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CAPACITIVELY COUPLED MULTIPLE AXIS
DATA INPUT APPARATUS AND METHOD

Technical Field

This invention relates to computer data input devices and more
particularly to an apparatus and a method in which joystick motion is sensed for up to
six degrees of freedom.

Backgronnd of the Invention

The ever-improving performance of computers and computer programs
has spawned a corresponding need for higher capability user input devices. Emerging
computer application programs for word processing, data entry, three-dimensional
mechanical design, flight simulation, and consumer-oriented games all demand
multiple degree-of-freedom (hereafter “axis™) data input. However, prior computer
input devices, such as joysticks, trackballs, graphic tablets, and mice are limited by
their construction to two or three axis operation, whereas up to six axis operation is
desirable in many applications.
_ Fig. 1 shows the 8ix axes as three mutually perpendicular translational
motion axes (hereafter referred to as an X-axis, a Y-axis, and a Z-axis) and three
mutually perpendicular rotational motion axes (hereafter referred to as a roll axis, a
pitch axis, and a yaw axis). Skilled workers typically refer to roll as an angular
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However, prior conputer 25 i_nput devices, such as joysticks, .trackballs,

graphic tablets, arfgtatipnabonttheX-axis, Mﬁm“ﬂmwwm,mdﬁwm

or -three axis oper%mmm%ﬁmtmzwlx axi's operation is
desirable in many applications. Fig. 1 shows the six

axes as three nutual |y per peAdoystithatypicaliy employsa user-positioned actyatos handie:pivoted
%ﬂ?LSf‘T;eLeFSLﬁ&fﬁd ot o Syl aph  achise o Skl WarendicRl DpEtiiRgrs gt Bedite
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PCT/ US96/ 10620 acmatorhandletoaoenteredposmon However, potentiometers have fription that
leads to unrepeatable data generation and difficulty in “zeroing” the joystick.
As a result, other wotkers have employed optical encoders, switch
arrays, piezo-electric transducers, strain-gauges, capacitive coupling devices,

10 inductive coupling devices, and magnetic devices to circumvent the electromechanical
problems inherent in potentiometers. Unfortunately, as they were configared, none
of the prior devices provided any additional axes of operation, some were too costly
ﬁwconmnmuunmumaidnanunﬂamﬂnmnomhandoﬂunsummﬂynmmnMEdaMMmmw
motion, which degrades user "feel."

15 For example, a mouse typically employs a user-positioned ball that
rolls in constraining bearings to frictionally rotate two mutually perpendicular
devices, such as optical encoders that generate respective X- and Y-axis data.
Because the mouse moves on a flat surface, only two axes of data are generated.
waewm;aJnmmeQmﬁnMyimmnpOHMsatkmnoneamﬁﬁmmﬂu&u%mnwmdbmuun

20 that may be used to change the operating mode of the mouse. For example, the X-
and Y-axis transiation data may be converted to roll and pitch data when the button is
depressed. Of course, the addition of buttons does not change the fact that the mouse
islimitedtoopemtinginonlytwoaxesatatime.' Moreover, the bearings and
frictional couplings are prone to irregular rotation caused by accumulated

2 contaminates that are picked from the flat surface by the ball.

An exemplary three axis input device is described in U.S. Pat. No.
4,952,919 for TRACKBALL MECHANISM. A trackball can be thought of as an
inverted mouse in which the ball is directly accessible to user manipulation. In this



rotation about the X-axis, pitch as an angul ar rotation about the Y-axis,
and 'yaw as an angul ar rotation about the Z-axis.

A joystick typically enploys a user-positioned actuator handl e pivoted
aboyt a fixed point to actuate two nutually perpendi cul ar potentioneters

t*hat generate 5 respective X- and Y-axis data. In some joysticks,
Springs are enpl WoRY/AH#9r et urn t he actuator handl e t o PCRARIEMZ0
position. However, potentioneters have fricti on t hat ‘leads to

unr epeat abl e data generation and difficulty in %zeroing" the joystick.
As a result, other workers have enpl oyed optlcap encoders, switch -
arrays, piezo el ectric transducers, strain-gauges, capaC|t|ve coupling
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rolls in constrsining beari ng&bﬁﬁﬂaﬁmﬂ%m@%@ﬁﬂwm&amwmu Four Axis
per pendi cul ar deV| ces, such as optical encoders that generate_ T
h’lgmﬁk JJeonneeticut. e

respective X- and Y rem\ﬁactured by Measyseraent Systeras, fn¢)s of

Syp oty nbor por afear Afis et § sOEASALE b joysick UARY e sl i s

that may be used tomdv&igmﬂhé{-pﬁe;mmmmﬁmhsaﬂﬂasmmeammmsem

pi'tch data when t ne Gy Y aoton ars heh siulod B} polagmpis 68 Proches R Xei B of

buttons does Ny chansgs frkifklatiosd datl hd Ja”'s@-zlili&li'Sﬁtlonaldata Of%dn'séntheﬂoiloAns

operatl ng in onIy two axes at a tinmne. reover, the earl ngs an

frictional coupli ngsloamhpmﬂaméhmhe@mmldmmm with patentiometors:and
A exemplary ¢ hrco. Setmdidfed it mbddiadg, | 0 7S] Bét et
4,952,919 for TRACKBALL MECANWHNM is Aedded Cthbfdre,Cig an Biexpdsive Bkerdhiput devite that has
good user feel, senses more than four axes of motion applied to a single actuator
15 handle, and responds by generating accurate and repeatable input data.
g ¢ the T . .
An object of this invention is, therefore, to provide a multiple axis,
single actuator data input apparatus and method.
An advantage of this invention is that it provides a multiple axis data
20 input apparatus and method that generates accurate and repeatable input data.
Another advantage of this invention is that it provides a multiple axis
data input apparatus baving low friction and good user feel.
A further advantage of this invention is that it provides an inexpensive,
multiple axis data input apparatus and method.
25 An inductively coupled embodiment of a six axis joystick employs a 13
- pole E-core that includes a center pole and four triads of outer poles that protrude
from four orthogonally separated arms of the E-core. A drive winding is wound
amundthec'enterpoleoftheB-core, and sense windings are wound around each of
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particular trackball, the ball rolls in constraining bearings that are

positioned to expose to user manipulation a majority of the ball

surface area. Mowesre149t he bal | frictionally rotates PETES96/10620

nutual |y per pendi cul ar optical encoders that generate respective
X, Y-, and Z-axis (or alternatively roll-, pitch-, and yaw axis) data. 5

An’ exerrpl ary four axis input device is the rmde4l 426- B11 Four AXxis
Control manufactured by Measurenent Systens, Inc., of Norwal k, Connecticut.

