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APPARATUS AND METHOD FOR MONI TORI NG TUNNEL BORI NG

EFFI Cl ENCY TECHNI CAL FI ELD This i nvention rel ates
w@emwensiihy to the field of nechani cal excavat i PCT/ESZH09/045674

nore specifically to an apparatus and process for

nmonitoring and controlling the efficiency of a tunnel

bori ng machi ne. BACKGROUND A tunnel boring machi ne
APPARBIITS ANDMEFHED OR MaNI DOREMGATANNELIBARING EFFICIENCY

typically used to formcircular tunnels in a variety

of soil and rock strata. A conventional TBM produces a

snoot h circul ar tunnetpmgNicALYREED |y W th m ni mal

col | ateral disturbance. A breakthrough that nmade TBMs

ef f This émtentinyg reletes goheralpso theefi¢ldodméchaniodl ¢xgavation and more

speb oL Oy RN Pt o SR BAG e it e efpignpy of 2

tunAel Wofifip hitichf®! | on, but the spikes woul d break
frequently. He discovered that %ﬂb%ﬁr epl aci ng these

grindi ng spi kes with | BAgdxGRE: g rotating cutter

Sss e ihe ETIOR) gy o
typieally @sedas e tiradar thhideint hrearrtvefidoilaidtrogingtatd OAicogventional

machi nes, operators and manufacturers of these, |
TBNh dHPHHESS haBnQil | ¢ieylaro tymngle M lantyPARY niyifht syinifgly collateral

s BRI ol IS8 SRSy 0L e enion o
theapiating bead, develppeaviey Ianeeses. fRobbmsc finitialy,rRébbas' NBM uséd strong

fhe tunnel boring operation hy controllj certai )
Spll&‘ﬁé?tg{lpglgl %ﬂf%&"é?t?naﬁw the.sp1 qsrﬁwﬂﬂd gﬁq%:}gequentfy. P?e discovered
thal By FHpBRAICRese Q{ncﬁﬁ?gﬁgk&’ wi‘fl@ﬁfng& B8Ry Dt dufer assemblies this

conponent” tailUres C be avoi ded by nonitoring the
problenm evas bognifiganthc hddueed. n Jieed thenpe]l suvcesstidrmodern TBMs have

ui ck identify problens, allow ng the operator to
ro“%‘r’i‘igtc?lg%/reasﬁ‘?igl?ll?ﬁri ate corrective actions. Additionally,

MB.CEinBE tHEBAVER TN eP b6y AdbhAds, bp@aleSd@meiufacturers of these
conponents based on this data. Previous attenpts to

machanes| lmye rdgsireshtel uslsestand ang mowitardiont Bieagvdieng éevaens|ipteract with
for t.unnel horing ine ve incl ud he. y f
e s PElhe 2 8 P BB b S A i peror o

imprbvepihe effidieryrind selimbilenbf dRMuGeRS bohftoparttrneiceontbllingertain
interactions through ancillary evidence provided by
OpesH BRI APCIE NI PR IHRE flﬁ@lshﬁ@mtﬁ@np@-sﬁoor example, costly delays

o LR 1) 00 TR 3 e
reabfimehiic hordere td equidkly i idemifpoprablethshyalloefier ehe eoperatdrhéd rinitiate
app?ggriatcee (t:(}/r'rective actions.

Additionally, machine manufacturers can adjust the design of components based
on this data. Previous attempts to develop rational operating and maintenance schedules
for tunnel boring machines have included the use of theoretical mathematical models,
with or without simple force measurement devices, and inference of the interactions
through ancillary evidence provided by operating conditions of the machine itself.
Illustrative tunnel boring machines are disclosed in U.S. Pat. No. 4548443 and U.S. Pat.
No. RE 31511, both of which are hereby incorporated by reference in their entirety.

Additional illustrative prior art tunnel boring machines are disclosed in U.S. Pat. No.

5205613 and U.S. Pat. No. 6431653, both of which are hereby incorporated by reference
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Additional illustrative prior art tunnel boring
machi nes are disclosed in U S. Pat. No. 5205613 and
woR®9I1FHa10 No. 6431653, both of which are her ebgT/US2009/045674
i ncorporated by referencein their entirety. U S. Pat.
No 5308151 to Sugden, et al. discloses a different
pe of mning machine with cutters that are provided

in \thetmeréuﬁtve rU§h et No.rB081 yategSugden, pir dv digeloaesne difiiarent type of
mlgln L P&e)c]hg ?fﬁmeti)egérj th%gerlrg @9&1&#@1& tgérr sgfﬁ gt?%lhg,atéges to provide a

mdamwoﬁenb tMrédﬁ 1Gadsért 8hdlogmagerdller Piittey iad@ntbligtasieerahore of the
the direct load on the roller cutter assenbly

cuttgsibols aresl?fﬁ‘ﬂld@d §‘t1‘iha?r ﬁr%awerﬁe PEQYIdora FRepsYS Qfétle direct load on

e fofléd S SRl TR, Bnl® Bt e et Mipnts oy pog provide

deﬁfhslenfa)lrlinetfton dinthe@perrag perfamaaedaridiotaingtchamctes pids|of the cutter
of providing real-time nonitoring of the perfornance

asMORYi vi dual cutters on tunnel boring machi nes, which
couhgheRG 3R tn‘éedp T‘(ﬁ‘\é}yg@m§ B4 fabledft é)?&\hﬂtﬂg r&f1- tﬁﬁ@ﬁlbﬁl‘f@rmg of the
with individual cutte to 'provide information t

perfaymanee 1w andivolugbottens oh Hennehdloring nazhoes, which could be used to

for ce and avold unnecessary.wear, and/or

rdiats PP PRIECtoR Rt RTPPRESGTICk HETAORAL SBRetss Raprofide dfogpation that
Me%e@w Etro SUMMBRKInERD SpEM R BeMotrSarRE Qi 8€8ld ufinecessary wear,
i'ntroduce a sel ection of concepts inasinplified form

and/onto meweitdrihe ¢raditihws of theedckher asherimatetial bomgdioret
Description. This Sumrm intended to identify
key features of the clai E’}‘g{%ct matter, nor is it
i nt amgkeshrhPaBeisUsiodided téintdddhict A SedcEibA JTi d’(‘)ﬁcéﬂ'ﬂ@ i® Q0fplified
of the clainmed subject matter. In an aspect of the

fommﬂ@hateoﬁqlﬁhamd%prp%ﬁdabq}@wm ﬂthBﬁtatleft Psgerptionnridiis gepmary is not
mt?%g qdért[ﬁgpk ?q'%ett{ﬁ%s %?‘?}5 Rﬁ]ed' &{bﬁjéc ﬁL?t%xe qior tl!‘ ﬁtlnt {ld%d to be

es a fYuren agés associ a

usaid ztshancmld iredeseratininp eherBM)c ﬁa:hbl clairéd whsjmt mpaekage is
mai ntai ned in contact with the assom at ed cutter and

i ncily e aspsetidhe inyshtion, AN epRarthe for gpandtoring g turse hﬁb‘l"@g machine

e e
(TBROFEEIHRERIGE s e PP TR GRS Parelty TRURSHANG Hackages
assooiateglctvigh btnttsers ohttee , TBMr Eschnpiteintdne pacé«age memapmmned)m contact

.of e cut ct contact provj accurate
i R i e SO B ISRe B58 Bt
acéc@éf@ﬁ%t%} %@n‘g}@ﬁtﬁr@ts@ﬂ%ﬁ’ N a SREGHCtERLRY thé 1IKENIAE distal end of the

control board in the instrufrent package receives data

instruorent pasksgenenaitasts the dutidry ok exarhple theamiiner podmnafitle eutter. The

dink S Pact EREVST st SR et AFe Rt i Bisipble Vibration,

terfifdrRtte AMIAOtRIonAl0pes daR! K RESdtTontrHIEbRARE inPthe Rfktrument package
paranmeters of the TBM A power supply provides power,

reqeéy et Wetasizoryghe sensars; hed wirstesdy tsosmis datado apisaota teseiver. The
datanr%a}l>j %% sgg Sy exg&ple to monitor the condition of the cutter and/or TBM to

detect wear or to suitably adjust the operating parameters of the TBM. A power supply
provides power to the sensors and the control board. The apparatus includes means for
attaching the instrument package to the TMB.

In embodiments of the apparatus, the instrument package includes a multi-axis

accelerometer, and/or a second accelerometer.



10

15

20

25

30

attaching the instrunent package to the TMB. In
enbodi nents of the apparatus, the instrunent package
WO p@baskas0 a nulti-axis accel eroneter, and/ or aPGEUSNAI/045674
accel eroneter. I n enbodi nents of the apparatus, each
cutter assenbly on the TBM has one or nore instrunent
packages associ ated therewith. The instrunment packages
nay 1pemodianends; pf thenanparagisn eeaheeitich agsembln 0 thg dBM thas one or
e c i .pof e;
mePrti Riciped FRoBIRI RN 0L THRCHRRATER, ickages may be
withl&sksBl infovnpedtéd e mbsht orgigpporpesr prowceskensors, and the
di stal armpartion_of the base plate is jn direct
nbH

contBcA pivat 85 dese rRraERiuS UpstEtmenh Rapkagiginaliges,a base plate
a4 BREN AR oMoy pofs ShterSielt BRI el arblBortion of the
basmpletehie din diadt, coatacbwithithgasspaated tcuitsr. f A spdhy nrayurtwdvided that
.to the.tynnel bori chi for,exanpl e fixedl
bigsy theisiel ApmenB e Aty Bivg nle PRl Rorroc aisd Chfeassembly.

