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Joint Torque Feedback for Motion Training with an Elbow
Exoskeleton

Hubert Kim

(ABSTRACT)

Joint torque feedback (JTF) is a new and promising means of kinesthetic feedback to provide infor-
mation to a person or guide them during a motion task. However, little work has been done to apply
the torque feedback to a person. This project evaluates the properties of JTF as haptic feedback,
starting from the fabrication of a lightweight elbow haptic exoskeleton. A cheap hobby motor and
easily accessible hardware are introduced for manufacturing and open-sourced embedded architec-
ture for data logging. The total cost and the weights are $500 and 509g. Also, as the prerequisite
step to assess the JTF in guidance, human perceptual ability to detect JTF was quantified at the
elbow during all possible static and dynamic joint statuses. JTF slopes per various joint condi-
tions are derived using the Interweaving Staircase Method. For either directional torque feedback,
flexional motion requires 1.89-2.27 times larger speed slope, in mNm/( /s), than the extensional
motion. In addition, we find that JTFs during the same directional muscle’s isometric contraction
yields a larger slope, in mNm/mNm, than the opposing direction (7.36 times and 1.02 times for
extension torque and flexion torque). Finally, the guidance performance of the JTF was evaluated
in terms of time delay and position error between the directed input and the wearer’s arm. When
studying how much the human arm travels with JTF, the absolute magnitude of the input shows
more significance than the duration of the input (p-values of < 0:0001 and 0:001). In the analysis of
tracking the pulse input, the highest torque stiffness, 95 mNm/deg, is responsible for the smallest

position error, 6:102  5:117 , despite the applied torque acting as compulsory stimuli.



Joint Torque Feedback for Motion Training with an Elbow
Exoskeleton
Hubert Kim

(GENERAL AUDIENCE ABSTRACT)

Joint torque feedback (JTF) is a new and promising means of haptic feedback to provide information
to a person or guide them during a motion task. However, little work has been done to apply the
torque feedback to a person, such as determining how well humans can detect external torques
or how stiff the torque input should be to augment a human motion without interference with the
voluntary movement. This project evaluates the properties of JTF as haptic feedback, starting from
the fabrication of a lightweight elbow haptic exoskeleton. The novelty of the hardware is that we
mask most of the skin receptors so that the joint receptors are primarily what the body will use
to detect external sensations. A cheap hobby motor and easily accessible hardware are introduced
for manufacturing and open-sourced software architecture for data logging. The total cost and the
weight are $500 and 509g. Also, as the prerequisite step to assess the JTF in guidance, human
perceptual ability to detect JTF was quantified at the elbow during all possible static and dynamic
joint statuses. A psychophysics tool called Interweaving Staircase Method was implemented to
derive torque slopes per various joint conditions. For either directional torque feedback, flexional
motion requires 1.89-2.27 times larger speed slope, in mNm/( /s) than the extensional motion.
In addition, the muscles’ isometric contraction with the aiding direction required a larger slope,
in mNm/mNm than the opposing direction (7.36 times and 1.02 times for extension torque and
flexion torque). Finally, the guidance performance of the JTF was evaluated in terms of time delay
and position error between the directed input and the wearer’s arm. When studying how much the
human arm travels with JTF, the absolute magnitude of the input shows more significance than

the duration of the input (p-values of < 0:0001 and 0:001). In the analysis of tracking the pulse



input, the highest torque stiffness, 95 mNm/deg, is responsible for the smallest position error,

6:102 5:117 , despite the applied torque acting as compulsory stimuli.
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URZ )O[ 7RUT FRUUHVSRQGV WR WKH)&) )&) 17) (&)
IOH[LRQDO ([W H[WHQVLRQDO 7RUT WRUTXH

[[LL



OHGLDQV RI WKH G\QDPLF-1'FRQGLWLRQ 7KHILUVW URZ
WKH)0( )0( 17( (0( (0( WULDOV ZKLOH WKH VHFRQG U
FRUUHVSRQGV WRWKH)0) )0) 17) (0) (0) WULDOV )O]
H[WHQVLRQDO 7RUT WRUTXH