The Four Axj Control s a pot.enti pmet er - pbas oyst| ck |nl¥¥g|ch
t he actuat or handle k 9‘3%‘@ “?en&\“ee"&h’&g?"ﬁ hplateat | ons

and is rotatable abﬁ%&mﬂm %qﬁdu&m&s%mmemwiﬁbléaﬁ&&%h%ﬂ%tﬂoﬁ&em%h

coupled to potentioneters that produce-X-, Y-, and Z-axi s

transl ati enal data mmmmmmnymmmmmﬂpwmm s
ot et oot o o et b Varki bl o WRISBE A S R B itk A varyng
What i s needed5 t hemagmetie flux indaced byctke eéimér'pole is eondudied thrdegh the swishiplie o each
of the outer poles to a degree dependent on the spacing between each outer pole from
a bottom surface or a periphery of the swash plate. Corresponding signal currents are
induced in the sense windings. Each of the signal currents is proportional to the
degree of magnetic flux flowing in its associated outer pole, A peak amplitude is
10 detected for each signal current, and the differences among the peak amptiitudes are
usedtodetermineadegmeofdeﬂectionoftheswashplateineachofmex-, Y-, Z-,
roll-, pitch-, and yaw-axis directions.
' In another embodiment, the E~core is replaced by discrete inductors
mounted to a circuit board or, in an alternative embodiment, by Hall-effect devices
15 that sense permanent magnets that are attached to a nonferromagnetic swash plate.
Also, user feel may be improved by replacing the compression spring with a flexible
diaphragm, a rubber bladder or, preferably, a suspension cage. '
A preferred capacitively coupled embodiment of a six axis joystick
employs a sensor electrode having a perpendicular pair of slots and a fixed electrode
20 assembly having capacitor electrodes formed on three mutually orthogonal surfaces of
' planar circuit boards that are sized and positioned such that they complementarily nest
within the slots of the sensor electrode. When nested together, the capacitor
electrodes are spaced apart from faces of the sensor electrode by distances that depend
on the rotational and transiational movements of the sensor electrode relative to the
25 electrode assembly. An alternating voltage is selectively applied to the capacitor
electrodes and is, thereby, coupled to the closest associated faces of the sensor
electrode to a degree dependent on the rotation- and transiation-induced spacings. An
amplitude is detected and processed for each coupled signal voltage to determine a
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An object of this invention is, therefore, to provide a nultiple axis,
dingl e actuator data input apparatus and net hod. An
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i nput appar at us and nmet hod that generates accurate and repeatabl e i nput

dat a. Anot her advantage of this invention is that it
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and good user feel. A further advantage of this
invention is that it provides an inexpensive, multiple axis data
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-PCT/ US96/ 106205 Addmonalobjects and advantages of this invention will be gpparent

from the following detailed description of preferred embodiments thereof that proceed
with reference to the accompanying drawings.
Fig. 1 is a diagram showing three mutually perpendicular translational

10 motion axes and three mutually perpendicular rotational motion axes.

Fig. 2A is a top plan view of an B-core employed in a two axis
inductively coupled joystick of this invention.
' Fig. 2B is a sectional view of the B-core taken along lines 2B—-2B of
Fig. 2A, further showing a swash plate, a spring, and coupling coils of the two axis
15  inductively coupled joystick of this invention.
Fig. 2C is a top plan view. showing a generally circular shape of the
swash plate of Fig. 2B.
Fig. 3A is a top plan view of an E-core employed in a three axis
" inductively coupled joystick of this invention.

20 Fig. 3B is a sectional view of the E-core taken along lines 3B--3B of
Fig. 3A, further showing a swash plate, spring, and coupling coils of the three axis
inductively coupled joystick of this invention.

Fig. 3C is a top plan view showing a generally "crossed" shape of the
swash plate of Fig. 3B.

25 -Fig. 4A is a top plan view of an E-core employed in a first
embodiment of a six axis inductively coupled joystick of this inveation.

_ Fig. 4B is a sectional view of the E-core taken along lines 4B—4B of
Fig. 4A, further showing a swash plate, a spring, and coupling cols of the first



the outer poles. A conpression spring suspends a ferronmagnetic swash plate
at - substantially equal distances fromthe center pole and each of
the outer poles. A user enpl oys an actuator handle to axially and
rotationally deflect the swash plate to assume varying di stances
fremthe center pole and each of the outer poles. A varying 5 magneti c
flux induced by wes79e#8er pole is conducted through the swash PETAISR6/A0620
each of the outer poles to a degree dependent on the spacing

bet ween each outer pole from a botton1sgrface or a periphery of the
swash plate. Corresponding signal currents are I nduced in the sense
wi ndi ngs. Each of the signal currents is proportlonal to the degree

of magnetic flux flowmng in its assqcy uter e ak a I|tude|s
10 det ected for E‘\g‘bﬁﬁg’ﬂﬁ?g ik PER D ‘98 éﬁ‘é‘rfgggm % he peak
anplitudes are used tﬂg%ﬂﬂbﬁ?}lﬁﬂ&%ﬂﬂvxﬂé thdPehéisily Lrosséd  dhape of

swash plate in each of the X-, " Y-, Z- ol I'-, pItCh- and yaw axis
di recti ons. theswashplateOfFlg 4Bn anot her errbodl ment, the E-core is

[pPLaced, by discrete | NOUStolfe, s o AYVISY s § b bl i "
magnets that arse athﬂehmdcﬁ )fcoﬁ?ﬁﬂﬁfylmh¢nﬁmﬁhﬂﬁ|mﬁﬁ'em replaced by discete

user feel may be inproved by ep aci ng the conpression spring wth a

flexible H}S’H?UB@ r or, préeferably, a suspension
cage. W@m 'lﬁéed:*m&ﬁ &R it Rdard®f
a six axis joystick 1%1 oysS a sensor el ectrode having a

per pendi cul ar pair tikemsalobg lives 3Be-5Biof dig. eﬂﬁedhrthd'eshmngaswads]dmbla;td grinigrof the
capacitor electrodes. fo n th put ual I,y orihogagnal sucrfaces,of .
planar circuit boar Mﬁf‘g‘ﬁﬁ@"‘g"g&? &ﬁgéﬁ‘gm&mw’m
conpl ement ari [p9 nest E&Mﬁﬁiﬁpiﬂlﬂﬁeﬁﬁwﬁl&gﬁ?ﬂmeﬁ%&ﬂﬁmm

nested together, the capacitor el ectrodes are spaced apart from
replaceshby Hall

faces of the sensor s@wé@uma@kmm%mwb@bmm

are X
rotational and trangbalds %@ F&I& ﬁﬁusﬁ? E@pﬁriﬁl ?5 vhd
the 25 el ectrode asse %I y n% ternating vo tage IS selective éﬁ\é%

applied to the capaplawor ‘el ectrodes and is, thereby, coupl ed to the
Gependent on the rot ation. B, SER W ont. i e S Bt 2958,
anplitude is dgtect giibwinglthe HaUFeEIHeviREs, PefilaneMURAghetsSvl3h plaws) labd 6 critboard,
determne a and further showing the spring of the alternative embodiment of the six axis joystick
of Fig. 5.
Fig. 7 is a cross-sectional side view of the discrete inductor
embodiment of the six axis joystick of Fig. 5, in which the spring is replaced by a
20 flexible diaphragm.
Fig. B is a cross-sectional side view of the discrete inductor
embodiment of the six axis joystick of Fig. 5, in which the spring is replaced by a
rubber bladder.
Fig. 9A is a top plan view of a discrete inductor embodiment of the six
25 axis joystick of Fig. 5 showing the swash plate mounted in a suspension cage that is
suspended in a housing by a network of springs.
Fig. 9B is a sectional side view taken along lines 9B—9B of Fig. 9A
showing the swash plate mounted in the suspension cage, the housing, the network of
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degree of deflection of the sensor electrode in the X-, Y-, Z-, roll-,

pitch-, and yaw axis directions. As with the inductively coupled

eénbodi nents, user feel may be tailored to particular applications

by suspendi ng t hwossese® el ectrode by a flexible di aphrRGIVESI/IAGRE r

bl adder, network of springs or, preferably, by an elastonmeric ring. 5
Addi tional objects and advantages of this invention will be apparent

fromthe follow ng detail ed description of-preferred enbodi nents thereof

t hat proceed with reference to the acconpanyi ng draw ngs.