| NS IR UGR BInbBAKRY &S motftindBraskd: §§BXEMY SnABkdd RNthkRadnel boring
sl idably engages the nounting bracket. A nethod for

magpmneafar sgampledinedly asachasforthe ttiee hpgsing swsemblyc hd thg, instrument

that includes praqyidin I ity of 1nstrumen

pefShks Rioa Pl bl BB Bl ko the o Bracker.
ass Qe nadtiesd fbwtoqaefatiag Setiibhel bofing @MERineGo MsoisddeRE dthat includes
that receives data fromthe sensors, and a power

preigipeya piwakii of tingrument rppskages peakeagiag i senpars dior egenitoring an
] i at t lLy.:
osGRPAREL A Mo, R35R5) 280,648 A ARBRERIAN e sy, an

a power suppip) wherireihednstrumndht patkage idin diadca comtactswith tikdassociated
to the renpte receiver to_control the operation of the
cufteingrstmblyy ARG Vitsdesslydransmitiing datandarived fram figsensarsdp goremote

iscl : ' ' ; t .
P SRS RS IR, B ] BB lperation of
themaheldutingmaehmenbl y conprising a shaft rotatably

supporting a,cutter rjng; j.nstr nt packages .t hat are
each H_g@ﬁlcgl?%n@gm% # 1 Aorfisfoss Q&M@Q&aﬁdowaaagu%rhead that
rof@fdbBC MRt @ecgu%ity WIRDiePAGKAIES, 8l BoidrURB&hLIY Udnliising a
I DRAW The f g

3
machi ne.” DESCRI PTI'ON OF THE NGS oregoi ng
shaft peatably snppaerting acfittethring insgnuent paskiages theyese esfchtabdosiated with

o GEFE RisaBive i rans it alpctnh SRops bRtk Tt A dilfel voring
mdcldeow ng detail ed description, when taken in

conjunction with the accorrpanﬁ_i ng dr avwﬁ&gs, wher ei n:
FI GURE 1 schematBEMIRPTION(SK TBERBRAWINGR| bori ng

mac hIihré“:‘fmség8iV1r\1'ig rllgpesc’:?sne?nd many of the attendant advantages of this invention will
become more readily appreciated as the same become better understood by reference to
the following detailed description, when taken in conjunction with the accompanying
drawings, wherein:

FIGURE 1 schematically illustrates a tunnel boring machine showing some
conventional components and including sensors for monitoring the tunnel boring machine
cutter assemblies in accordance with the present invention;

FIGURE 2 is a perspective, partially exploded view of a roller-type cutter
assembly of the tunnel boring machine shown in FIGURE 1,
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conventional conponents and including sensors for
nmonitoring the tunnel boring machine cutter assenblies

w0 pooagssar@dance with the present invention; Fl QREU200%045674
a perspective, partially exploded view of a
roller-type cutter assenbly of the tunnel boring
machi ne shown in FIGURE 1; FIGURE 3 is an assenbl ed
perldGERE ¥ ds vheagsahbled despeetive weissreqfﬁ)thy gitigyasiembly shown in

E.2 with a rtion of the housi uts renoved
FIGEIE Z i 4 Bolief o by SnPlaobil st iRy ; B 118
| NFGURNY iPAC :gg@dequrlew RE tielihétaimés packaly faavauttdt assembly
FIGURE 2; FIGURE 5 is a block diagramoutlining the

showpét BIGURE®S the cutter assembly nonitoring system for

t h%Ibfﬁ&?' goé 'b (%,é(nglﬁ%]eﬂf oﬁﬁiﬁﬂ% g e%lrzi R Sﬂﬂ@? agsembly

shows a second e I'ns ument package

morﬁtwmgdymaﬁ fud thb tirhe] porapanichinvwhoivndn FIGURER; GURE 7 i's
an ex oded vi ew of the instrument package shown .i n

FI BIRERE 6 shavss pserand Sorhadmeny oA a&é%?“r%ftnit HAcksge in accordance
Wlﬂ{@lg?y&gﬁt 1H%%ﬁoﬁnafnd°f a tunnel boring machi ne having
cu

er assenblies, and an associ at ed i nstrunent
paddGyRE dis aniplaied wggw bitthe utstremenisekigdel showniim FIGURE 6.

or cconted. wi 1 roPERATEDRERERIENaES  wnerein 1 ke

nu@%@crhﬂ%hc@it ?el!:\l'alﬁ? p%fﬂ&rﬁ oft b thihdl RRinBPRESEh& R NBY cutter
persons of skill in the art that the preSent invention

assemiylememérab@d$oe:cat¢dunvtammcru$a¢l@grrﬁbr raomitapgdhé tutted @ssitibdies, in
ere re not ta,be inter

d
acoftiptte Wi B rbpf uvelion Horay Mo PRERIE it aptemnge to the

FIGSHHY, &hetdin 1iRE nambers IndTBEE 1iRE Pardks €1t bR bRraPpRBiated by persons of
i nvention. An environnental side view of an

skil} inl the extdhatvke prgpensinvgorom gaprdelembeddd in azvnﬂ@s fooms,eand specific

detaﬁﬁ ég?osgﬁs}lerCin neo\?lm ! ng‘%ﬂ%ﬁjﬁﬁt‘%{] %El%np ent rther as a basis for

teachiﬂggﬁksohﬁ slingd e aneo Hakdasd asefthiéd prebat lel’eﬁtléﬁ.y cutter
head 93 that rotatably supports a plurality of
rol | er - tAfpenvitannesntal sadenpieree! aw illustratisy grnelnpesing machine 90

hav&#lt %lﬁ er a§S§§H9 ésq% g'f %cé’dr&a{nkale St tﬁ] thgﬁ) Hehﬁ" ?}ﬂ{eﬁébfg,rn %s Eﬁown in

preci ated by persons of s
FIGURE 1ty rIIhe a:lllusttmnzel tubndli brginganiaciias 90rehas i andali ;fweatc&ary cutter
nore cutter nblies 10 r

50, 10 t
hea% ?%&fééata Iyt HPeTH £ AUREPIgSlIeTT iyP% ﬁ%tFeéﬁSo i é?ﬁ Although
thre(@ Whit&" asBeRslied3rd 5151—51&9 ﬁfjthégﬁ‘ﬁéﬁ%ﬁo@ iBwal %E %p]?reéiated bg persons of

lustrated i n phantom) such that at |east sone
skilk hnethc @ttt that tapsehwmdsbolmgfmarodmt@ls ynaynigegrpotabe 2@, 46@ or more

curty Tl d DebtobnLgihisr oh Qe vy head o87¢ O 7€

In operation, the cutter head 93 is urged against a surface 91 (illustrated in
phantom) such that at least some of the cutter assemblies 10 forcibly engage the
surface 91. In this illustrative embodiment, one or more opposing sets of anchor shoes 94
are urged outwardly with hydraulic cylinders 95 to engage tunnel walls thereby anchoring
the tunnel boring machine 90. The cutter head 93 is then urged forwardly against the
surface 91 with thrust cylinders 96. The cutter head 93 rotates about a longitudinal axis
so that as the cutter assemblies 10 are forcibly pressed against the surface 91, and roll
along the surface 91 the cutter assemblies 10 fracture, loosen, grind, dislodge and/or

break materials from the surface 91.
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are urged outwardly with hydraulic cylinders 95 to

engage tunnel walls thereby anchoring the tunnel
whorovnssimechi ne 90. The cutter head 93 is thenP@¥/gsm09/045674

forwardly against the surface 9 1 with thrust

cylinders 96. The cutter head 93 rotates about a

| ongi tudi nal axis so that as the cutter assenblies 10

ar eRelsr BowItg FHEEREY vreh showstome of therqaister assempblies kloand related
moﬁﬁt@r‘%e&lﬁ;ﬁm gg@g Sorgp gj&e Cuf)é{rgﬁl jé}?@?@d’ f/;?\é/; n accordance with

therpaé¢sent il antfoho Mt diwerﬁblleﬂ @exep&iwaefew isngivh on FIGURE 32 with some
whi ch shows one of .the cutter assenblies 10 and

COrRRANERSAOMBLEAL [HgClamy- noiet BicR psesmplntthieclpdesaa cutter ring 15

disPe¥elliod! d Hul?i(?'tlﬁg%dm b8 £ 0%1 QrBBECE sl 1B, tB@arlng assemblies
resent 1nvention. asse perspective view

(nos klowwn)i are FloBOERE gnenally ronsthemhafbirbunpmvsiedm tratetorf of the hub 12

Iar't . e cutt enbl i ncl udes utter rin
and) s ¥yer Fog 3 oioth o Tt e Biritaom Bodispt; ognof more
ma@Rdi6 grrenate 3 §re ﬁﬁﬁﬂédq&h aﬁﬁﬁﬂﬁ‘e l-688nd RES 15 htﬁ%)lrpféﬁce of which

nount ed general 'y on the shaft 13 to provid
wilt becamieappafnt he hub 12 and cutter r|ng 15 about t he

shaft 13. | ne t enbod 0

monere e ente ORISR TR Tt ol o tiinE thprising spaced
apatiotkingIndis 3¢, 20RC e RURAERING fpordnCdefiirgl andEGR4RA channel 21.

apparent. Op osite ends of the shaft 13 are secured in

Thecuster pesembblu) ngnedinditysiidpedbaeuter aqﬁamblmmmch ghat the shaft 13

shc%? gﬁﬁlg tl%%hagﬁeﬁlg 1 S@&Q#]Bgly’ gé tn{b%}lpsg%)?é niilolg Itﬁ]e% shiked laterally
intd thetraddse ebringd Slyithé Deshbper! 1641 bf the ohél&%ﬁ@ly AﬁeISt[hﬁ!‘ﬂ pbsﬂ@dmng the

the shaft 13 slides, al ong the channel s in
cuticy psperePlird Anbaiwoen the brusiag, dnwt% #in 2§R| fheeautteat a,sﬁfanlply 10 is

f
sch A0S §GHRSBoL A ol R SR BO f ta ens of ne
shadisiSe niio will 1B dppi‘ecﬂm‘d byhperbanssifrsgilhinuthe srt2bht, the@Rre Merious other
cut ter assenbl i s secured wt wedge- | ock system

h
Wath PE FqUATiE ARHIEY aﬁS& ighde oRe éﬁ%@pgan% duachneppelhe previous
des%ﬁﬁﬁ&n dédcribds é’%ﬁﬁer@%éﬂ?&f @an@ﬁﬁﬂlgbybagﬁ Sl Eﬁt%e?é(" rhe present
in the art that there are various other ways
invemsiont inay asn tber appdisd rwvith esher onowttmgysysteats buohi ag "front loading
chi nes. The previous description describes a current
hod of nounting "back | oading cutters.” The present

| NVERS Wi gfBckadyS@nb Snchitieh 12 Welid 12, Of d18thp MBI 24)%ind a tubular
systens such as "front |oading cutters."” The

sle%c?@edwmskd %b@hwenclﬂm\yectge dg@ositioned tol %\wpamenpkeral facet

nesf g BP0 e SHILATbr B SRE A 0T BOER, pr PP HARED: sl ana

ablmﬂelﬁmihrﬁée 25 enshahbuslsy SouhtBICoE LER. 26 HEHDB \exldds 8rbugh the
t he cl amp bl ock 24 en%ages and abut nment surface 25 on

wedgse22n igssleryeriSuand tho clynp blork 24, g ts spgures tvdtigigvo nuts 26 and a
waldf 949 I'Thten:?ore, as the bolt 23 is tensioned (by torquing the nuts 26 to a design

cu

specification), the wedge 22 locks the cutter assembly 10 in place.