6LIQLILFDQWOHYHOVRILQWHUDFWLRQHIIHFWEHWZHHQ
7TKHFRPSDUHG '9V DUH SHDN WR SHDN SRVLWLRQ HUURU ¢
WULDO ULJKW $ *DUHWKHJURXS ODEHOV ZKHUH WKH IL
DUHQRWVWDWLVWLFDOO\VLIQLILFDQW

[[LLL



/[LVW RI $SEEUHYLDWLRQV

%/'& %UXVKOHVV '& ORWRU
&&6 &RGH &RPSRVHU 6WXGLR

&&: &RXQWHU &ORFNZLVH

&16 &HQWUDO 1HUYRXV 6\VWHP

&: &ORFNZLVH

)2& )LHOG 2ULHQWHG &RQWURO
)65 )RUFH 6HQVLWLYH5HVLVWRUYV
*72 *ROJL7HQGRQ 2UJDQ

*8, *UDSKLFDO 8VHU ,QWHUIDFH
+,/ +XPDQLQ WKH ORRS

-1' -XVW 1RWLFHDEOH 'LIIHUHQFH
-7) -RLQW 7RUTXH)HHGEDFN

/3) /IRZ3DVV)LOWHU

06 OXVFOHG6SLQGOH

3:0 3XOVH:LGWKORGXODWLRQ

6&, 6HULDO &RPPXQLFDWLRQ , QWHUIDFH

[[LY



6,626LQJOH ,QSXW 6LQJOH 2XWSXW

-1'LVD WHUP FRQYHQWLRQDOO\XVHG WR GHVFULEH WKH VPDOC
SHUFHLYH

[[Y



&KDSWHU

QWURGXFWLRQ

-RLQW 7RUTXH )HHGEDFN LVDQLQWXLWLYHKDSWLFPHDQVLPS
PHGLDWHG WUDLQLQJ ,WLVQDWXUDO IHHGEDFNLQ WKH VHQVI
SURSULRFHSWRUV2WKDW ZH XVH LQ GDLO\DFWLYLWLHYV WR JHYV
IRUFHV LQ RXU PX@FOHW\¥HUYH DV WKH SULPDU\PHDQV RI VHC
ZHIHHO "EHLQJJXLGHG  ZKHQ RWKHUV SXOO RU SXVK D ERG\ VH.
WRUTXHIHHGEDFNLVLQ@KIXHNWWKH SULPDU\NIRFXV LV WRUHK
PRELOLW\RUWHDFKLQJD QHZPRYHPHQW

7TKHKDSWLFJIJXLGDQFHLVDFKLHYHG WKURXJKGHOLYHULQJ WK
LFDO FRQWDF@® »LPLODUO\WRKRZYLEURWDFWLO@&@ PRMORUYV F
EDVHOLQH VWXG\ UHVHDUFKHUV H[SORUHG WKHPLQLPXP SHUF
WKHDUP >@ $OWKRXIKXVHIXODVWKH\DUH WKHVWXG\DERY
SRLQWYV )LUVW WKHZHDUDEOHGHYLFHVKRXOGLVRODWH WKH
DVPXFKDV SRVVLEOH VLQFH WKH VNLQ IHHGEDFN WHQGV WR E|
> @ 7KLVZD\ WKHSHUFHSWXDO UHVROXWLRQPHDVXUHGLV O
YDULRXV VKDSHIDFWRUV RI WKHH[RVNHOHWRQ 6HFRQG ZKHQ
ERG\ VHIPHQW WKH G\QDPLF DQG VWDWLF FRQGLWLRQV VKRX(
PLIKWWULJJHU GLITHUHQW SUL@DU\ SURSULRFHSWRUV >