Brief Description of the Draw n Fig. 1 is a diagram

S » . 13 .
showi ng three nut uaFRW’%é‘&Qﬁ’éﬁ@%’?PWﬁqﬂmpaﬂ!’m kon axes and .
three.mitual Iy perpendi cul ar g .tﬁfiis‘i’mpﬁﬁgdiﬂi&k?ﬁﬂ%lecnicalcimuitdiammshowmgan

Fig. 2Ais a top plan view of an E-core enployed 1n a tw axis

i nductivel y coupl edindustivelyaioupled embediinentenftanembedded joystick controller of this inventjon.
“2A Turther show ng a swash T D Ban RIS ER P ab BEFecHs Samly GpRlove B
axis 15 i ndisct | v giprcifivdlp baiiplddBnibodiitien® bf & Bixaxisjuyslitk 8f'this invention,

Fig. 12 is an isometric view of a sensor electrode employed in a
capacitively coupled embodiment of a six axis joystick of this invention.

Fig. 13 is a top view of the electrode assembly of Fig. 11 mated in an
operative configuration with the sensor electrode of Fig. 12.

10 | Fig. 14 is a side view of the electrode assembly of Fig. 11 mated in an
operative configuration with the sensor electrode of Fig. 12.

Fig. 15 is a side view of a capacitively coupled embodiment of a six
axis joystick of this invention showing the sensor electrode of Fig. 12 mounted within
a rigid dome and exploded apart from the electrode assembly of Fig. 11 and a

15 deformable elastomeric ring to reveal the spatial configuration and straight-forward -
assembly of the joystick.

Fig. 16 is a simplified block and electrical circuit diagram showing a
preferred capacitively coupled embodiment of an embedded joystick controller of this
invention.

20

Figs. 2A-2C show a two axis joystick 30 in which a five pole E-core |
32 includes a center pole 34 and four outer poles 36, 38, 40, and 42 that are arranged
around center pole 34 as orthogonally separated pairs of outer poles. A drive winding
44 is wound around center pole 34 of five pole E-core 32, and sense windings 46, 43,

25 50, and 52 are wound around respective outer poles 36, 38, 40, and 42.

- A swash plate 54 (Fig. 2C) is a substantially circular plate of
ferromagnetic material suspended by a compression spring 56 such that, at an
equilibrium position (shown in solid lines in Fig. 2B), a bottom surface 58 of swash



Fig. 2Cis atop plan view. showing a generally circular shape of the

swash plate of Fig. 2B Fig. 3Ais a top plan view of
an E-core enployed in a three axis i nductively coupl ed joystick of
thig invention. 20 Fig. 3B is a sectional view of the
E-core taken along lines 3B-3B of ' Fig. 3A, further show ng a swash
plate, .spring, amwosumpsi ng coils of the three axis i NOREIVUSHONEHE20
coupl ed joystick of this invention. Fig. 3Cis atop
pl an view showing a generally "crossed" shape of, the swash pl ate of
Fkg. 3B. 25 - Fig. 4Ais a top™lan view of an E-core

enpl oyed in a first enbodi nent of a six axis inductively coupled

joystick of this inventign. . Fig. 4B |s ecti onal
View of the E core tBIRETAH whganialy eauigist fpm center pols 34 god sach of gpterplcs 36,
3\;‘)0‘3"7/”81?43""35“ pl at$y, 49, 2 4219An 3QHat6LhiRIE"0 iEStHcﬁed){osW&ﬁ:ﬁhfe%by which a vser
PCT/ US96/ 10620 - deflects-swash plate 54 (as shown, for example, in a pitch-axis directios in dashed -

Fla. 4C1s a top pt dineihBies ABhthertot oo ek bk 5€ i ot yirptng itinoS Fom
5 center pole 34 and each of outer poles 36, 38, 40, and 42.

A driver (not shown) causes an alternating current to flow in drive
winding 44, thereby inducing a corresponding magnetic flux in center pole 34 and
swash plate 54. The magnetic flux induced in swash plate 54 is conducted through
each of outer poles 36, 38, 40, and 42 to a degree dependent on the spacing of each

10  pole from bottom surface 58 of swash plate 54. Corresponding signal currents are
induced in sense windings 46, 48, 50, and 52. Each of the signal currents is
proportional to the degree of magnetic flux flowing in its associated pole. A peak
amplitude is detected for each signal current, and the differences among the peak
amplitudes are used to determine a degree of deflection of swash plate 54 in, for

15 example, the roll- and pitch-axis directions.

Because swash plate 54 is suspended by compression spring 56, a
significant amount of the deflection of swash plate 54 may also be in the X- and
Y-axis directions. However, the geometric configuration of two axis joystick 30
prevents effective detection of such deflections. Nevertheless, deflection of swash

20 plate 54 in the Z-axis direction is readily determined from "common-mode" signal
omqmnam:gﬂmmﬂadbycmpmwﬂlmhsofﬂwsunevdmﬁmg,mxmjm,ﬁwemanQ
sense windings 46 and 50. Therefore, two axis joystick 30 may be considered to be 2
three axis joystick, and, of course, the roll- and pitch-axis related signals may be
readily converted to represent X-and Y-axis translations of actuator handle 60,

25 Figs. 3A-3C show a three axis joystick 70 in which a seven pole
E-core 72 includes a center pole 74, four cuter poles 76, 78, 80, and 82 that are
arranged around center pole 74 as orthogonally separated pairs of poles, an offset
outer pole 84 that is positioned between outer poles 76 and 78, and an offset outer



t he swash plate of Fig. 4B. Fig. 5Ais a top plan

i ew showi ng a second enbodi nent of the six 5 axi s inductively coupled

joystick of Fig. 4 in which the E-core is replaced by discrete

i nductors nounted to a circuit board. Fig. 5Bis a

sectional view of the discrete inductors and circuit board t aken

al ong Iines 5B-58odfimtiay. 5A, further showi ng a swash plate an®CIISpengess

t he second enbodi nent of the six axis inductively coupled joystick

of this invention. 10 ' Fig. 6Ais a top plan view show ng

an alternative enbodi mrent of the six ax?s joystick of Fig. 5in

whi ch the discrete inductors are replaced by Hall -effect devi ces,

and in which pernanentsga nets are nmounted in a_non-ferromagnetic swash
ﬂgmpq

Fig. 6B is a sectioP@lp Rositioned betwesn; quier poles §0 apd 82 & driye winding 88 1s

showi ng the Hall - ef {gak ﬂ.s‘y#'d: St 3o %n@ : 2. 94
circuit board, dan urt e%%ﬁ%tﬁeﬁsprlrﬁ%ﬁ e alter gtg‘l)’vge’9 ’
enbodi nent of the s96 98 asd j0f/areiwound around respéctive gutetpoles 76, 78, 80, 82, 84, and 86. -
Fig. 7 is a cross-sectional sjde yiew e gdi.screte inductor ,,
-embodi ment of the six axis | ﬂ?’@w‘iﬁ}??@@}séj&ma\mﬁw : Wsphteof
repl aced by a 30 : si¥peided by a compression spring 104 subh that, &t bt 2
cross-sectional side view of the discCrete nductfor enbodi nent of

the six axis joyst i equilitrium position (shown-insnlid ligessip Fig$B)s2 betton surfach 106 of swash

rubber bl adder. . . Elg QA is I vie

di screte inductor M&%wagmthmﬁﬁgﬁﬁﬁﬂﬂ%%@“m
showi ng the swash pi7$t80, 82,84, asd 86. Arsdchmestdiandle 1681 dtiactiedits swash plate 102 by
suspended in a housing, by a network of spri [