An instrument package 50 attaches to the cutter assembly 10 (discussed in more
detail below) to monitor the associated cutter assembly 10 during operation of the tunnel
boring machine 90. In the preferred embodiment the instrument package 50 comprises a
modular operating topology element, or mote, e.g., a semi-autonomous computing,

communication and sensing device, as described below. In the current embodiment, the
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wedge 22, the sleeve 28, and the clanp bl ock 24, and
is secured with two nuts 26 and a washer 27.

w(ah@pasare, as the bolt 23 is tensioned (by torQUUSIP09/045674
the nuts 26 to a design specification), the wedge 22
| ocks the cutter assenbly 10 in place. An instrunent
package 50 attaches to the cutter assenbly

mwr@‘@uﬁ@@g? ROrastaghegectoaime pfethsiyedes ﬁﬁlﬁla’f’s@mblhﬁ% with a mounting

§?a1ed cutter assenbly 10 during operation of the

tunne' bori ng machine 90. In the preferred enbodi nent
t he Innkisrentmdimaac fageasthinao ppekage SO aompelisesad wedge-shaped outer
oper i ng, topol ogy el e .,. a )
hoysipg %id@&warmwxeaﬂﬁwrgﬁgand&o%gﬁrle aPi ﬁledﬁatr%ﬁgimekage 50 is

sd%@‘é'ng osiftondesifch 'tllpcﬁ %@&EQI"&Q 549 c&ﬁgc@ Hhd %%{rﬁ)?%g%md against

hei nstrument package 50 aches to one o
a ﬂetau:ther dd o ithd cwer wssembly hbuBpdcay dortbe kit (189 shdwn)thas be installed

oS g BRap B SRR B a0 R oL P Bl a current
entbddanéht Bat dbsst net BRIV dle Whhet %t&ﬁiﬁﬁﬁbl@@&hﬁx@%lép me@hanism is

si zed and positioned such that the distal tip 5
usednfarcexanple b@we@nﬁhfeﬁrevelz& aral aheag’eadgsfl2,a to eﬁtnauWea desired

cobibrisive I  Aitef ind S ot BrskaBR S0 3 Sk T et iRk 24 is

pladed lohUtHe Bblt RACHRGLashE 175isGRNtAIRGET hid BRSwol RASE6 ateNfagtened to the
current embodi ment at | east one Belleville washer or

boliePraddenducd ripdesia spacifieativdni smi s used, for exan‘pl e
bet RN oh{é? I’?Au%ﬁl lzg ?Sq]é}l)&l%lpz X}'}% Es Ztﬁ élgctF ) mechanical

desired conpreSS| 2% nat r URBnt pac

cobfpohénts ofthalinsttimehhgackhganf. DR efeknad# aliss tpFEEIERE @ WIhhﬁh shows an
bolt 23, the washer 27 is installed, and the two nut
explpdgd eview selo tasy Tasrumeat mﬁplfagz 30andn tthisq saaéomem dbe | lgﬁrument

paxs.Pag%'Si)' ifidh (%na e-ﬁg& QUhST bl %%s%%bﬁl F%%%%%@ﬁ%%n%?lement 35,

oses t Tectroni ¢ an
antlhthat nstapamw’elypamM&gtede@ oRefar mooav aatederotmetdrd 82JREE deast one

whi ch sh an e ed vjew, of the |nstrunent ack
magRelomETT I OB ER Wé%fecm and, at leRstone tparakal spsor, for cxample

a HREhYARDIAB S ENS QS c%ﬁﬁhfp%{tecp i dth@%ﬁﬁfﬂ?xlléﬁt ?paltkzrg%vi()n tha$ include
processing el ement 35, ‘and that is operatively

addifionelc sengorso fon @xunplmaa estratc ghgs, oaretigtics o8 sztlaal benaett, chemical

de?egg)g,t ﬂlgtli t'EliE ag’wér oeqtfgg Egetxr:dgarsgee H,B? ef?n"ather 1nc1uEies a wireless

tranBei VEP G 6 Wit %aﬁéknlté §1§heﬂs fOME @406 &egebntPdhnd MPough an antenna 37 to
i nstrunent package i ncl ude additional sensors,

a fremotex ApaAsiver a(@ﬁrwqw@ageThea@Mpn@ sensept 32 3B, erpndr wireless
tr%lsjc%'@ %lﬁ a‘i{%%%}egerii ]?38r X ar?t%r)J h%ﬁ%?’ Tﬁl%uﬁgﬁstg rthg osnltlsro(l) control board

0ard asse es a wmre
astentbig B el ver 36 that transmts signals in the radi o
ency band through an antenna 37 to a renote

frequ
rec g”\ff‘e?enw HOUSHEWH) Wh?a dngplises confpets dbshewke agsembdy retainer 14
suct tlﬂpﬁle"&lsrtﬁltﬁisﬁ is urged or compressively held against the retainer 14. Through

this contact point, the accelerometers 32 are therefore subjected to the accelerations of the
cutter assembly 10. The accelerometers 32 measure the vibration of the cutter
assembly 10 during operation as the cutter ring 15 rotates along the surface 91. In one
embodiment, an optional reference accelerometer (not shown) is provided that is not in
direct contact with the cutter assembly 10 to enable the system to filter out non-cutter

vibrations associated with the tunnel boring machine 90 operation. The vibrations
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transcei ver 36 are powered by a battery pack 38

mounted to the sensor control board assenbly 31. The
w@engossinousi ng 51, when installed, contacts tPET/US1008045674

assenbly retainer 14 such that the distal tip 53 is

urged or conpressively held against the retainer 14.

Through this contact point, the acceleroneters 32 are
deteied dyor aclsrvice ecederometen dhai de @bk i eowae With eheutignasssmbly 10

wcslffc% %gﬂige ]ao{;ef%rﬁ]ﬁcea%%?%lr%ﬁo g&éhe 'ﬂfat ?’c%b rﬁ?diﬁgrgﬁcee Bg%‘vee .the reference

on ‘o e cu assenbl’y FI'ng operation

viltatidrhandotit tvibratidnd gnebbure & batag acall@oeteh 82 asiotace With a barticular
one enbaodi nent, an optional reference accel eroneter . i
cutterassapinin P walgprovidgemeasyte ofgheyibrationg ppsiculagy gsspstated with

1h¥@%§ﬁ£@gcgﬁgggk gpbly 10 to enable the systemto
|

er out non-cutter vibrations associated with the
t unedpedtoof tig loadt planed 8O thepmittat assemblihld by the boring operation can

vi prati onsdet ected by a reference el eroneter tha )
alsog momﬁqr%fay Jot a5 ﬁogleﬁe_&g{zer fi il b apprvsatestent the bearing
616 the! GhEF SRERDY 1 BAké Ast SPHR 1bARL tr%Irﬁl"?ﬂit(tjedt ?{(ém the boring

%ﬁﬂ)\f
as |ff€rence bet ween the reference vibration an
sunfader Ht dndrtbrovgh she gog by aschhale t2| EhembeaingB 2rasswuimbledarts. In

i t h ticul t nbly, 10 l.d i d

ordfsid pieatBiee oGk b i BaR PR kY et Bpd niTafhance. te

behtrsARGO 61184 P HmEtUipb 8ficd@ $§ ERDI¥ndfBetuds P Atk hctdledofR tdr®38 can be
pl aced on the cutter assenbly 10 by the boring

userhloreasire thas &re lahd bmifds nofixcended. by t he accel eronet er

: i1 ' d.th he bear.] nbl i .
n ol ply or8 SRR BhRE S0 BB iR SHGE Moy 101n

FIGURTSLY it tie doite@flatdiebyp et ﬁ&séﬂﬂ ihameoR thatafdret AEMWAB instrument
the ring 15 and hub 12. These bearings are consunmabl e

papieage 90 may be aesed wihamierar2l efhide gyt psseimpliesolf0. ¢ Her example, if
D e BL S0 L0 AR BI LR S sty a1,

imbalanded ¢ thedtvadiddien aiclee kele ofitiesshaft 32 cambe hientifiedlby comparing the
ensure that the load lim¢t is naot exceeded. Although

ougipt pf Brercesleromstfans 2-pAaimgalantsdileadep il ttehasseigbly 10 creates a
cut.t | ' b T -

R T A

logsiared sxdpechb@nrsegnifoently ectiuee the usefwbliferofahdchaficalrempontrs.

ass lies 10. For exanple,. if i.nstrunent ckages 50
o o B BiregH phifioniniaenitin SuplE caMaHes ahir odirs pysembly 10
may3:bd NBehAREe Dy NaraliRi fgioggé BGutggt ebft RRE Sugtt Odighdle grom the

shaft 13 can be identifi y mparing the output of
acedierometsed B, dorexameplg the tightuash af drecads Poddlding thiedolt 23 in place.

cut t.er..assepbly 10 creat.es fatigue situation jn I
T TR B Lot ERRNT 18 oot WP Btpl ceqpig pextiv
sigh¥fidah @ differRei BEhractriftids Gidh &1 @ifef iaSRATHIY 10 EHHLE skhiRed in the

useful Iife of mechanical conponents, G her dynamc )
hopsiag aresss Yo 2PRi nYylagemviengthe pabration sigapturh avoulg pedifferent if a
boﬁ%%e(ﬂp lt}}/e dfhe side as the instrument package 50 was loose, than if the bolt 23
opposite the instrument package 50 were loose.

