRQ
7KHPDLQOLPLWDWLRQVRIWKLVVWXG\ZHUHWKHVPDOOQXPEHURISDUWLFLSDQWVDQGWKHIDFW
WKDWRQO\ZRPHQZHUHVWXGLHG'HVSLWHWKLVZHVDZGLIIHUHQFHVLQDPSOLWXGHEHWZHHQWKHWZR
W\SHV RI UHIHUHQFH FRQWUDFWLRQ DQG WKH UHVXOWV IURP RXU SUHYLRXV ODERUDWRU\ VWXG\ ZHUH
FRQILUPHG>@
4.5. Practical implications
7KHUHVXOWVRIWKLVVWXG\VKRZWKDWWKHPXVFXODUORDGGXULQJZRUNFDQEHRYHUHVWLPDWHGZKHQ
XVLQJhand gripDVWKHUHIHUHQFHFRQWUDFWLRQIRUWKHQRUPDOLVDWLRQRI(0*GDWD)XUWKHUPRUH
WKHFRUUHODWLRQEHWZHHQWKH0()DQGWKH09( ZDVKLJKHUIRUresisted wrist extensionWKDQ
IRU hand grip DW SRVLWLRQ  7KLV VXJJHVWV WKDW resisted wrist extension PD\ EH XVHG WR
QRUPDOLVH (0* GDWD +RZHYHU hand grip KDV EHHQ XVHG LQ PDQ\ SUHYLRXV VWXGLHV DQG
FRPSDULVRQVWRWKHVHZRXOGEHORVW2QHDSSURDFKWRRYHUFRPHWKLVFRXOGEHWRSHUIRUPERWK
resisted wrist extensionDQGhand gripFRQWUDFWLRQVDQGUHSRUWERWK$QRWKHUDSSURDFKFRXOG
EHWRUHSRUWGDWDWKDWKDYHEHHQQRUPDOLVHGWRhand gripDQGH[FOXGHVXEMHFWVZLWKD09(
UDWLRDERYHDFHUWDLQOHYHO LQWKHFXUUHQWVWXG\ $VRPHZKDWORZHU09(FRXOGWKHQEH
H[SHFWHGRQWKHJURXSOHYHO 09(LQVWHDGRI09(LQWKLVVWXG\ FRPSDUHGZLWK
SUHYLRXVVWXGLHVDVWKHVHDUHOLNHO\WRLQFOXGHVXEMHFWVZLWKDQRYHUHVWLPDWHGZRUNORDG




&RQFOXVLRQV

Resisted wrist extensionVKRZHGKLJKHU09(VWKDQhand gripIRUERWKHOHFWURGHSRVLWLRQV$
KLJKHUFRUUHODWLRQZDVDOVRIRXQGEHWZHHQWKH0()DQGWKH09(IRUresisted wrist extension
WKDQIRUhand gripDWSRVLWLRQ:KHQXVLQJhand gripDVWKHUHIHUHQFHWKHPXVFXODUORDG
GXULQJ ZRUN ZDV RYHUHVWLPDWHG LQ WZR VXEMHFWV Resisted wrist extension PD\ WKHUHIRUH EH
PRUHYDOLGIRUWKHQRUPDOLVDWLRQRI(0*UHFRUGLQJVRIPXVFXODUORDGGXULQJZRUN+RZHYHU
PDQ\ VWXGLHV KDYH XVHG WKHhand gripDVUHIHUHQFH7KHUHIRUH ERWK resisted wrist extension
DQG hand grip FRXOG EH SHUIRUPHG DQG UHSRUWHG 7R DYRLG RYHUHVWLPDWLRQ ZKHQ XVLQJ hand
grip DV UHIHUHQFH VXEMHFWV ZLWK DQ 09( UDWLR RYHU D FHUWDLQ WKUHVKROG ! LQ WKH FXUUHQW
VWXG\ VKRXOGEHH[FOXGHG