9B is a sectional sWH@h@iwmﬁnﬁ mgﬁf@s-wlbphseiW(wown’foregﬁﬂe
showi ng the Svsh Pl FischOk Gifboidh i BsRSREOR B, SBY thersthcalb botfbm hitfice

net wor k of
106 to assume varying distances from center pole 74 and each of the outer poles.
As described with reference to two axis joystick 30, a driver (not
shown) causes an alternating current to flow in drive winding 88, thereby inducing a
corresponding magnetic flux in center pole 74 and swash plate 102. The magnetic
15 flux induced in swash plate 102 is conducted through each of outer poles 76, 78, 80,
and 82 to a degree dependent on the pitch- and roll-axis-induced spacing of each
respective pole from bottom surface 106 of swash plate 102 and through each of
offset outer poles 84 and 86 to a degree dependent on the yaw-axis-induced spacing of
each respective pole from bottom surface 106 of swash plate 102. Corresponding
20 signalcurrentsa:einducedinsensewindings 90, 92, 94, 96, 98, and 100. Each of
the signal currents is proportional to the degree of magnetic flux flowing in its
associated outer pole. A peak amplitnde is detected for each signal current, and the
differences among the peak amplitudes are used to determine a degree of deflection of
swash plate 102 in, for example, the roll-, pitch-, and yaw-axis directions.
25 . Because swash plate 102 is suspended by compression spring 104, a
° significant amount of deflection of swash plate 102 may also be in the X- and Y-axis
directions. However, the geometric configuration of three axis joystick 70 is more
conducive to detecting rotational axis deflections. Nevertheless, s for two axis



WO 97/ 01149

RCT/ US96/ 10620 7
springs, and the discrete inductors nounted to a circuit board.

Fig, 10 is a sinplified block and electrical circuit diagramshow ng an
i*nductively coupl ed enbodi nent of an enbedded joystick controller of this

i nvent i on. WO 97/01149 Fig. 11 is an isonetric vi ew BET/HS96/10620

el ectrode assenbly enployed in a 5 capacitively coupl ed enbodi nent of a
six axis joystick of this invention. Fig. 12 is an

I sometric view of a sensor el ectrode enpl oyed iR a capacitively

coupl ed enbodi nent of a six axis joystick of this invention.

Fig. 13 is a top viewof the electrode assenbly of Fig. 11 mated i.n an
operative confi gur aiqyshrkA0; (Fig. 2B) mmaféwmmémm@em@mmmmdﬂy

Fig. 14 is a side v %Em
operative confi gura?i&mﬁtﬁgmhe sensor el eglmt;étlal Sﬂpdséhﬁaﬁrsof

Fig. 15 is a side vﬂmmmbmndmgsawdnm,efoyempléaﬂnsr#mdinuﬁﬁanﬂf% Therefore,

mount oot b i SR 7 Y oS0 Rl S Gk, B e, e

assenbly of Fi g 1lpq@ndpitéh-axis MRt sighalsAreLaany eomieitsd fol rBfreiet X2 uaRY-dxiie
spatial configuration and strai ght-forward assenbl’y of the

j oysti ck. translation of actuatqrihgndle®0i s a sinplified bl ock and
el ectri clal circuit diagram S%ﬂ.ﬂ%-i’c show a six axis joystick 110 in which a 13 pole E~core
| 112 includes a center pole 114 and four triads of outer poles 116, 118, 120, and 122
that are arranged such that each triad of poles protrudes from an associated end of
10 four orthogonally separated arms 124, 126, 128, and 130 of 13 pole E-~core 112.
{Bach corres;ionding pole in the four triads of poles 116, 118, 120, and 122 is
identified by a letter suffix A, B, or C.) A drive winding 132 is wound around center
Iiole 114 of 13 pole E-core 112, and 12 sense windings 134A-134C, 136A-134C,
138A-134C, and 140A-134C (only 134A, 134B, 138A, and 138C are shown) are
15 wound around respective poles in the four triads of outer poles 116, 118, 120, and
122. (Bach sense winding is identified by the letter suffix of its associated pole.)

A swash plate 142 (Fig. 4C) is a substantially "cross-shaped" plate of
ferromagnetic material suspended by a compression spring 144 such that, at an
equilibrium position (shown in solid lines in Fig. 4B), a bottom surface 146 of swash

20 plate 142 is substantially equidistant from center pole 114 and each of the outer poles.
The major dimensions of swash piate 142 are sized (as shown in dashed lines in Fig.
4A) to be slightly smaller than the corresponding dimensions of 13 pole E-core 112
such that, at the equilibrinm position, a periphery 147 is substantially aligned with the
axial centers of each of the outer poles. An actuator handle 148 is attached to swash

25 plate 142 by which a user axially and rotationally deflects swash plate 142 (as shown
in dashed lines, for example, in X-, Z-, and pitch-axis directions in Fig. 4B), thereby
causing bottom surface 146 to assume various distances from center pole 114 and
dmhofﬂwcﬁurpuk&



prefered capacitively coupl ed enbodi nent of an enbedded joystick controller

of this I nvention. 20 Det ai |l ed Description of
Preferred Enbodi nments Figs. 2A-2C show a two axi s
joystick 30 in which a five pole E-core 32 includes a center pole
34 =and four outer poles 36, 38, 40, and 42 that are arranged around
center pole 34 awoewomnegonal |y separated pairs of outer pol es. PATAWISP18620

wi ndi ng 44 i s wound around center pole 34 of five pole E-core 32,
and sense wi ndi ngs 46, 48, 25 50, and 52 are_wound around respective
outer poles 36, 38, 40, and 42. 11 A swash plate 54
(Fig. 2C) is a substantially circular plate of ferromagnetic

material suspended by a conpression spring 56 such that, at an
equi | i brium position (shown iAsdeseribed withareferancetagjoysticks 30.anb70, ardiriver (note 58
gET/S\(\Jg;g/ 10620 shom&z{s&]ﬁiﬁwmung current to flow in drive winding 132, theregy inducing a

plate 54 is substammkﬂmmgamuim«eemeumwQO B42; g magtietic
pol es -36, vﬁ'ﬁ: 42. An % tuat or ndI e 60 |s attached to
swash plate 54 by pwashplate Ll {of the/12 outeroles o a

for exanple, ig pd%?&&?#nﬁeﬁ’t’ glational s 1 | bfleackB)
t her eby causi ng bott Om suttace ({38 to assunigﬁ\sltgar%yl ng d| stances ro of
respective pole from bottom surface 146 and periphery 147 of swash plate 142.

Corresponding signal currents are induced in sense windings 134A-134C, _
136A-136C, 138A-138C, and 140A-140C. Each of the signal currents is proportional
to the degree of magnetic flux flowing in its associated outer pole. A peak amplitude
10 is detected for each signal current, and the differences among the peak amplitudes are
used to determine a degree of deflection of swash plate 142 in X-, Y-, Z-, roll-,
pitch-, and yaw-axis directions. '
' Six axis data generation is possible because the configuration of triads
of outer poles 116, 118, 120, and 122 causes relatively large spacing differences to
15  occur between combinations of bottom surface 146, periphery 147, and the outer
poles in response to translational and rotational deflections of swash plate 142.
Compression spring 144 allows swash plate 142 to move freely through
a large displacement range, provides deflection resistance that is proportional to the
 displacement, provides spring return to the equilibrium position, and enables building
20  six axis joystick 110 with few moving parts. _
Figs. 5A and 5B show an alternative embodiment of six axis joystick
110 in which 13 pole E-core 112 is replaced by discrete inductor arrays 160, 162,
164, and 166 that are mounted to a circuit board 168. Each inductor array includes a
driver inductor D surrounded by sense inductors A, B, and C that are arranged in.
25 positions functionally corresponding to the positions of the outer poles of 13 pole
- E-core 112. Driver inductors D functionally replace drive winding 132, Each
inductor is a f:ommm'cially available 220 microhenry, axial leaded component.
Fig. SA shows (in dashed lines) a cross-shaped swash plate 169 formed



5 center pole 34 and each of outer poles 36, 38, 40, and 42.