In this embodiment, one or more magnets 16 are installed in the cutter hub 12
prior to installation of the cutter assembly 10 in the cutter housing mounts 20L, 20R. As
the cutter ring 15 and the hub 12 rotate about the shaft 13, the magnet(s) 16 are detected
by the magnetometer 33 in the associated instrument package 50. The time interval

between successive passes of the magnets 16 can be used to calculate the rotational speed

-7-
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may be identified by anal yzing the output of the
output signals fromthe accel eroneters 32, for exanple

W b@otsghd ness of the nuts 26 hol ding the bol t P@RBUBI909/045674
pl ace. The vibrations of a cutter assenbly 10 with a
| oose attachment would exhibit significantly different
characteristics than a cutter assenbly 10 firmy

of the ewffes dingrl > hEhaRokiadwige esuprsitionat, the pRticwlsr ewicsiassenthly 10 on

the \fht?er%teh&’ 93 ﬁl&@ %txld aﬁo%%@?edj(?f tﬂ cflt?err%lead b%&ﬁe B&letin%g’va? I(’ia’ta or
€ Sane sl de as urren ge was 1" 00se,

rotatioasl speed leen el dse@ 3o apteos sligpagd er Il@lﬂ(ﬁﬂgmﬁlﬂie paekage 150 or to

re | oose. d{lqthls rrbodl nent, one or nore pagnets 16

calcylate ﬂ?fs?‘gquné mpetet el gher gutier ﬁ]@g lfzasfglflrpg),g 1) slippage between the
I c t

cul RIS Lok gkl SOy RSRTARK 1P Dl s

meda;ute dP howt atuehatheuting he hakdfeen 1\80rnt be ermigd ey she tnnal doring

eCt@?‘fg«HﬂybﬁtggSg?gg ) opnﬂ%%)%% Y 1 il i é‘l,ﬁ 35 0 at}éfgdthe amount of

wea? WAGRS Sutk? rR@I3as vely ﬂﬁf)%rtﬂﬁg Rk %xér&pl@aﬁaﬁ?en‘dﬁ@edpr%&dmes for a
calculate thé rotational speedof the cutter ring

tuniieh daring mmshing 90hdtepawetifiowhert thehaitionassemblyal0 shsuuidabe replaced
§ and the rotational

thats‘%é%%&?% ﬂ?%%er‘ée@&twéeflr thﬁc‘ggﬂ “Pﬁj time interval data or

r OtEHel @R@onslPgREd 6 thebdutids ﬁﬁ%QQ SRt BClarGhilANAE YnR variation of
Iock@wg of the cutter ring 1 or to calculate the

the gofptiend sHeagit also glesirahde ém@@w hecause 145 peeyidasi angmdmator of the
I t t he
ol BRRARE, M POIAT b bRt 30 s TAUARE e cure

hea OB\$ daating aeasongamfspbaly indiches ket lﬂhd’lGutﬂ& RsntIe dBarings are
worn or eroded by the tunnel baring operation. As w ||
fungfionigprepsrht- eéntfrgiraﬂé rr%téh@laéﬁp@réundw@tﬁs th‘?ecuﬁﬁlt ring 15 is slipping,
t
andqﬁiyeﬁll ey th ?Q}eﬁ%rﬁ%zé%hz% ?ﬁpﬁfe beQxfm fa(i)l%}ﬁt ;ﬂ'ﬁl £U nglr:l{o Ige%gg'§eglac1ng
Altdrpativalyt, enmagt rbtratwmuj\ spmdSI foe aigrofitamn nﬁpﬁet by cuttenrindsel 5 may
oul d be replaced . that is based on

cutter, asse
Sugﬁ%&mﬁélffxeﬁttﬂb attﬂm Praarpeferse the %ﬂ%e}?or% gaching 90 teachieve
optiAR&EF ‘ii)eﬁ‘f)rtﬁaﬁﬁecultﬁreéxaﬂﬂ‘& if e ?&gtldﬂ'él @géetdh Crd} %r n&rﬁﬁer of cutter
time variation of the rotational speed, is al
rlngdéél grasireatic o this ovaybimdateethiet cutten neatk 23 as beingi pzadssed tod firmly
tthr ol L.i ng snoot hness. A constant rotational speed of
aga’flﬁ 2o 7 i ng 15 (while the cutter head 93 is

r otEHel teghpaiatidte G0 RS @ftfer $REQY)is bidth&RRalod hb{azeweu the cutter
cutter assenbly bearings are functionin

g
asseaptlnd P ds functenivgaalFricher detvwegh dbg ewtter hin kfmﬁ thp|sn§faqe591 will

; f
gen%rﬁgﬂeﬁp gff gl?ee xﬁ{%? lrlﬂg}i 5 15' gotﬁmo grgla(lt)lhf(gl eﬁ@ég& art}ig%ugeéi tﬁl&perature

w111ﬁdehcfhf mabms«aeit Yevekr rHiiWe@elf of akldu&aﬂ rifi@ €8 dS ndtOfotaring freely, and is
gni fi cant nurrber of cutter ri ngs 15 may suggest
insthg idfageig ©Ones wm&emwt ?Jaﬁuéfﬁ%ft &k, sthef temperatiignef the cutter

assetﬂpd'l%‘p? xﬁﬂ%{g rﬁ?bgtrg%ttleg | ona ?1&;‘%'1?} g? :t]lﬁl ?T%IEE?BQ (fﬁqg e%lng is

experitntmg excessive friction, the temperature of the bearing will increase, causing the

cutter assembly 10 temperature to rise. In either case, monitoring the temperature of the
cutter assembly 10 provides an operator with an early indication that a problem exists,
such that corrective action (such as shutting down the machine, or scheduling
maintenance) may be undertaken (automatically or by the user) before more significant

damage is done.
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rings 15 are erratic, this may indicate the cutter

head 93 is being pressed too firmy against the
waeebasa1® 1. The tenperature of the cutter riPQI/LS200%8045674

anot her indicator of how well the cutter assenbly 10

is functioning. Friction between the cutter ring 15

and the surface 9 1 will generate heat. If the cutter

ri nép a5 ebodigaeit joh ghe vaniims|opeforgadrg, oftthe imstrisent gackages 50

L1l .rgac canstant | evel,. Howeve i f .

REEETRIGRAL g BRCR 3 RO Rl iR vt
acdelesdraetdr (iaghowe) af addili@Pid thea®h@Ssentdis dsseuése@@b8vs. The dual

the tenperature of the cutter assenblg.lo wll rise
axig gpealerameter 13, ablg do dgugaswieyacealeratipmyrincluding grandtye i twe directions,

" . e i enging . ction. th
or13 DB SRIESTASORAE, FATRRLLE 401 s Mifomor
inchudes e firs aseidybmeted thae igeteatedrperpeadiculagto 4 secohd h&@klerometer in a

AT, b LTRSS S et
otheNBHi&REd RRgthiBllyao RROBLEINIRXA 63.S The l('lﬁlﬁll e{n)!géﬁ%cr%%&ﬁ&%f WRasures

action (such as shutting down the nmac
whe ftleed olitien head DA tie maating, andycanebeunstel toafmemide a reference point for

automatically or by.the user) before nore significant
kmégﬁﬂﬁggwgmggﬁ%?Fﬁmgﬁhghﬁﬁdinent of the invention, one

or TaWifl tefaphheRiatddSty puFedHs oP kil e RPthah@k Rl ELccelerometer

referred to as the reference instrunment package),

on the| trfersnes dosirunzpnt spaskesst eannbe docgtedt by remalygingn the detected
B APPRIST SFEPRREH BIREARIIR, AR lSrometr o
theatete kdadt93dp knbwa! Wt BgargplaVd feferehdd hi® oflbiitRe labRRbly locations
typically orthogonally oriented directions. .
maF%ﬁcﬁﬂP%fﬁédi yThe feal ayis| acaslprometer edigm aysenasitivierng| negetéveavalues of
' t t 4l.S..OF. ed. .pnendi cul ar to
s EhaPSCUBRATF L A o 0AL RRGRRDS i Yeod e
Thetfang , the retatiom er@xiationfof ehd ddalr &dé atdelerb@eteh @a bk tR¥ermined

.head 93 and the other qriented tangentially to the
WltE G?ft%%elm% ingraydy. e refghipnal erigntation Pk hsrieb pxigwgealpremeter, and

its YIgHvel PSirfo bEThd eakkrFRal1 93 fd%?éi‘h{i{é@’ itsapé;’si&&i“ aéi&ixgs{%dthe other
to provide a reference point tor locatfng 1ndividua
cuteuassembhsisstmoherd paditiges $0.uBY knbeingthe pasitidredf thy reference cutter,

sons, of skill in the art that the dual is
the {lhgI BRiSRe 80 4510 PRAOSARC Py et oneity Umbbh TSRS @9pal cutter
ass&fbly OfRh®shsDY BIR! 1Y ZdRBaB1bewrigt %CE&%ra%%ﬁwrmtise fexperiencing
val ues, as follows. The relative position of the éhgf
anogal apsaepasitingo renditionsnanctaeedst toebe Hecated in ithe kntiemnheddop3 and