.HHSLQJ WKH *WUDQVSDUHQF\" RIDQ HIRVNHOHWRQ WR LWV ZH|
KDSWLF IHHGEDFN $Q\EDFNODVK RU WLPH GHOD\V EHWZHHQ D



&KDSWHU ,QWURG X

UHVSRQVH FRXOG JHQHUDWH SDUDVLWLF WRUTXH @QG7IKRHSDLU
W\SLFDODSSURDFKWR KDQGOH WKHUHVLVWDQFH WRUTXHV ZD
VDWH IRUWKHHUURU @& DQLGQ*8#\SHPRRXYHYHU FRPSOHWHO\ SUL
SHUVRQ IURP IHHOLQJ WKH SDUDVLWLFWRUTXHLV LPSRVVLEOF
FRUSRUDWH SDUDVLWLFUHVLVWD QpHRVRIUDK AW IR Q5 RBVXH +
> @ KWBYP ODUWHOOL KLS HARIWPN BP@HWRKR KD WRUTXHYV DU
WRDIIHFW WKH ZHDUHUTY SURSULRFHSWLYH SHUFHSWLRQ DV W
WKUHVKRG@ $OWHUQDWLYHO\ GLUHFW GULYLQJWKHPRWRUF
HQGLQJ XS UHGXFLQJ WKH UHVSR®@VH MWIHPH[R¥ NHOHWRQ PDQXI
WKLV SURMHFW LV GHVLIQHGIRUDSSOLFDWLRQV ZKHUH WKH GF
GHOLYHUV D QRWLFHDEOH FXH WR H@FR XX BKHWKWHWZHD BBIQ BHR
PHQWHG IRUHQKDQFLQJ WKH XVHU H[SHULHQFH LQ 9LUWXDO 5H
LQUHKDELOLWDWLRQ RUBFTXLULQJQHZVNLOOV >

$QDO\V]LQJWKHVPDOOHVW UHTXLUHPHQWY IRUWRUTXH SHUFH S
PHFKDQLFDO GHVLJQ DQG EXW DOVR RSWLPDO WHPSRUDO DQG
,Q WKLV SURMHEW ZH H[DPLQH WKH PDJQLWXGH RI -7) RQ YDULI
DFFXUDWHO\JXLGH WKHLQGLYLGXDOfV ULJKW DUP WKURXJK St

%HIRUHPRYLQJIXUWKHU XQGHUVWDQGLQJ KRZWKHKXPDQ ER
LQJ WKH SK\VLFDO JXLGDQFH ZRXOG EH KHOSIXO :KLOH EHLQJ
SHUVRQTV QHXUDO V\VWHP VLPXOWDQHRXVO\ SURFHVVHV WZR
SRVHG SURSULRFHSWWRXPK ERWK SURSULRFHSWLRQV UHIHU
WKH REWDLQHG SURSULRFHSWLRQ RFFXUV ZKHQ @QG,IXER@D OV
wubvw WKHLPSRVHG SURSULRFHSWLRQ LV WKH VHQVDWLRQ F
SDVVLYHO\ G@LY,QONKLY UHIJDUG -7) LV GLVWLQFWLYH IURP RW
SURSULRFHSWRUV IRU VHQVLQIJDQG DFWXDWLQJ VKDUHG WKH



&RQWULEXWLRQV

VXULQJ SHUFHSWXDO DELOLW\ RQH VKRXOG DOVR FRQVLGHU V
IURP SDUWLFLSDQWV DFWXDWLQJ WKHDUP

2QHDSSURDFKWR PHDVXULQJ SHUFHSWXDO DELOL@\ LAKWWR XW |
VHFWLRQH[SORUHVWKHPLQLPXPKXPDQ SHUFHSWLRQERXQGD!
I1RWLFHDEOH 'LITHUHQFH RU -1' +XPDQ SHUFHSWLRQ LQ SK\VL
IRUUHKDELOLWDWLRQ SOD\VDNH\UROHEHFDXVHWKHVXEMHF)
LQJSHUIRUPDQFH &RQVHTXHQWO\ H[FHVVLYHJXLGDQFHZLWK
OHYHO FRXOG KLQGHU WKH@HDBUIQIZQUEYXBFHRMWHYHDUFKHUV K
KXPDQ SHUFHSWLRQ DELOLW\ UHJD U@ LBQQ @ H Q@R VAW WH WD W H Q WA
NLQHVWKHWLF VWLPXOLRQ WKHDUP ZLWK D KDQG KHOG GHYLF
LHVY DUH XVHIXO \HW GLG QRW FRYHU WKH HQWLUH MRLQW FRPE
DGGUHVV WKH PDVNLQJHIITHFWRIWHQ GLIITHUHQW G\QDPLFDQG