A dfiver (not shown) causes an alternating current to flowin drive

wi ndi ng 44, thereby inducing a corresponding magnetic flux in center pole
34 and swash plate 54. The magnetic flux induced in swash plate 54
IFs~conduct ed t hrough each of outer poles 36, 38, 40, and 42 to a
degr ee dependentwow7ot149 spaci ng of each 10 pol e from bot t onPELUSE06283
of swash plate 54. Corresponding signal currents are i nduced in
sense wi ndi ngs 46, 48, 50, and 52. Each of the_gignal currents is
proportional to the degree of magnetic fl ux f1d ing in its associated pole.
A peak anplitude is detected for each signal current, and the

di fferences anong the peak ., . a i tudes, are uged. tq d tm.ne a _
degree of deflectioﬁ“@faéwgﬂgmwtgm’iﬁﬁsw%l' nggﬁﬂeﬁé‘??‘l"'ﬂéﬁd
itch-axis directi oa. : : j

P the aggrmsug%alten%en?és of sense inductdeé m?GWADi@te lngJtlﬁ%C, and

suspended by conpressi a - st gni f1cant anount
defl ection of awashl§fAel66G 4Imthe Fig. Scerthodiment hsaclkcrossiarm of swash pltech6d dhas a

dir'ections. However . th eopetric Il quration af.t axiS. [ ov.stick 30
p][ eventrs] (Zagf ect | ?/et %@%ﬁ?%@;@%ﬁ%é%&%%@%ﬁ 5]:‘0n
or swas 50! at idkfleds of hbut 1:milimetefse Th it equilibriaarpdsit . SBO0m
"conmon- node" si gnal conponent s generat ed by opposed pairs of the

sense w ndi ngs, suc#wash plate,}6%:is susperded above discrete inductoy areays d 60,4462, Aé¢, 30d 166
Therefore, two axi Sgi \ﬁﬁhiﬂ %ﬁ'f"ﬁ‘? ' t cﬁﬁm@ters t hree
axi s joystick, and,b%? cou‘rc'és(‘t)atj3 e'?o - %%ﬁgﬁ?“gﬁi(gm S related signals may

be readi L.y convert ed A driverpsichas bnédesoribed telows with neferehcecto Figif 10,
actuator handle 60. 25 |, . Figs. 3A-3C,show a thr axi
{oystick 70 in whi chilientially cases an altermating cyrredf jo.flom iy driyes dudictrs. f40D, 167, o
74, four outerygol e%ﬁmﬂi&%ﬁ?ﬁheﬁﬂf‘iﬁ%cﬁ@i?coﬁé@ondin% magnelic TRRGE eachzpmtF

center pole 74 as orthogonal |y separated pairs of poles, an offset

outer pole 84 that swashplate 169 cBhepmagnetie:flux indnceddn swasheplate 442 i condueted through
offset outer and induces signal currents in each of the 12 sense inductors 160A-160C,
162A-162C, 164A-164C, and 166A-166C to a degree dependent on the rotational and
~ translational-axis-induced spacing of each respective discrete inductor from swash
15 plate 169. A peak amplitude is detected for each signal current, and the differences
among the peak amplitudes are used to determine a degree of deflection of swash
plate 142 in X-, Y-, Z-, roll-, pitch-, and yaw-axis directions.
_, Figs. 6A and 6B show a second alternative embodiment of six axis
joystick 110 in which 13 pole E-core 112 is replaced by Hall-effect sensor arrays 170,
20 172, 174, and 176 that are mounted to a circuit board 178. Each Hall-effect sensor
array includes individual Hall-effect sensors A, B, and C that are arranged in
positions functionally corresponding to the positions of the outer poles of 13 pole
E-core 112. An arbitrarily shaped swash plate 180 (an exemplary crossed shape is
shown in Fig. 6A) is a plate of nonferromagnetic material in which permanent
25  magnets 182, 184, 186, and 188 are embedded such that, at an equilibrium position
(shown in Fig. 6B), permanent magnets 182, 184, 186, and 188 are substantially
equidistant from their associated Hall-effect sensors A, B, and C in Hali-effect sensor
arrays 170, 1.72, 174, and 176. Operationally, permanent magnets 182, 184, 186,
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pole 86 that is positioned between outer poles 80 and 82. A drive w nding
88 s wound around center pole 74 of seven pole E-core 72, and
sense w ndings 90, 92, 94, 96, 98, and 100 are wound around
respective out erwpohen4do, 78, 80, 82, 84, and 86. PCT/US96/10620 A
swash plate 102 (Fig. 3C) is a substantially "cross-shaped" plate of 5
ferromagnetic material suspended by a conpressjon spring 104 such that, at
an equi l i brium position (shown in sol i¥¥lines in Fi g. 3B),- a bottom
surface 106 of swash plate 102 is substantially equidistant from
78, .80, 82, 84, and

center pole 74 and eac f qQuterpoles 76, ., ., :
An actuat or handl eQQégg&ﬁ??@ﬁﬁm%W%%%?’ Mﬂg]}-effeetsensor mmlalg’
user axially and r t{7an ﬁgﬁgm 5%‘"%9““4?9 Pﬂtg,gg h9Y$).12004nd 122.
exanpl e 10 in aqg?’ticlﬁ-’%g? lrection tn das egf In éllésrsluéf 3“1’3%;’:5""

t her eby causi ng bott om sur f aThe Hall-effect sénged embadimentsds less sensitjveithan thedaductivelsn
center pole 74 and each o he qut.er. pol es. As .
oscr 1 bed it 1 ef aPBR empesiness 0 bR of actyptor hane 148, butgay be fibre suitable
shown) causes sn alggaisean cetthircapplititions.0 fl ow in drive w nding 88, thereby

i nducing a correspondi ng nagnetic flux in center pole 74 and swash
plate 102. The magnetic 15 Fig Bshowsnisecontl alternative smpodimentiaf 3ix axisjonsticki1d@

epcei S e g o g 2 Al £ pdfic 1o

respective pol e fr Gurthexdbenefits of fubber tlifden21hinolutle fhprovedlvizticab stabilitycthat reduced
of of f set

yaw axi s-i nduced 53%9%%%@9@2@%%3@% ﬁggg&‘]gﬁ’g%‘?lgﬂ?{eg%d
Faracs 108, cln e hyplat s EPBSRRUS Sptertidgalyil ront < oo
Figs. 9A and 9B show another embodiment of six axis joystick 110 of
Fig. 7 in which flexible diaphragm 200 is replaced by a suspension cage 220 that is
suspended within a housing 222 by four sets of springs 224.
Suspension cage 220 includes a substantially circular top plate 226 that
15  isrigidly spaced apart by four spacers 228 from a substantially circular open-bottom
hoop 230. Collar 206 fastens actuator handle 148 to top plate 226 such that swash
plate 169 is positioned substantially along a centerline 232 of suspension cage 220
(equidistant between top plate 226 and open-bottom hoop 230).
Circuit board 168 is rigidly suspended through open-bottom hoop 230
20 and above a floor 234 of housing 222 by a pedestal 236 that positions discrete
" inductor arrays 160, 162, 164, and 166 a suitable distance from swash plate 169.
Each set of springs 224 includes an upper spring 224A and a lower
spring 224B. Each upper spring 224A is mechanically suspended between one of four
mounting holes 238A in top plate 226 and an associated one of four mounting
25 brackets 240 positioned along centerline 232 on housing 222. Likewise, each lower
spring 224B is mechanically suspended between one of four mounting holes 238B in
open-bottom hoop 230 and an associated one of the four mounting brackets 240.
Mounting holes 238 are preferably positioned adjacent to spacers 228. The spacing




the signal currents is proportional to the degree of magnetic flux flow ng

Ln_its associ ated outer pole. A peak anplitude is detected for each
signal current, and the di fferences anong the peak anplitudes are
used to determine a degree of deflection of swash plate 102 in, for
exanple, the roll-, pitch-, and yawaxis directions. 25