. le, a reference map of cutter assenbly |ocations
““ﬁ%%ﬂge generated. The dual axis accel eroneter displays

posktthy @u@éntn@gRiditient Y Rk 8ch Dbtréthéitipadikdge8lthe data measured by
accel eration based on the particular orientation of

the ppeeleremetcsy Hranagnetomstarsd braad temperptyreasansera B4, are converted into
diggﬁelitsgé}%%;tﬁégfﬁe %froéeps%rgg%ln ity Isegnsf’i‘rC go%ltr%i g%ﬁ%@se&%ﬁy 9? This digital
data is then transmitted through the antenna 37 to a remote receiver that may be disposed
elsewhere on the tunnel boring machine 90. In the preferred embodiment, every cutter
assembly 10 on the tunnel boring machine 90 is provided with one or two instrument
packages 50, providing the clearest indication possible of boring conditions. This

collection of many instrument packages 50 is known as a sensor network.
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with reference to gravity. The rotational orientation

of the dual axis acceleroneter, and its relative
w@omonsam on the cutter head 93 determ nes it SPEDERI00DMS674

relative to the other cutter assenbly instrunent

packages 50. By know ng the position of the reference

cutter, the other cutters can al so be | ocated by

r ef aterdrio ghet @nscrrenet\mrétrrembe redgyedfto autispday fos slearbypeyator of the

si rabl e .when ter assenbly 10, .
o § B achlfd PR M E e ?aﬁﬁ Aot BRERRrkages 50 in
reldfiegds theOlob&idnOsTadathl other iRGumeht | %t@%ﬁer head 93 would
i nspected. In the current enbo ne for each

allow, gierqnetater (aekeadee siouature of shearask aodraditishihet dnsrating parameters
N Nt e -

fropr esohs $m;truﬁrﬁ:n0 pakckepeSON S@ed CANCobHlunE RN @vréhs $RéeMsod L mapping

Thi.s dig data js then transmtted through the
capgil ltsvnﬁ%méé/ allgva displagt o # e obrthe Fegk fagy widh dndigatinmg of rock

confit Mﬁcrlﬁdlﬁgrbf)%en&tl{ﬂﬂﬁéd RO"HOG P?%ﬁ@snﬁe%g? lf;szfcon ng, and any

pre erred ment, every cu ass
locdlizad eeologidah gtrma’mh:s n eTlSi@ displpyr oati de bechtﬁbl;D nﬁed) Ito tinkrease the

PTOﬁhﬁlzlltOé gg‘f t&f i k erag g)gir:}i?l\ﬁ% d%(gglay} %lgr?ga i £ S1nd1v1dual cutter
asséile8qbi QN O?Era@@/oskln § ' BB NfesRAC lﬁﬂgﬁs S 1th§lll(tk m, the

a sensor ne Data fromthe 'sensor networ
operaiongleahvelopa of |esqh aytef ossetmbly hbbarsatbdxe aburhébag ammadrage of the

hi I ta f h
otef e AT et deriy ¢ i Cehefofel BPTRE R de Berbtheed. Local
vari@féty Rt BRI rocRSdoh iR sBACkPGR Adividual t(‘,ﬁtt@ruﬁstsS‘rhbl@fel@dca%’l)’lot be
woul d al l ow the operator to infer the structure’of

accmmt,frd dord watdiputs this h?§5t9t|9e ratthe gverallaaedrages leadiny i ynly data

c Vv | gLenc For
vl 8BS EPIA IR SRR el e S con v
detéifb.d amﬂ&@etaﬁng PajauiRedrs Odh M ddjudtdtEroSsRAROE tHEBMARLIRGM load for each
ility, would aIIOM/dlspIay of a map of the rock

de l%ﬂﬁha$ﬁﬁbbh¥\ons of rock conditions including
but s RBfedy e%ﬂo(agn%rﬁ "uses L%ngé;}re %)Qlﬁ%is?oaqg %ﬁ%&bﬁ %’ch %hat is_capable of

fracturing, geol ogi ca r s,
two Tirrsmdkisgml pathways fme seﬁdmgtdlameﬂoythel&e&ntdﬂ | e @aisenibdién can be

d f the t | bori hi ne 90 by al |l ow ng
perBBSY MO s podl bR RS RBISP] o8 NP dafefiahs affoeniument
packdgetseis rsel‘?teéik&ﬂy th Thd ?ecel\%f hput cddbe @fé th&ngfgll} a multl -hop

oper ational envel ope of each cutter sse
mesheetve ki peatoerd, mnvlavleﬂlagmstnﬁnmhpawagQISOI cxaadvanlg to:g‘et}teh end act as
0 to be

R L 8 BRSPSy P ST 2,0
andDdec@Rionnef \thaly afr?(%léu EPTsigafe iRbyghl theC aRRALa BE V&lflth this dual

accounted for w t"this system as the overa
capahlkityacrach oisiraments nankagerdily camt keceivai Hathl éonByothei rigstrument

paclgagre]s g&i ! c'l%gss thisse@a% 0F 15 ¥H¢'e rec lVgI‘h e1hE tprrlr%gley g@van?age % the mesh

network protocol is that the instrument packages 50 most distant from the receiver can
use other instrument packages 50 closer to the receiver to relay their measured data, in
case of insurmountable radio interference. Disadvantages of the mesh network protocol
is the higher battery consumption rate and potentially higher signal traffic. To alleviate

battery consumption limitations, a power generation system which uses dynamic motion

-10-
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detected and operating paraneters can be adjusted to
achi eve the maxi num | oad for each individual cutter
wa@s®ersdlyo 10. A current enbodi ment uses a sensPCT/US2009/045674
control board assenbly 31 that is capable of two
transm ssi on pat hways for sending data to the
receiver. The transm ssion can be perforned through a
to savate cleotrisall pewerr wey bl implementade hTEiat\aoald @hingnagh or mitigate the
st r nt  pa ge 50 is sent directly to the
rw?@%%ﬁ&%ﬁ?yégcgégban be perfornmed through a nmulti-hop
mesIFiggt 5ok i ekt dig@hm dublivthg e déJéﬁltibﬁ%‘f =UYiIRE boring machine 90
packages 50 can work together and act as relays for
eqpipped tith inpHamenfy P@l‘iﬁqu%Qt gogpiding patRayesensnvgnton. Instrument

TR e e
indtimhent paukhgd 50 Yire@Baoniaosig thewsdociaddkager &0ermbly 10.

recei.ve data from other instrunment packages 50 and .
pasdf ted g 4elGHICe FUNET rdekiaxsy acorlgoprieipidjscussed above) s

ini@iq}{?é?lt &%019{0&(2 g}éﬁp taﬂgtri(yﬁ)f(y.ifé.r, %‘ﬁ%i: iﬂ.iﬁatﬁlg%tartit}ﬁ of the cutter

i nstrunent packages 50 nost distant fromt recel ver
headfi3.usWher hier dialsixisinericrpactkagigaalSChehgesan gravitdtienal pull, the

recei .to relay their nmeasured ta, .ih case .of
cuf AT it Sty e g TR BARsAg S0 s CeiaPa P GEg e cutter dual

axtsHRcEBRD R NG thanRfnd Q%@nal' 9 tﬁ@l%caivgthﬁﬂicgﬁﬁé hdthe cutter head 93
consunption rate and potentially higher signa

is tyraingi CheTocaavdrewhishecah atsoercy acatransepivienrihéd emitaitin aritiglization

.a wer generation system whi.ch uses dynami c tionto .

sigipb b g BRFT MU iekigs® B PnBreRo R RE e iy i the

ini@ialiZAtioa thBa 7 INintth&Blotk HAGraAE R Wik be AppRtRUNhAIEK re¥&ence dual
Fi gure is a block diagramoutlining the operation of

axis aensleeometor i gotraesd, ray 9ethery svifabled sighelhmagiske useshto detect or
deFe%xgl ;%%ﬁé ﬁ?t?ereh%é&) risdfuﬁgﬁé,oan& I'%g 11%{1%? I%g% SI?B‘l\f)gll’ﬂlé ?E,gas will be apparent

packages are 1ns
to peiSony ¢ftskill duhé amt. assenblies 10, with one end of each
I nstrunent package 50 directIY contacting the

ass ddicatcBePrcionirel beard ewsemply 81 of the sstrumeplepackpgs drve enough
cofitihdofab Mé B honRGE $4° g@ﬂ%g SrantAlRAUESEd t}fégge\égil)vefé S When the

Initialized or nonitore on 1 nstallation
injpinlizatioh o signal iiat revgivedt dyi e dhstiuneent upbdckingdse®y €. instrument

en dual axis cel eroneter signals changes in
paghagss 50Beh Srmiling 77 HRE rsuet b Rad 93 i's rotating.
The 71RS LIhBTRIY 7P 3@ XBr Wk Y BeNiddGors RO, LR BNAfferent.  For

cutter dual axis acceleronmeter then transm'ts a signa
examplehn 2 sxsédny wsing pdefeatricn gctdimometer (asudiscassed ebdve3Iniaddition to

tog AR o R0 bl oY Pt sErdSeRaHagRfhape sepsor contro
bohiieasSrisly 3 NSid tHERETEreRGC AR BIRFonRAer! sPerRE B SUb& AR B8 the detected
data. This Is the initialization phase 7 1 in the

relgyesk leutiera geeslarometen signabe  dppriewipeabide t9easorid@ takes temperature
ref eren net er use

red iR e Thlsieef i€, THEWheBirotBeidh llPBEs RMhagnesic itd
continuously, so that when the magnet(s) 16 in the hub 12 pass near the
magnetometer 33, the magnetic field is detected. When the detected magnetic field
exceeds a pre-established limit, the sensor control board assembly 31 registers a count
and calculates an instantaneous rotational speed of the cutter assembly 10 based on the

time elapsed since the previous detection of magnet 16 passage. For example, the

rotational speed may be calculated using the following equation: RPM = (n/T)*60 where

-11-
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determine the cutter head is turning, and to initiate
data sanpling 71, as will be apparent to persons of

W@ RiobI1531m0 t he art. The sensor control board asBembb2008045674
of the instrument package draws enough conti nuous
power to nonitor for signals transmtted fromthe
receiver. When the initialization signal is received