7TKHHPSLULFDOUHVHDUFKDERYHZDV FRQGXFWHG EDVHG RQ W
DELOLW\ LPSRVHG SURSULRFHSWLRQ IURP LWV DIWHU HIIHFW
VHUYDWLRQRI-1'"FDQQRW VLPSO\EHDSSOLHG WR WKH UHDO O
-1'RIWKHLPSRVHG SURSULRFHSWLRQLVY SHUSHWXDOO\DIIHFW
GLUHFWO\PHDVXULQJWKHSHUFHSWXDO UHVROXWLRQ DQRWK
SURSHUVWALHYQ WKLY FDVH WKH ZHDUHUYV SHUFHSWXDO DELOL
FDQ WUDFN WKH SUH SURJUDPPHG SDWK YLD -7) $V WKH GHVLU}
ZH EHOLHYH WKDW WKH GRPLQDQW IDFWRU RI WKH WUDFNLQJ L
UDWKHU WKDQ KRZJRRG RQHIYVPXVFOHVWUHQJIJWK LV

&RQWULEXWLRQV

‘'HKDYHPDGH WKHIROORZLQJFRQWULEXWLRQV LQ WKLV WKHVL



&KDSWHU ,QWURG X

$'H GHVLJQHG DQG IDEULFDWHG D OLJKWZHLJKW DUP H[RVNH
DQG FRUUHVSRQGLQJGDWD ORJIJLQJPRGXOHV 7KHPLFURF
DIHDWXUH ZKHUH DQ HQFRGHU ZLWK DQ LQGH[ SLQ UHSODF
VRUV 7KLV DOORZVDUDQJHRIGLIIHUHQW PRWRU PRGHOV
WR EH XVHG LQ URERWLFV UHVHDUFK $GGLWLRQDOO\ ZH S
VL]JHV IRUMRLQW WRUTXH IHHGEDFN DQG SUHVHQW LQLWLE
WRUEXINM 7KH GUDIW DQG WKH UHTXLUHG FRGH IRU UXQQI
VHULDO FRPPXQLFDWLRQ WRRO DUHRSHQ VRXUFHG YLD +DL
LPSOHPHQWHG LQ DQ\DSSOLFDWLRQ UHTXLULQJ D EDFNOD\\
GULYH

FHLQYHVWLIDWHG WKH SHUFHSWXDO UHVROXWLRQRIWRUT
ZH GHWHUPLQHG WKH PLQLPXP HIWHUQDO WRUTXH WKDW Wtk
FRQGLWLRQV 7KHVHFRQGLWLRQVLQFOXGHG ZLWK WKH DU
DQG HIWHQVLRQ DQG ZLWK WKH DUP PRYLQJ EDFN DQG IRU"
6WDLUFDVH OHWKRG ZDV LPSOHPHQWHG WR ILQG WKH FRQY
WKHVHWHQ FRQGLWLRQV LQFOXGLQJVHSDUDWHO\GHWHU
HIWHQVLRQ ,QDOOFDVHV ZHPDVNHG WKHWRXFKUHFHSW|
LVRODWHG WKH PXVFOH VSLQGOHV DQG *ROJL 7THQGRQ 2UJ
SDUWLFLSDQWTV DWWHQWLRQ ZKLOH NHHSLQJ WKH WDVN D
, QWHUIDFH ZKHUH YLVXDO DQG DXGLWRU\IHHGEDFN zZDV SU

f'HGHWHUPLQHG WKH KXPDQ UHVSRQVH WR WRUTXH SXOVH\
FLHY SURYLGHG ZLWK DQ HOERZ HIRVNHOHWRQ 7KLV SURY
ZRXOG PRYH XQGHU GLIITHUHQW FRQGLWLRQV ZLWK WKH K>
WKHH[RVNHOHWRQYVDSSOLHG WRUTXH 6XEVHTXHQWO\ Zt
ZKHUHWKHDUP ZDVIJXLGHG ZLWKD 3' FRQWUROOHU UXQQLC