Because swash pl sMo978089i s suspended by conpression spring 104 PCI/US96/10620
si gni ficant amount of deflection of swash plate 102 may al so be in the X

and Y-axis directions. However, the ge\%ret ric configuration of
three axis joystick 70 is nore conduci to detecting rotational
axi s deflections. Nevertheless, as for two axis WO 97/ 01149

PCT/ US96/ 10620

joystick 30 (Fig. ZWW%F‘PW%WZMMW @%ﬁé“%“?‘rﬁc‘wfd@&f spnngs 224A
direction is readil yg erabl "ﬂ’g&'ﬂ“’“}' 1&%58&3&@% §| QE‘Q%B M e,
sed pal

conponent s gener at ed oppo the sense W ndi ngs, such

as, for exanple, semwmmmmmmwmmmmt%demmmm
joy'stick 70 may be considere f our S ck.,.and cour se,
the 5 roll- and MH% Eﬁétég r@g MZ&Q’W%% 2ed to

represent X- argl Y-axis Theiidhaﬁtﬁbﬂk oiﬁél!ﬂﬁﬁéluﬂtﬁimﬂr@veﬁﬁsolanonof

Figs. 4A-4C show a six axis joystick 110 1n Whl a 13 poI e E-core
translational and rotational displacemen tability of and return to the

equilibrium position, much improved user feel, and improved mechanical strength. It
is envisioned that further improvements can be realized by replacing sets of springs
224 with flexible diaphragms or rubber bladders that extend laterally into retaining

10 rings in housing 222.

Fig. 10 shows an embedded joystick controller 250 suitable for use
with inductively coupled six axis joystick 110 of Figs. SA and 5SB. A Motorola type
MC68HC11 microprocessor 252 is conventionally interconnected with a type-
74HC138 address decoder PAL 254 and a type 74HCS73 address latch 256 to access

15 information stored in a type 27C256 read-only memory ("ROM") 258 and to store
and access information in a type 62256 random-access memory ("RAM") 260.

A program stored in RAM 260 causesmicroprocessorZSZ to
sequentially provide 100 microsecond periods of 160 kilohertz energy on a driver bus
262 such that coil drivers 264A, 264B, 264C, and 264D (collectively "coil drivers

20  264") sequentially energize respective driver inductors 160D, 162D, 164D, and
166D, which each couple magnetic flux into an associated arm of swash plate 169.
Bach of coil drivers 264 includes a 2N3904 transistor 266, the base of which is driven
by d_river bus 262 through a 1,000 ohm resistor 268, and the emitter of which drives
an associated one of driver inductors 160D, 162D, 164D, and 166D through a 100

25 ohm resistor 270.

Associated sets of sense inductors 160A-160C, 162A-162C,
164A-164C, and 166A-166C sequentially receive the 100 microsecond periods of
magnetic flu;: by inductive coupling from swash plate 169. Of course, the degree of



112 includes a centerpole 114 and four triads of outer poles 116, 118, 120,
ang 122 that are arranged such that each triad of poles protrudes
froman associ ated end of 10 four orthogonally separated arns 124, 126,
128, and 130 of 13 pole E-core 112. (Each corresponding pole in the
four triads of poles 116, 118, 120, and 122 is identified by a
letter suffix A WB9TH4L ) A drive winding 132 is wound ar ound PEEIS&/10620
pol e 114 of 13 pole E-core 112, and 12 sense wi ndi ngs 134A-134C, 136A-134C,
138A-134C, and 140A-134C (only 134A, 134B, 138 and 138C are shown) are 15
wound around respective poles in the four triat’s of outer poles 116, 118,

120, and 122. (Each sense winding is identified by the letter
suffix of its assogi ated poleg.) A . swash plate 142
(Fig. 40 is a subdrdneivegquplingtosach semssinductyn, ap@wmmm&rr%agw&sﬂe

mat-eri-al suspended ghaj @, B%WW ?@
equi librium position (shown In soli Ines 1n Fg. 4B z]i”gottom surface

146 of swash <20 pl at e 142Duging edgh 180 miciosscondperitids microprocessor2Sdtadso pol e

114 and each of the_outer poles L Jren ns, of _swash

plate 142 are S|ze ées WW%M"I%P’@?‘H Olppféxmgaaares “’% Bag)gnof
slightly smallgr tham35temaRplerss 274A Afid 3748 fSdcqisntialy satnphOthe sbn Qﬁdhcﬂalas?for
such that, at the e ui l'ibriumposition, a per| phery 147 i's substantl al | yand

aligned with the mwmsmn@pemt Mujtiplexes 274A samples sense

ind
i ally and rotati QG FRERp e els simtapfoll ks s in

dashed lines, for dﬁéAplGéCand 186A-186C. and pitch-axis di rect ions in F| g
IS AN P RCN T AR- R S D B MR
10 current samples to substantially identical amplifier/detector/filter circuits 276A and
276B. (Because of the similarity of circuits 276A and 276B, Fig. 10 shows in detail
the electrical components only of circuit 276A.) Each signal current sample is
converted to a signal voltage by an operational amplifier 278 having a closed-loop
gain of about 1,000. A peak detector 280 and an inverting amplifier 282 provide a
15 peak voltage value for each sample, which is subsequently filtered by a two-pole
active filter 284 that includes two RC filters consisting of 100 kiloohm resistors 286
in series with 0.1 microfarad capacitors 288. The resulting filtered peak signal
voltages are connected to 8-bit analog-to-digital converter inputs 290 and 292 of

microprocessor 252 for further processing. . :

20 The further processing entails employing the digitized peak voltage
samples for each sense inductor as an address into a lookup table stored in ROM 258,
which returns a value corresponding to the distance between swash plate 169 and the
particular sense inductor being sampled. The returned values are collectively
processed, either by an algorithm, or preferably, by a secondary lookup table, into

25 spatial orientation data that represent the X-, Y-, Z-, roll-, pitch-, and yaw-axis
orientations of swash plate 169.