T ipythe Higng ﬁstsmﬁéﬁtelmﬁﬁg@seesonam@cmwntmmhn igatbi ageber of
ook EATP L A2 g 120 e RS AL BT e ety 10

is knswﬂ,l thé dfaﬁ’(ﬁter olftﬂ{e @xteNPhe15 tdh e GY&ilAed B iDNg (ﬁ*r*d)/R where r is
ref erence accel eronet er ;ﬂas di scussed above)

the zpfafienab abeed afifhe P i (pgemagbissihe disgace {oihe auter ring 15
cen%g raglla Fromh %ﬁdfﬁ%@???tﬂe?uﬁ Ielgeah 3t I B5082 nilecagﬁIeﬁ ?(I)t?tlonal speed

asse e re tence accel erome
of the gﬁthb chﬁerasidmb&yﬂéds ézrlartatédhab@i&t ected rel ayed cutter

accel eroneter s The te ture sensor 34 t akes
nﬁ@r %F@a%%fhghg? RIS Hi € elayed toghe SC508 cpftol bgprd assembly
31, &hﬁr&ﬁ%@fc%&t & th%?tra%me? %o%1 e.’aéqﬁﬂ)na?fa!d §1%1?‘c{1 dnd transhmlged 73

continuously, so that when the magnet
through plhes sntewar 3% hin <malgmtet same batterg dife, tth@trwwgnﬁ’telr o rfor[ (ebnhnuously
tic fle d exceeds

is. d d. W d d
opelyligie 1584 R aHiEd oo SCeBey i Piebbaa § dansmission

intedwed G5 THI86 SstdblisBed SHRT & ekt aﬁ;ﬁ@?ﬁeﬁb Crd} 36 &@Sudl; the dynamic
i nst ant aneous rotational speed of the cutter assenbly

charpgtepgiesdoiche ewiters.i e smple aail @amssumlemmreals augsnot static values,

t 16
bu £} B bR by PR Ty PR IPREF dp s, TRET e 18 e gmpte
perdduad itwinel BEIhE opBralipid QaphidRlly, i tasdd16n tdai@ndtBrsSIAERMARS rock
el apsed between nmagnetic counts and n is the nunber o
Cha??ﬁ'@ﬁléﬁ*"sss rotienyag dé dnatariglh sutterbloag ratiygs randnsinpelt betingn glachine

oV gg{ qfex{m chlﬂflérgﬁt JRSRE %E esmygtérpkc{h%g@ charbggngb? BB &hpling

€ Ca

con(liZi’bné‘ dyHilR e to achletvhethé destt Hanadessipi@d aafl Tohgest sensor life
tter head 93 (in rpm, dis the distance to the
Posﬁﬁllet er ring 15 center-plane fromthe center of the

cutthery NGafn?3emBB&nRnt Sof Niie Hin&dt " Ohaka0 @l $2€&GIected
F’y 185':t g lg g

of the of the cutter assenb as cal above
accéllh@rmtmra arﬁeuﬂ@afoedlplayt Iohepewrshass ilinecaredcaglerbnatert hieat include a

ard_.assenbl 1, it is coded, .
seni(E EfEY AR oBi Fol BORFaSSS T505 S e cetronics
Corﬁﬁeﬁh@%& @@ke?ea hEaKah) $ieeARENTRe Sdecttd aQeB8SmE®r is capable

save battery life, the transceiver is not conti nuously

of m@édlag |t1afgmem@ aoselarsion datd ta ndten@& ep;dwatlams ©peuil2C/ERI serial
ec%e’d ?e nd a.transms

mtehla Abl ?ée(ra Mt h l?erraé[&rlfeﬁ%rifog pr (%erl g‘lne\fﬁlBr pﬁ@ﬁ%’ﬁr Fesistance

tembé’tﬁtu@é/ A3t tors; Tar agdr@plesd HEL-P00 k&ResCPiiheFifm PIAGERRITS from
and transm ssion intervals are not static val ues, but

Honexwele Infanatiensd, Hyc.pheiaintiving itheMomirionn.déVd: cedhe selected
temgé}g{u?e 'senddfs pci‘b{;lgxl: )chl?e%lt 1&%91'%? stability and interchangeability. The

selected magnetometers 33 are magnetoresistive sensors, for example position sensors
2S8S52M, also from Honeywell International, Inc.

The accelerometer was chosen because it is inexpensive, very low power, has a
digital interface and has built-in signal processing. It is contemplated that higher g-rated,
higher power devices may alternatively be used, or a mechanical damper may be devised

to bring the acceleration values within the constraints of the sensor. The temperature
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period, as tunnel boring operations vary w dely, based
on paraneters including rock characteristics, cutter
WO ovg/13810mt erial, cutter [oad rating, and tunPel/Us2009/045674
boring machi ne power. The flexibility inherent in this
wirel ess system all ows changi ng of the sanpling
conditions while boring to achieve the best data
sensels 3yast clmselarhfca@ﬁge%tltsS@mraturpf@ng@sa@dbloev plomvea requlrernent
t
HOGES ther @R 0F Mol S8 riedfh  ERHon BRI R Bl Mmperature
sende®xhay dlienedivelgdeealsed.onet ers that include a sensing
element and an IC interface, such as the LI S302DL from
STMVerle'éﬂ SGF RIS OIHPENGRLIREaWERIeLIcs rwatanpldadh dor the present
s capabl e of
Sy%#%VI |ng ?hgﬁﬁgggﬁpg gccgﬁgﬁé%%gﬁggﬁ[a to external
appForc akampls vhea imstrub2fl PRtkapes Swlma}nﬂ)erfnmeonn%ted in a mesh
select nE atur sensors 34 are thin filmplatinum
t

nethggk Stk PUIClRSE THBPTRYE A0, 1§ BRalS AfpRogaunicate With the
recklfbr dRQtI5€HeCSgndlicAn %b%@l‘aﬁé@@h&&%ﬁ‘ @E@ 1B£tﬁm1&9:k§¥1¥%é 50 to the

International, Inc. headquarter Morr i st own,
rece‘lhrer sebe@K@Uplbe apewht mﬁt‘eommcpt hes Becretestel| immetwork sizes

l.i n [ t terchangeability. The .
bavipd G0t 3 ek B BT 8K 5005 SoRMRRE P asisephE an instrument
packB8ES S0, SandfeDElnFPéalBH?,E %td@i@ﬁ'dr'r@&n%@nslﬁrtﬁe 2R8> IM n8d&Owere spaced

fron1kbneyme| International, Inc. The accel eroneter

appmnwrﬁits & foetcawpyeltom any 0th¢enp<im shq epprvematttlwhlm\fmt from the
as |taI|nte

recel?’ 8rc ess n%rov? e ual Ib'n? eshﬁYl(é? é’a %?ehéa{{‘ ltﬁitﬁ r?8?tr§r]‘ﬁ%{eé’<ﬁ‘blllty of the

nethzloﬂh @he ROMRITk BN 18 5pdiBiLd avittemBshby athhoRGedi®Rsit (ACKY enabled,
mechani cal danper may be devised to bring the
wherete Pe‘?@&l@l wHl gantinie Sendimgnits signalonatily an AGK onessage is returned.

Altﬁ?l@l?ﬁ'le <t a rk? ; a% gﬁeg%tg@ ?%%%o%&%\?%%ﬁ%ps&ﬁfe?q‘%ﬁlb%k of nodes,

requirenen
codﬂmlﬂmemon ishes ebekympe significiay he g mmeber @fdiotys was increased to 99,
ch;erchangeable, andagther t enperat ure sensors nay
an (Pt

C@Pﬁ_atarevepgf menereed Wheh Abdis!simaledensor
C ONTRUAH b 't %ﬁ%ﬁ&h@rﬁa&&m el ﬁetwe?k Q&ﬁ?ﬁggs a peer-

system may mented according to resen
to-pagy éPlZR)dnpolﬁg)y, ‘el the wiitekess nanswwerst36paninagmsat5®nlmglirectly

t cted,in a ne i f
wilh o LGRS PIF B &6t THAC (RGN recuei i, e sfatioly fya tested
implBBeRtBGEH, \e8Eh SUrisBE€hbdk istRAgRddIN &dpofity BRe/sRItaViBfln the reporting
throu%h ot her i nstrunent packages 50 to the receiver.

wirkew. e bmalllews ®agke sodentet seod ki mgssmtoothglrewmrbveémse station with

.t.est ed S n 0, 5
iR e TR P ol rBRufitd it e Reprecited by
perP@RkeO&ibln tho drtathat Ay B2lba§;ﬁ)1 fﬁﬂl&ﬁs Br MAEIRI1MRler baflery life

the tests, the nodes were space
because the transceivers 36 do not need to be continuously receiving/transmitting. The
P2P topology also may be run in a no-ACK mode or in an ACK-enabled mode. The P2P
topology tested to be much more reliable than the mesh network topology, particularly at
larger numbers of nodes. However, it will be appreciated that if a node or instrument
package 50 is in an RF dead spot, such individual nodes may perform poorly.