+\SRWKHVHV

PRYHG GLITHUHQWO\WKDQD FRPPDQGHG WUDMHFWRU\ WKH
HOERZ SURSRUWLRQDO WR WKHDQJXODU HUURU :LWK WKLV
SHUIRUPDQFH ZLWK IRXU GLITHUHQW WRUTXH VORSHV 'XUL!
ELQHG HDFK VLIQDO WR PLWLIJDWH KXPDQ DQWLFLSDWRU\ E
UHVSRQVH WR VWHS LQSXWV ZLWK GLITHUHQW LQLWLDO DQG
GHUVWDQG WKHVHQVLWLYLW\RIWKHDUPLQ GLITHUHQW UD
ULJKWDURERLWEGHJ RI WRUTXH VWLIIQHVV OHG WR D VLPLODL
VXEMHFWVY GULYHQ E\FRQWUD ODMW HUMD O+N L QIHW KVW KW VRVIHES
H[SHULPHQW ZHIRXQG WKDW WKH UHVSRQVH WR HIWHQVLF
UHVSRQVHWR IOH[LRQ VWHS PRWLRQV

7TKHVH FRQWULEXWLRQV DUH GHWDLOHG LQ WKUHH SDSHUV ZKI

&KDSWHU + .LPDQG$ $VEHFN 3$Q HOERZ H[RVNHOHWRQ IRU
UHFW GULYH KREBGRZRPWHRYU =~ '2, KWWSV GRL RUJ M RK]

&KDSWHU + .LPDQGS$ $VEHFN 3-XVW1IRWLFHDEOH'LIITHUHQFH
6FLHQWLILFSHSRUWHYLHZ

&KDSWHU + .LPDQGS$ $VEHFN 37KH (IIHFWV RI 7RUTXH 0DJQL)
DQFH WKURXJK -RLQW,{RUTPFHH )W EPENVFNRQ LPPLQHQW

+\SRWKHVHV

7TKHIROORZLQJLVDOLVWRIWKHK\SRWKHVHV HIDPLQHG LQ WK

t+ ‘HK\SRWKHVL]HWKDW WKHHOERZ MRLQW FDQ EH JXLGHCG
WRUTXHV DVOLWWOHDYV 1P DQG D EDQGZLGWK WKDW GHSI|



&KDSWHU ,QWURG X

RI'WKHDUPYV SRVLWLRQ HUURU IURP WKH GHVLUHG WUDMHF

t+ ‘HK\SRWKHVL]HWKDW PDVNLQJWKHWDFWLOHVHQVDWLI
WKHVHQVRU\RUJDQVGHHSLQWKHPXVFOHDQGWHQGRQDU
HOERZ -1"WRUTXHV RID KLIKHUPDJQLWXGH WKDQ WKRVH HY

KDQG

t+ ‘HK\SRWKHVL]HWKDW WKH-1'WRUTXHDW WKHHOERZ MR
ZLOO KDYHD YDOXH ODUJHU WKDQ -1' WRUTXHV PHDVXUHG Z
ULFDOO\FRQWUDFWHG

f+ HK\SRWKHVL]HWKDW D KLJKHUWRUTXH VWLIIQHVV GXUI
LH DODUJHUDPRXQWRIWRUTXHJLYHQD FHUWDLQ DQJXC
WKH DFWXDO MRLQW DQJOH ZLOO OHDG WR EHWWHU WUDFN
ZLOO EHKDYH OLNHDQRQ RIIl FRQWUROOHUDQG UHVXOW LQ



&KDSWHU

$Q (OERZ ([RVNHOHWRQ IRU +D
PDGH ZLWK D 'LUHFW 'ULYH +RE

SXWKRYXEHUW.QB $ODQ ¥ $VEHFN

$IILOLDWHRUQLFDO (QJLQHHULQJ 'HSDUWPHQW 9LUJLQLD 7HF
&ERQWDFWBDFNFEHBGEN#YW HGX

$EVWUDFW

$ GLUHFW GULYH PRWRULVRQHRIWKHVLPSOHVW PHFKDQLVPV
MRLQW ,Q SDUWLFXODU DEUXVKOHVV GLUHFW FXUUHQW %/'&
SDUDVLWLF WRUTXHGXHWRLWY EDFNGULYDELOLW\DQG ORZ L(
VXFKDVZHDUDEOH VI\VWHPV :KLOHFDSDEOHRIRSHUDWLQJ ZL
PRWRUV %/'& PRWRUV UHTXLUHDFFXUDWH SRVLWLRQ IHHGEDF
VORZVSHHGY 7KHORWRU:DUHE OLEUDU\IURP 7TH[DV ,QVWUXPH
ZLWK D & PLFURFRQWUROOHU LV ZULWWHQ WRUXQ %/'&V +R
PRWRUFRQWLQXRXVO\ZLWKDQLQFUHPHQWDO HQFRGHUDQG U
ORZVSHHGV VXFKDVLQDQH[RVNHOHWRQ ,Q WKLV SDSHU ZH S
HIRVNHOHWRQ WKDW FDQ EH XVHG IRUKDSWLFIHHGEDFN :H SU
HIRVNHOHWRQ KDUGZDUH FXVWRPFRGHWRPRGLI\VRIWZDUH S