$FNQRZOHGJHPHQWV
7KHDXWKRUVZLVKWRWKDQNWKHVXEMHFWVWKHKRWHOVDQGFOHDQLQJFRPSDQLHVWKDWSDUWLFLSDWHGLQ
WKLVVWXG\

&RQIOLFWRILQWHUHVW
7KHDXWKRUVGHFODUHWKDWWKH\KDYHQRFRQIOLFWRILQWHUHVW

'DWDDYDLODELOLW\VWDWHPHQW
7KHDXWKRUVFRQILUPWKDWWKHGDWDVXSSRUWLQJWKHILQGLQJVRIWKLVVWXG\DUHDYDLODEOHZLWKLQWKH
DUWLFOH
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+DQGJULS

0() 1 

5HVLVWHGZULVW
H[WHQVLRQ
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3RVLWLRQ
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0D[LPDOYROXQWDU\FRQWUDFWLRQV













































































3RVLWLRQ

5DWLR

7DEOH  7KH PD[LPDO H[HUWHG IRUFH 0()  DQG WKH PD[LPDO YROXQWDU\ HOHFWULFDO DFWLYLW\ 09(  RI WKH PD[LPDO
YROXQWDU\FRQWUDFWLRQV resisted wrist extensionDQGhand grip 5DWLRVEHWZHHQresisted wrist extensionDQGhand grip
pIRUGLIIHUHQFHVZHUHFDOFXODWHGZLWKWKH:LOFR[RQVLJQHGUDQNWHVW N  
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5HVLVWHGZULVW
H[WHQVLRQ





































 p 




p 





























3RVLWLRQ

+DQGJULS


































5DWLR





09( WKSHUFHQWLOH 
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5HVLVWHGZULVW
H[WHQVLRQ
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3RVLWLRQ

+DQGJULS

7LPHIRUUHFRYHU\ RIWLPH 

7DEOH7KHZRUNORDG 09(WKDQGWKSHUFHQWLOHV DQGWLPHIRUUHFRYHU\ RIWLPH GXULQJKRWHOKRXVHNHHSLQJDWWZRHOHFWURGHSRVLWLRQV
DQG ZKHQXVLQJhand gripDQGresisted wrist extensionDVUHIHUHQFHFRQWUDFWLRQVpIRUWKHGLIIHUHQFHVZHUHFDOFXODWHGZLWKWKH:LOFR[RQVLJQHG
UDQNWHVW N  

)LJXUHFDSWLRQV

)LJXUH  7KH SRVLWLRQV RI WKH HOHFWURGHV  DQG   RQ WKH ULJKW IRUHDUP H[WHQVRU PXVFOHV
/( /DWHUDOHSLFRQG\OH

)LJXUH0D[LPDOYROXQWDU\FRQWUDFWLRQV D resisted wrist extension E hand grip

)LJXUH0D[LPDOYROXQWDU\HOHFWULFDODFWLYLW\ 09( YHUVXVPD[LPDOH[HUWHGIRUFH 0() 
IRU  IHPDOH KRWHO KRXVHNHHSHUV D resisted wrist extension DW HOHFWURGH SDLU SRVLWLRQ 
E resisted wrist extension DW HOHFWURGH SDLU SRVLWLRQ  F hand grip DW HOHFWURGH SDLU
SRVLWLRQ G hand gripDWHOHFWURGHSDLUSRVLWLRQ

)LJXUH  7KH ZRUNORDG  09( WK SHUFHQWLOH  GXULQJ KRWHO URRP FOHDQLQJ DW HOHFWURGH
SRVLWLRQ  ZKHQ XVLQJ hand grip DV UHIHUHQFH FRQWUDFWLRQ YHUVXV WKH UDWLR RI WKH PD[LPDO
YROXQWDU\HOHFWULFDODFWLYLW\ 09( IRUresisted wrist extensionDQGhand gripIRUIHPDOH
KRWHOKRXVHNHHSHUV



)LJXUH









)LJXUHD


)LJXUHE









)LJXUHD




)LJXUHE





)LJXUHF



)LJXUHG





)LJXUH
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