The spatial orientation data are transmitted by 2 MAX232 RS-232
communicati(;ns controller 294 to a user device such as a personal computer.
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RC/,US96/ 10620 As described with reference to
joysticks 30 and 70, a driver (not ' shown) causes an alternating
current to flowin drive wnding 132, thereby inducing a

COrrespondlng magnetic flux in center pole 114 and swash plate 142. The

magneti c wobbymiamduced in swash plate 142 is conducted PEFUSR§A0RACH
of the 12 outer poles to a 5 degree dependent on the rotational and
transl ati onal - axi s-i nduced spaci ng of each respective pole from

bettom surface 146 and peri phery 147 of swash 1;§I ate 142.
Correspondi ng signal currents are induced in sense w ndi ngs 134A-134C,

136A- 136C, 138A-138C, and 140A-14QC. Each of .the si currents is

o1 opor L1 onal o't he Hiegt L bae ahalpeuedassrumbly PRLF Ao fiih, capeciively
associ ated outer p%@eﬁm B&hhﬁﬂ% “ﬂh(j)% ‘?Pg‘%f feEttode® €, SO f'CSIag@@
current, and the differéntes gﬁong the-peak anmptltu eg are

determ ne-a degreemamﬂmmmoﬂmsWrMWZﬂmebm3MJﬂmde »

t'ch- d d dat
glangrat i gg i }s/a\ggg)s(l : L@?@QE@@?WI‘@SEW%W%W P? ad € that are %Iheg Qer
poles 116, 118 12@ppoaiélsukfades ofaSslanar iréifit boakd/304°thalSs fidafted eadiQil A6 efcio _

15 occur between ‘conbi nati ons 'of bottom surface 146, periphery 147, and

the outer beard 302 and Buyeanacitor electrades Caand Fa thab axe ciahed on sppgsite surfaces

def | i f
T4 a1 | ove svasn Pt BT bord 306 et s pounted perpendicb /s BartP 307
di spl acenent range 304 uRkithie dirciaf boacdsi 300, Bmlaﬁdao&aeqsbafémbls eIty pergendiculan

t he di spl acenent, provides sprin ret urn to the equilibrium

posi tion, and enabfeneAnpther. nGirout boards 304 apd 306 ate preferably tworsided witha MoV ng

g?rglsx axi s J%oystlcmvemﬁf@ew 13 p%%e%&% d™D

di screte inductor &eradsCia60, 162,

Fig. 12 shows a sensor electrode 310 that is formed from an
electrically conductivé, substantially cylindrical body having a diameter ranging from
about 2.54 to about 5.0 centimeters (1.0 to 2.0 inches), preferably 3.8 centimeters

15 (1.5 inch). Alternatively, sensor electrode may be formed from a nonconductive
material having an electrically conductive coating. A pair of slots 312 and 314 are
formed perpendicular fo each other in one of the ends such that sensor electrode has
end faces F,, Fy, F, and Fy, and slot faces Fy, Fy, Fo, and Fy. Slots 312 and 314
range from about 0.64 to about 1.27 centimeters (0.25 to 0.5 inches) wide and from

20 about 1.9 to about 3.2 centimeters (0.75 to 1.25 inches) deep, but are preferably 0.95
centimeters (0.375 inches) wide by 2.54 centimeters (1.0 inches) deep. Fig. 12
shows sensor electrode 310 inverted from its normal operating orientation.

As shown in Figs. 13 (a top view) and 14 (a side view), slots 312 and
314 are sized and positioned such that circuit boards 304 and 306 of electrode

25 . assembly 300 complementarily nest within slots 312 and 314 of sensor electrode 310
(shown in dashed lines in Fig. 12). When nested together at the equilibrium position
shown in Figs. 13 and 14, capacitor electrodes C,, C;, Cc, Cp, Cy, Cg, Cg, and Cy
dMeMblyS%quuﬂy spaced apart from respective end faces




164, and 166 that are nounted to a circuit board 168. Each inductor array
i.ngl udes a driver inductor D surrounded by sense inductors A B,
and C that are arranged in 25 positions functionally corresponding to
the positions of the outer poles of 13 pole E-core 112. Driver
i'nductors D functionally replace drive w nding 132. Each I nduct or
i's a commerci al | woss@iMabl e 220 microhenry, axial |eaded conporf§mUS96/1062¢
Fi'g. 5A shows (in dashed lines) a cross-shaped swash plate 169 formed

WD 97/ 01149
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froma ferromagnetic material, preferably steel. Swash plate 169 is sized
to overl ay the a prOXI mate centers of sense_inductors 160A-160C,
162A- 162C, 164A- 1643, Fa and slgefacesdiFed Fori2md Fai £ coURSA,RAYIAG 41504 ch

cross .arm of swash eﬁ&cﬁ?ﬁ’e t°*"91§ g&% 75
centineters, a wwdth o a%out 85% centtrneter, Brgnﬁgﬂ & I céne otné
about 1.6:m i met muonahandmmmm-lamwndmatspacmgmmem tﬁp@ltoﬁelwtmdeand
swash-plate 169 is sys ed above disc i nductor arrays 160, 162, 164,
and 166 az#?ﬁgé'?g‘ﬁ ﬁgﬁ?"‘{ﬁgﬁcenti meter to about 2.0
centinmeters. § ﬁ;r@[dc&&des a?d%fe?ﬂ:lf’ﬂﬁk hREEhve Sl

with reference to Fig. 10, sequentlall causes an alternating
current to flow in dismeess compared torthe diggmsionsofithe faces on sensor electrode 310 such that

there is minimal sensitivity to parallel motion between each capacitor electrode and its
associated face. While the capacitor electrodes are preferably disk-shaped and bave a
0.64 centimeter (0.25 inch) diameter, a wide range of other shapes and sizes are also

10 operable. Electrode-to-sensor face spacing changes are detected and computed as
described with reference to Fig. 16.

Fig. 15 shows a preferred embodiment of a capacitively coupled, six
axis joystick 320 (hereafter "joystick 320") in which sensor electrode 310 is attached
to one end of an actuator handle 322 having a hand grip 324 attached at the other end.

15 Sensor electrode 310 may be suspended relative to electrode assembly 300 by any of
the above-described springs, diaphragms, or bladders. '

Preferably, however, actuator handle 322, and thereby sensor electrode
310, is attached within a rigid dome 326 having an integral peripheral mounting
surface 328 that is bonded by a flexible glue to a mating surface 329 of an elastomeric

20 ring 330. In like manner, elastomeric ring 330 is bonded to a rigid circular base plate
332. Elastomeric ring 330 not only provides a flexible suspension for sensor
electrode 310, but also serves as a housing for electrode assembly 300.

Electrode assembly 300 is mounted slightly above base plate 332 by

spacers 336. Electronic components 338 associated with an embedded controller
25 (described with reference to Fig. 16) are mounted on the underside of circuit board
302 in the space between base plate 332 and circuit board 302.

Dome 326 and sensor electrode 310 are shown separated from

electrode assembly 300 and elastomeric ring 330 for clarity and to emphasize the ease.



10 164D, and 166D, thereby inducing a corresponding magnetic flux in

gach arm of swash plate 169. The magnetic flux induced in swash
plate 142 is conducted through and i nduces signal currents in each
of the 12 sense inductors 160A- 160C, 162A-162C, 164A-164C, and

166A- 166C to a degree dependent on the rotational and
transl ati onal - axwe9terascced spaci ng of each respective. di scret cPCTESIEMA20

ffom swash 15 plate 169. A peak amplitude is detected for each signal
current, and the differences anong thei peak anplitudes are used to
determ ne a degree of deflection of swash 8 plate 142 in X-, Y-, Z-,

roll-, pitch-, and yaw axis direction. Figs. 6A and
6B show a second al fernat.ive,enbqdinpent of six axis ., . Joystick 110, .in
which 13 pole E-co@@lyquEWWQ%ff&théﬁpm; A%
172; 174, and 176 h&@ﬁb&{ W] 656 b 9‘9?&2’5 Eﬁiﬁﬂl Eﬁ}f},ce t
sensor array I nc uge§ I'n |\;'it ualﬁlgla‘fp{)%df?ec e%lglolrns ,g , an?z?:%
that are arranged imating surface 32fben ¢lastomeriowimg 3307 aWhen normally paated, dome 326 he
positions of the outer, poleg of 13 pol -core 112. An.arhifrarily
shaped swash pl at e%%@‘e‘gﬁ'ﬂ’@é‘ﬁﬁ %&f&fﬁ?ﬁ%%ﬁﬁawwm%%@#m Fig.
6A) is a plateg of B@ﬂﬁﬂﬂnﬁ’ﬁ@sﬁmﬁtds%hdﬁﬂﬁéé. 13andh4C MdaRdrARANE 322 allows further

magnets 182, 184, 186, and 188 are enbedded such that, at an equilibrium
posi ti on ( Besitigningrofsersor elggirodp i fraslative toralgeteade asembly 3. 186, and