&KDSWHU $Q (OERZ ([RVNHOHWRQ IRU +DSWLF)'%.PDGH ZL'

SURYLGHD FRQWUROOHG WRUTXHDWORZVSHHGY FRGHWRHQ
ZLWKDFRPSXWHU IRUKLJK OHYHO FRPPDQGV DQG GDWD VWRUI
DOWHUQDWHPRWRUV FRXOG EH XVHG ZLWK WKLV VRIWZDUH VH\

.H\ZRUGVXVKOHVV '& PRWRU FRQWURO GLUHFW GULYHDFWXDV
IHHGEDFN H[RVNHOHWRQ



+DUGZDUHLQ FRQWHI[W

6SHFLILFDWLRQV WDEOH

+DUGZDUH QDPH (OERZ +DSWLF ([RVNHOHWRQ
6 XEMHFW DUHD OHFKDWURQLFV
+DUGZDUH W\SH -RLQW DFWXDWRU

2SHQ VRXUFH OLFHQVH %HUNHOH\6RXUFH 'LVWULEXWLRQ %
&RVW RIKDUGZDUH 86"
6RXUFHILOHUHSRVLWRUYIIT,ff/tX/QBXQ ;fRyXRde]kfbFK33vMv~

+DUGZDUH LQ FRQWHI[W

7KHUHDUH QXPHURXV DSSOLFDWLRQVIRUDQDFWXDWRU WKDW
LQFOXGLQJ URERWY WHVW IL[WXUHV RU IRUFH IHHGEDFN V\VV
IRUFHIHHGEDFN VIVWHP DQH[RVNHOHWRQ WKDW FDQ SURYLGH
FDQEHXVHGIRUPRWLRQWUDLQLQJIRU VSR U@ V7 K K [IRE/LNCH. QWD
SUHVHQWHG LQ WKLV SDSHULV GHVLJQHGIRUDSSOLFDWLRQV Z
EXW UDWKHU GHOLYHUV D VPDOO WRUTXH WR WUDLQ D SHUVRQ |

JRUUHKDELOLWDWLRQRUKDSWLFIHHGEDFNDSSOLFDWLRQV W
LVDQLPSRUWDQWGHVLJQ IDFWRU 'HOD\VEHWZHHQD SHUVRQT
FDXVH SDUDVLWLF UHVLVWDQFHV ZKLFK FDQ KLQGHU WKH ZHD
DGGUHVV UHVLVWDQFH WRUTXHV E\ XVLQJD FORVHG ORRS V\VV
KXPDQDQGH[RVNHOHWRQDUHVHQVHG DQGWKHQWKHDFWXDW
LQ +DUPR®DXNG 0*®> +RZHYHU HYHQJRRGFRQWURO V\VWHPV FLC
WRUTXHV RI 1R®> ZKLFK VRPHZKDW SHQDOL]JHY WKH GHYLFHY
LVPXFKPRUHWKDQWKHMXVW QRWLFHDEOHGLIIHUHQFH -1' MF
> @ $QDOWHUQDWHDSSURDFKLVYWRXVHDODUJH GLDPHWH
D MRLQW ZKLFK KDV PLQLPDO LQHUWLD DQG FDQ W@HV:XRQE WR
WKH SHDN WRUTXH LV VPDOOHU WKDQ RWKHU PHWKRGV GXH WR
DUH FORVH WR JHUR :H XVH WKLV DSSURDFK IRUDQ HOERZ H[R\



&KDSWHU $Q (OERZ ([RVNHOHWRQ IRU +DSWLF)'%.PDGH ZL'