A very low average packet loss rate was achieved for the P2P topology with ACK

enabled, such that each node can re-send a message up to 6 times if not confirmed
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approximately 1.5 feet away from any ot her node, and
approximately thirty feet fromthe receiver. To

w0 pposal1d he qual ity of service, or the abilitBCT/US2009/045674
control the reliability of the network, the network
may be operated wi th nessage acknow edgnent (ACK)
enabl ed, wherein a node will continue sending its

receiyeghdy thatiereivgr MoK exawpleye Insonetest rre@9-nae.hddghendpted P2P

etwor k topol Q oper.at ed reasonab [l for smaller
tDpo8%%3¥§H%$RW533§§6ggﬂﬁ%ﬁpﬁgﬁIQﬁnﬁ§é§g§ebecone

Si gndsfihg aitlicadsd thaea MEIR aetvik BRARS MBS r'eHéHiﬁ%SKeﬁlQaﬁthes over a

99, and of course are nore pronounced when ACK is

timerfgsheanizedP 2R mst weik fopgenlemyent gppp tefiftanpdas, butias an energy cost

appﬂ%@%@éﬁ%b‘jg\ﬁgs Qe B@L éNIC/imR r'grgﬁr et ?P?atnaS PERIS e ?ﬁg glegv?o%ﬁ)reliability

rern ess transceiver

remaIRVE gadde whistaeas dhe @edh netwbikhdetdivrates spnigicanttyhallotddver, it is
eac nsor node reports directly to the base station.

h
xppoiodhat Sicag SPors Wehinger toreliabliy SdfAFoRctetks Vil be mitigited by
mo@ﬁﬁ%ﬂﬂggmﬁdﬁﬁg thGidd Me-slot within the reporting
W ndow. T

I's alFows each node to send a nmessage to the
r ecanotber aterthéise esbadinent of ahinsirnmeninpackagece sefisor package 150

collision wth other reporting nodes. It will he . )
for FppGBPE el BEnSURAOoR Srpipncenteresn TYsfoR ig shown in
FIGPAT: boRabeay ! dutshdulingT¥¢ s kRGBS in gﬁéﬁt&ﬁy AlfaRtially exploded
because the transceivers 36 do not need to be

view of theringnmhent padepy i Fistshaws m FXGUWRE 7The P2P t opol ogy

I in. - A N ACK- d
o8, g 8118 s eElu e B hieinbpeaer f pfrstalled
on thbiittdr ASschibHEs NS WD itchideRRY Qe orRedithilsdeAsdripasitagk 8 BR'sensor
nunbers of nodes. However, it will be appreciated that

packgged SAlgecribed iahete: Uras sxapplekimgen®@Embodimendnn®eefersact dual axis

L ndivi I des ma rf poor,l y. ver
w832 s Yoels DRICD P SECETLERDEY D W5 o
refekeieo lpodit ¥ tddatiigKseRats) destesl)aie tdi@ionaPERasiRElReriamd reference

re-send a nessage up to 6 tines if not

: : p : s .
PoitdRsy Perdefeanispdlar Byarmple, bepleripg tworadditiopalngenegrs in the system.
t y = I P 0 r
08 512 Ay PSR Y Gt o
rotatinnhl spe@tiof thatmatome$he netttimtak siped wachsalement may ibghictorhplished

advant ages over a ti me-synchroni zed P2P network for )
by iggpilisg feReest OB shs _@rwq e '«wgdlé@,g BRIFEFOTGCTe RUgY OF B3 pptical
sen@?,gﬁp)b'yn%}ﬁ bihe?GnddnSB] &% \F)él%k{lov\% tih @EeRt erpd I%@gﬁgg ear ratio

nodes, "the P2P network reliability remains very ,
infometieador Hee mpadhinee andrikeatotieg itbe anetor sshgfii fatatamal yspeed, the

reover, 4t is e cted that "dead spots” that hinder
rotaET B LS ihs SPtcE FCRP SHBCHAFIEETIEH be miti gated by
MDA QcoRll seRfdr I pldQideddo ABEH RRsagb M taN@hgnet installed on the
alternative enbodi nent of an instrunment package or

cuttgte hsask 9 &k agfe of 50 niagnetameter canclogedh inLa tpeoteetisehtisingl 0 1t is
con{enmp?ﬁ&? Eh%?%gﬁl &h et f%vsoegcgditii(pn\é? gérlsgr% \;vg’ula rHr:)a\ﬁ”s-]mitndata back to the
base station.

The sensor package 150 is adapted to be mounted directly to the cutter housing
assembly for the associated cutter assembly 10. An advantage of the direct mounting is
that the sensor package 150 does not interfere with the standard procedure for installing
and removing cutters. A mounting bracket 139 supports the instrument package 150 on

the cutter assembly 10, and may be fixedly or releasably attached directly to one of the
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FI GURE 6, wherein the outer housing 151 is shown in
phantom A partially expl oded view of the instrunent
wW@2awRasE11050 is shown in FIGURE 7. In this enbPdi/me2009/045674
it is contenplated that the instrunent package 150
installed on the cutter assenblies 10 wll include the
sane or a simlar sensor package to the sensor package

hopsing deats Hd 2QBAFECURS: 2)etiarskamplenthegneursimg dutackent ¥ may be
f
waﬁe({ &) o% \?\)E%gu?ﬁéhoﬁﬁﬁs%OE Cf(ﬁi Q% gga?cthgé 8}1 3? u\a’eglgglhag hardware,

er head isS T
pr O\/T}fbeniohﬁtuliﬁfoﬁrcﬁétd@%mblmﬂes‘ arbdtenkhfges@0s ppositely disposed
| nst the rotational measurenment and reference

sidsomlls %&» B e &b 1 42ohaving aploekingyapsrtars 14g- t o protective
spgﬁg% glgﬂ{%ﬁ{ lﬁ?ﬁZcﬁgp%ﬁé@q%Rﬁdﬂv}newrfapb§ 59 Fheqﬂ%l\ll\rﬁ%g tb(gacket 139.

on one e notors
A metainingebradiat 132 attatheone: aq:pe)adlabénd hEthEﬁﬁ@mtm'g"fbeacket 139, and a

r.ot |ona neasure be accopplished by
SEl R AP b SR e sate o S HL Ot Tuthe B Gr G NackS 5 o
MagneteBl e pBitidtSEt 9{6 ﬁ‘l@trﬁﬁﬁ@ﬂtcﬁc §§en§5@r lncﬁfde@é %X plate 160

ot her neans as are wel | -known In the art
hagmgra dlatail orti A 6B witht aronpwardlyt-éxterirghiose 164 dhateasadapterg to engage

r haft S d, t r ot at j onal eed
an, FRpBT AT HERPDI cat 0. BPh e PIRFSoBBrighter assernbly
seBRRS QucHBYthE & ck¥lrehded 3b %Q@k@&ﬁet&aﬁﬁﬁﬂﬁteﬁfpeﬁmeg&%r 34. The
instal led on the cutter head 93 by use of

seRIih acIPstably eqrulcetsé do ithe senprrotostrol beard @Sﬁ@mb@' 31,twhigh receives

I
B L T

sensiife paekplRe 1690 firtheddaglugsh bOopdagiommmintgs] ah rtmtllsymzed and
to the cutter hou3|ng assenbh% for the associ ated

Poélﬁlpﬂ%dr toaagagn the leckingaperive it higethoreteiningiiabdd2. A seat 172 urges
th%‘ﬂr?{%J lggz 1'6%) 1{0%%% eQ %lesci?e(@ ]?(%ltpo%cglﬁg% t:l’lg mgl?nqﬁl&nlg)r%fkeﬁ 139, and a

ere w sta procedur & for i
slidimg crlaﬁp\l 7 geleaﬂabb'r éngadesmbi ntiaiigngd backet1323 9Tk bmrﬁl&e 160 is
the. instrunment pa ge 150 on the cutter assenbly

Secier TpeAn Qreets %él&gﬁimhé KB 9f ssravchéd errh@eepg 1§Bincludes
a RER &fdyt }l;tﬁﬂemsmdemg{g{ﬁ g%t%{ %g@&%%ﬁ g)d oat[rgl portion 152

exanpl €,” the nountin may be el de
thzafovtmbnqs th@giltstmlwtlrtrsl @RQi thQBRe plate b6Q. ablivadistalyarm portion 152 includes

o R L5 P B0 U R 28 D 8551 301 o e b

1&é¢§0malls 141, and a retaining tab 142 having a
| ocki ng aperture 143. A protective spacing el ement 110
i s di sggoBew berseethéhad dhe sringualénaers 134 Glisshissed @bppurattachygd to the

B et At FE A R R P

ené o€ tRHasd plateadrinald2e STHReBfin@ cdinehel 3468 dized ahdengdiRdsRdd 8Provide
bracket 139. A renovabl e portion of the instrunent

anpRleskis dfercesen ithec fistad g 192 seclp that dhe @ose 164 of the base plate 160 is
elastically urged towards the associated cutter retainer 14 (FIGURE 3). Elastic

deformation of the distal arm 162 will therefore allow the nose 164 to maintain contact
with the associated cutter retainer, even as the cutter experiences wear, over a range of
wear patterns.

A battery holder 175 is adapted to hold one or more batteries 176 (two shown) for
providing power to the sensors 32, 33, 34, sensor control board assembly 31 and related

electronics, through terminals 178.
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having a distal arm 162 with an upwardl y-extendi ng
nose 164 that is adapted to engage an associ at ed
weuiwassiassenbly 10. The distal arm 162 supporPGI/Ukm®09/045674
cutter assenbly sensors, such as the accel eroneter 32,
magnet oneter 33 and tenperature sensor 34. The sensors
are operably connected to the sensor control board
as s@riburent emppdisient, dacepufershausingdShdomadapha alpgtic material, and
i 4ot e h v, S
the RARE bibckor 192 b Sale RG S FERL FhoufflgHboGHRARH may be used
inclpdigt foo Rk mgpleadonifadité hedterlats 61 #edil@nditpwil bé @ppdciaRd that the
i enga%e t he Iockin& aperture 143 in_the retaining tab
instjyent pagkage 199 myst hescqnsugied of stusdse meggialsoigapthstand the very
har@€ShViRAnRAS :nE roﬂﬂi%)lhgﬂ sEI[ﬁﬁlti) 0T IATO s NG KB tr iy a@&%tted in
a sliding clanp rel easabl'y engages the retalnin
plader agkgtvirdfion Tampbaing mhtatial i6thd sersec enedsure afhouieta]l base

h ing 151 with a plurality of re 74,. The
plag J; Iﬁgasi%’%blfﬁﬁc?‘lﬁ‘aé e QUL aﬁﬁom °18D, Ofqbe; Rteigcover
proReRAt b fe FRIAIL H6R 152000 AR HAsdipih@l 6T MTIROEhEIBAIrd Fhcludes a

that overlies the distal arn116£ of the base plate
rempgable Patienyi eunapartanent HoF o ernis 2hé¢ meplangeentiof dateries 176 in the

hapnel ..158 that slijdably receives.t nose 164 .