V\VWHP FDQ EH XVHG IRU KDSWLF IHHGEDFN H[SKWULPBQWNVNMNMMG I
WKH V\VWHP SUHVHQWHG LQ WKLY SDSHU FDQEHDGDSWHG WR )
WRUTXHRXWSXW DWWKHFRVWRIWUDQVSDUHQF\

LQHVWKHWLF IHHGEDFN ZLWK RXUH[RVNHOHWRQ FRXOG EH GH
FOXGLQJVSRUWY WHOHRSHUDWLRQ IRUFHIHHGEDFN H J LG
URORJLF SDWLHQWY LQDGGLWLRQ WR IXQGDPHQWDOGKDSWLF
JRUDOO RIWKHVHDSSOLFDWLRQV WKHH[RVNHOHWRQfV UROH
JXLGH WKH ZHDUHU WR D QHZ MRLQW DQJOH VLPLODUWR D WUD
SDSHU GHVFULEHV WKH PHFKDQLFDO GHVLJQ RI RXU H[RVNHOH\
GULYHLW DQG WKH FRPSXWHU VRIWZDUH XVHG WR SURYLGH KL
ORJGDWD 7KHVHPRGXOHY FDQ EHHDVLO\EHDGDSWHG WR D ZL

+DUGZDUH GHVFULSWLRQ

7KH KDUGZDUH GHVFULEHG LQ WKLV SDSHU LV D RQH GHJUHH R
WKH MRLQW DFWXDWHG E\ D GLUHFW GULYH EUXVKONVNDELUHF
JHQHUDWHDWRUTXHRI 1PDWVWDOOIRU VHFRQGVZLWKDF
‘KLOH WKLV SHDN WRUTXH LV VPDOO LWLVVWURQJHQRXJK WR
D YHU\ OLJKW ZHLJKW DQG ORZ SURILOH PRWRU ,Il GHVLUHG L
ZLWK D PRUH SRZHUIXO %/'& PRWRU WRJHQHUDWH PRUH WRUTXtH
VLPSOH SODVWLF SODWHYV DQG DOXPLQXP IUDPHV WKDW DUH HI
VKRS HQYLURQPHQW ,Q DGGLWLRQ WR SURYLGLQJ GHWDLOV C
VRXUFH FRGH ILOHV IRU UXQQLQJWKH PRWRU ZLWK IXO0 WRUT
FRPPXQLFDWH ZLWK D FRPSXWHU DQG ORJGDWD IURP WKH H[RV

7KXV RXUV\WWHP LV XVHIXOIRUUHVHDUFKHUVY ZKRDUHLQWHU



+DUGZDUH GHVFULSWLRQ

JLIXUH /IHIW VLGHYLHZRIDQDUP ZHDULQJ WKH H[RVNHOHMW
ZLWK WKH HIRVNHOHWRQ 6XEMHFWY ZHDU WKH VOHHYH DQG W
$OXPLQXP VXSSRUWLVDWWDFKHG DW WKH WKLUG EUDFHWR DO

FORWLRQ WUDLQLQJ RUKDSWLF IHHGEDFN XVLQJ DQ H[RVNH
UHKDELOLWDWLRQ RUYLUWXDO UHDOLW\VFHQDULRYV

/' DERUDWRU\H[SHULPHQWY ZLWK KDSWLFIHHGEDFN RU ZHD

F5RERWLFV XVLQJ KLIJIK WRUTXH ORZ FRVW KREE\PRWRUYV

([RVNHOHWRQ KDUGZDUH

7TKHDFWXDWRULQWHUIDFHLVY FRQVWUXFWHG ZLWK HDVLO\ DFF
SODVWLFVKHHWY 7KHDFWXDWRULQWHUIDFHLVDVHPL ULJLG
FRYHUV ZUDSSLQJ DURXQG WKH IRUHDUP DQG XSSHU DUP 7KH
KLQJH 7KHH[RVNHOHWRQ LV WHWKHUHG WR WKH PLFURFRQWL
IUDPH LV RQ WKHRXWVLGH RI WKH ZHDUHUTV DUP DQG ZUDSYV k
7TKH SODVWLF FRYHU ZUDSV DURXQG WKHDQWHULRU VLGH RI WK
GXULQJGHYLFHRSHUDWLRQ )RDP SDGV WKH XVHU LQVLGH WK
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