feld S BRGeg atabptrynt FoninSfid SR Borie Refiine. e bagsgies o
be REpHERN drNatsetibe thaebNlIGVBER udS4f QitliG Udiefhe AR AUBIUM metal

attached to the nounting bracket 139, includes an
battgries. ed arm portion 133 that abuts or engages the

di . € e rm . Jhe sprin . .

ol Shahis bbbl yefobad Boflold it serpfr kalisso. inctuaing

the hssilate 160(a8] wticubeotbsicats @bttdbthetdonh abd 8ie dut@ HHASIAG 151
164 of the base plate 160 is elastically urged towards

may e repaevsd; byt gifably: relopsipg by sliding glapp) 1G0Rend3liding thet removable
' 3 ' | arm 162 will therefore all ow
por{t#ﬁgﬂélg?éé %@H%‘%ﬁt%’%ﬁ?% contact with the associ ated
cutWaile riktsnatie¢ entbodimenss hine bednt Rlusteatpd ahé rdeesibsdalt, will be
over range of wear patterns. A battery holder 175 is .
ApPIRIAALa L BAFRUI PhBRRFS Grin 6T o5ttt @Vét%mdqnamz%sﬁme spirit
andfs@8pelrald HivBgidgpower to the sensors 32, 33, 34, sensor
control board assenbly 3 1 and rel ated el ectronics,
through termnals 178.1n a current enbodi nent, the
outer housing 151 is made of a plastic material, and
the nounting bracket 139 and base plate are netal,
al t hough other materials nay be used including for
exanpl e conposite materials or the like. It will be
appreci ated that the instrunent package 150 nust be
constructed of sturdy materials to withstand the very
harsh environnment near the cutter assenblies 10. Al
sensor electronics are potted in place using vibration
danmpening material in the sensor enclosure. The netal
base
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plate 160 is assenbled onto the outer housing 151,

with the tip of the outer cover protected by the netal
wmo®e/13840 on t he base plate 160. The encl osur ePCTUR20d®645674

a renovabl e battery conpartnent 175 to permt the

repl acenent of batteries 176 in the field. This

battery conpartnent 175 may include a switch for

configuring the batteries IAIBES i n paral |l el or

seri 0

1 g R fchts Bt W Do Tp MRt Cln gAY @OF%*@” O pibilege is
claimpdubleinpdagd followef t he sensor package 150, i ncl uding

t he base plate 160 (and vari ous conponents npun

t herleon) “4haPR¥EUS J?%F‘OH’(S‘E%I?%’I g taepel bgying dnged }P&véalquoper ation,
wl?élrélf‘ii ahd ﬁm!h@f S@H’d@&a&ﬁlﬁe %Bﬂn h ngl%%ltyl 69 cutfasidhBlidi%having a

he renovabl e portion unti’ng bracket 139.
roWalbleepqrhdmsmnmtd vB a@uttcxdleaé rths aprvaubeenprididgist r at ed
and desctl.jb it wwll be a rematedth ri ous
o h ARy ST st prd e BB R eh packogh Beip B gRpoeipted with
on8 Rif fthd plaffit 60 Bat@fasédntblicEVeoh itfrufde B@ KABE comprising 1) a distal
enmbodi ments of the invention in which an excl usive

eng s é inycoptachwithithegrsodisted Catteragscartdy,db¢ distad ead of the instrument

follows:.1. An,apparatus for noni. ori
paiSiee STt A RRPST D Sl RO {aRlnk e fihea R e assembly,
ii)R0dehig doAEDI Beard REdtSEE onpkétedld tie Plurdlity tofrsensors, the sensor
assenblies having a rotatable portion nounted on a

cogiielt é@arﬁeawt °f emppisEeat utsar@@m’mru adaptpd o pvmlaﬂsm yraggmit data

ool BBAT TSR, ARSEOOSE AR I ATE - BOSSRE JF hovcr sl

coAseNitb IpﬁSJldéEptﬁi?brlt@ﬂ{erSdﬂSﬂﬂbmﬂﬁﬂlba@el aprising i) a
distal end that, is in contact with the associ ated
cut trman&&é\%ﬂyng e ofi tae alurdiy oéfnﬁrﬁmenh@qck@gﬁé i the associated

cuRack gont aining a plurality of sensors for

nonitoring the associated cutter assenbly, ii) a

sengor cdierappatataraf Claen dt wheteyn denplecaied of sertstis comprises an
ac%éurallty of sensors, the sensor, control hoard furth

Pl g SIPEFRLIRS SRISOILARER S oL Bt g digiojptional specd of the

rottafa%féﬁi&'ﬁorij@ittﬁeg%%&%{e@@uﬁé’r dsbeniyural ity of sensors to
a renote receiver, and iii) a power supply connected

to pProvi d“élermmtus of tthams2nslmreiodhe sepsothioa mbaswing the rotational

ans, for attachi ng each of the rality of
sofet o Rl At BB Lo PRt il ol e or assenbly.
2. The appRrappistfof@Rinn2] whekhet eetadcbierdheiéraddniptiseé a multi-
sensors conprises an acceleroneter a tenperature

axXBAGeAPIOnsEEra sensor for neasuring the rotational speed
of tShe The apparatus of Claim 2, wherein the plurality of sensors further

comprises a second accelerometer.

6. The apparatus of Claim 1, wherein the plurality of instrument packages
comprises at least one instrument package for each of the plurality of cutter assemblies.

7. The apparatus of Claim 1, wherein the plurality of instrument packages
comprises two instrument packages for each of the plurality of cutter assemblies.

8. The apparatus of Claim 1, wherein the plurality of instrument packages are
wirelessly interconnected in a mesh network protocol.

9. The apparatus of Claim 1, wherein the plurality of instrument packages are

wirelessly interconnected in a peer to peer network.
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rotatabl e portion of the associated cutter assenbly.

3. The apparatus of Caim2, wherein the sensor for
wore@sasiing t he rotational speed of the rotatabP@&r/US2009/045674

portion conprises a nmagnetoneter. 4. The apparatus of

Caim?2, wherein the accel eroneter conprises a

mul tiaxis accel eronmeter. 5. The apparatus of Claim 2,

whebki n Theeanpaate oft Glapn 1swherginsthe phurdlily of genpofssare mpunted to

R D T L -

armporti €861 the Besd platt howaas theasioaeed ittcEastinbly. t he
plurality of cutter assenblies. 7. The apparatus of

a allm 1, Thehepeiratus hef il ki t yhesein #he poivsht supalyk sg@prises a

two i nstrunment packages for each of the
rem%?%@alblét?%y'of cutter assenblies. 8. The apparatus of
G ai2n 1, Theppeiratud be Obditr &) wheteinf the na¢ans fen ttt@iieaged of the

ar.e relessly interconnected in a nesh network. .
Plu‘B‘LBi pruenepaekagsp it the gssagtated wiier SSomRF EMPPHisse 2 mounting

braflel ety af?;chigﬂ] ST heehndl a6 gr%v: rﬁla@ﬁitﬁe,v"icuﬁcf l]‘_)g&?éﬁﬁ ethe instrument

Interconnected in a peer to net wor
packygeancludes afermOvableprtionttbatencluddsehgpluraity of/senfors end dresensor
re mounted to a distal armportion of a base plate,
conﬁﬂgbqaﬁ‘?{t her conprising a spring that biases the distal

ar mPor tiiNaardthe oP 8$8mP1 Bt BhdrOWAhE SerhHRabRS ?%iioﬁt&ﬁq_prises a
cutter assenbly. 11. The apparatus of Claim1l, wherein

base platgpbaeng g uliphlyarsopgrtips gt suppemshd phirdiy ofsynsotsp and further

The. appar.at us_of im1, erein the neans for. .
compy RirRi T Pe ooy TR L RP ey 0 1AL ARG Rerioaiocgiagt with
the bi&otiBR aBsO&k@hBlg. cutter assenbly conprises a nounting

bracket fi xedl% attached to the tunnel boring machine,

andl4sherdimethpé foneperatitghe tyarat psing fapehdess having a plurality of
PQr 4 hat..i nel t-he pl it
cuE TR DOL kR ARRGHAE P MG . i et
congpiaigaheisiepd ofl ai m 12, wherein the renovabl e portion

conprises a hase plate having a distal_ arm portion )
t hatroddpsor il f dpsiiument packages ovash insteimentpaskage being

ass LihNShePo Sk | Jskafily SO ttel Q?s'énﬁiiﬁs?%ﬁdtéaﬁg}giglﬁlgtag bRkSity of

Istal armportion into contact wt e as
sengut that mamstentileyassdedateddcutetr hednfbly, aogeasatdontrobbdand miedt receives

ao BB PRGOS R0, & PLULALLLY, OF CULLEL ot rskses
in dR@Ettdoftact WIE tHEdshRGated cutter assembly;

wirelessly transmitting data derived from the plurality of sensors to a remote
receiver;

using the data transmitted to the remote receiver to control the operation of the
tunnel boring machine.

15.  The method of Claim 14, wherein the plurality of sensors comprises an
accelerometer, a temperature sensor and a sensor for measuring the rotational speed of the
rotatable portion of the associated cutter assembly.

16.  The method of Claim 15, wherein the sensor for measuring the rotational
speed of the rotatable portion comprises a magnetometer.

17.  The method of Claim 15, wherein the accelerometer comprises a multi-

axis accelerometer.
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23.  The tunnel boring machine of Claim 22, wherein the sensor for measuring
the rotational speed of the rotatable portion comprises a magnetometer.

24.  The tunnel boring machine of Claim 22, wherein the accelerometer
comprises a multi-axis accelerometer.

25.  The tunnel boring machine of Claim 21, wherein the plurality of
instrument packages comprises at least one instrument package for each of the plurality
of cutter assemblies.

26.  The tunnel boring machine of Claim 21, wherein the plurality of

instrument packages are wirelessly interconnected in one of a mesh network protocol and

a peer to peer protocol.
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