L e SR A e B R il T I S o
176. Operati onal | ythapizrconseetet byadleaible Wite 342 fvla groBifid associated with electroi®
?,Z;/T? 5@32 /10620  assembly 300 and base plate 332 to provide electrostatic shielding for joystick 320. A
10 flexible wire 344 electrically connects sensor electrode 310 and the embedded
controller to provide electrode-to-sensor spacing-related signals that are detected and
computed as described with reference to Fig. 16. |
o Regarding user feel, the combination of dome 326 and elastomeric ring
330 provides actuator handle 322 with improved support in the +Z-axis direction for
15  the mass of sensor electrode 310. Moreover, deflection of actuator handle 322
| encounters resistance prdportional to displacement. As deflecting forces are applied
to hand grip 324, dome 326 transfers to elastomeric ring 330 a combination of
compression, tension, and shear deformation stresses that provide a substantially
frictionless, but damped return force to the equilibrium position. User feel is tunable
20 to particular applications by selecting a suitable combination of elastomeric material,
porosity, thickness, durometer, diameter, and height for elastomeric ring 330.

Other advantages of employing elastomeric ring 330 in joystick 320
include: manufacturability (easily die cut from a two-dimensional piece of material);
improved reliability and reduced cost because of very few moving parts; simple

25 joystick assembly; isolates (seals) internal components from the external dust, dirt,
and contaminants; and allows sensing of relatively large displacements of sensor
electrode 310 relative to electrode assembly 300.

i’*‘ig. 16 shows an embedded joystick controller 350 suitable for use




13 and 188 functionally replace drive w nding 132, and
Hal.I'- ef fect sensor arrays 170, 172, 174, and 176 functlonally

repl ace triads of outer poles 116, 118, 120, and 122.

The Hal |l -effect sensed enbodinent is |ess sensitive than the inductively

- sensed enbodi ment to di spl acenents of actuator handl e 148, but may be nore
suitable 5 w0949 n certain applications. PCT/US96/10620
8“shows a second alternative enbodi nent of six axis joystick 110 of
Fig. 7 in which flexible diaphragm 200 is repéﬁfed by a rubber bl adder 210.
Fart her benefits of rubber bl adder 210 i nclud nproved vertical stability
t hat reduces sagging of swash plate 142 toward circuit board 168

and "tunabl e" user f 1.0 d b i nfl ation_pressur.e f
rubber bl adder 210“’“?‘J°ys"°k320&r19 AN Mgém%ﬁg G'“@B‘?? tgﬂ&'t“ﬁ’e
enbodi-nment of si X ﬁi@f&aﬁl?)i%t 19%"1011’1':&@“12 volt uamﬁ»‘a% glénd]”m%'xﬁﬁlbftlnﬁiﬁ?bﬁan

di aphragm 200 i s repl ac a_ suspenston cage 220
suspended- wi t hi n amum@déeﬁhymmmmg sunalspptefgablympped off an existing *

Suspensi on cage 22 es St ntlaII uI ar t e 226 that 15
e oy oage ﬁ»sa%‘fl Sept i i3ved B g of BB Befurats. i
open-bottom 5 8 mmphﬁmﬁaﬁaap&mwmﬁﬁﬁaﬁb@rﬂmﬁgﬂmehﬂﬁmmmp
pl ate 226 such that swash plate 169 is positioned substantially

al ong a cent er| i nefieguengy range isqreferred taeptinizecoupling whilg minimiging theeffsets @k en
top plate 226 and ?&Eﬂcag%&g&w?@g@ Eﬂcm Crcuit
board 168 is rigidly“suspende roug open-gg Hom H%op 230 20 and above

a floor 234 of housing 222 hi micioprbeessod Sﬁ%nnhhthmadmmﬂAt,rm,eandASof

I nductor arrays 160 162 164 and 166 Sui bIe di st ance from swa | at e
169, 334 Dsppneialy, THkiplex She SHEPOTRYE SlgHal 19 Pkt oPiPRR G

224A and a | oy
mechani cal |y suspe%etggget ween oé)neéé%fr Fguwfeowgount | mes 38A | n

top plate 226 and wespecsivecipacitor electrodes G0 @, CaL04,i Gy C25C,, andrQofalectdo
posi tioned al ong centepl'408 &Rzn AlmlRibily tooeie the usfr R sigf for pRfelermined
time periods of about 12 milliseconds each. Of course, a wide range of time periods
are operable provided the periods are sufficiently short to provide "real time"
15 measurements of the coupled signals while being sufficiently long to effectively
| measure the coupled signal.
Associated end faces F,, Fy, F., and F;, and slot faces Fy, Fy, Fy, and
F;; of sensor electrode 310 each receive a coupled amount of the square-wave signal
that depends on the rotational and translational-axis-induced spacing to its associated
20 capacitor electrode on electrode assembly 300. The spacing is determined by
controller 350 based on the following relationships.
- A capacitance Cs (in picofarads) for parallel electrode capacitor is
represented by Eq. 1.

25 Cs = 0.2244Ae 1)

where A equals the area of the electrode (in square inches), e equais the dielectric
constant (about 1.0 for air), and D equals the spacing between capacitor electrodes (in
30 inches).



spring 224B is nechanically suspended between one of four nounting hol es

238B in open- bott om hoop 230 and an associ ated one of the four
mount i ng brackets 240. Mounting hol es 238 are preferably positioned
adj acent to spacers 228. The spacing WO 97/ 01149

-PCT/ US96/ 10620 14

bet ween suspensiw@TeIg® 220 and housing 222 is such that each BPFT/UN96AG620
springs 224A is preferably substantially orthogonal to its '
associ ated | ower spring 224B. Moreover, each of the four sets of
springs 224 is positioned about 90 degrees apa?q from one ' -anot her

around top plate 226, open-bottom hoop 230, and housing 222. 5

The benefits of suspension cage 22Q inglude,ioproved is ation of c
translational and rotational “HAU# @ﬁ&ﬁ%’?“\ PuKpergtos of F; 1 ate qopstan(y; Cs may

return to the be sirfiplifieli al rpiéBeied id BQ, much inproved user feel, and
| mproved nechani cal strength. It -E@i s envisioned that further

I mprovenents can be realized pg__r pl aci ng sets of springs * 224 W t{?
flexible di aphgagms or rubber bl gdders that extend laterally into retaini é
10 rings in“housing 222. Fig. 10 shows an enbedded
joystick controller 250_suitable for use with inductively coupled
six axis joystick MisTK ‘Fiogf&“4 and 5B. A Mdtorola type -
A reactance Zs of any capacitor Cs is represented by Eq. 3.
10 Zs=_1__ o 3)
2%FCs
where F equals frequency.
Substituting K/D of Eq. 2 for Cs in Eq. 3 resuits in Eq. 4.
15
2nFK

which represents that the reactance of a parallel plate capacitor is directly proportional
20 to the spacing D between the capacitor electrodes.
For capacitors formed by spacings between capacitor electrodes C,,
Cs, Cg, Cp, Cg, Cg, Co, and Cy of electrode assembly 300 and associated end faces
F,, F,, F, and F, and slot faces Fy, F,, F,, and By of sensor electrode 310, let A
equal the reactance of the capacitor formed between C, and F,, let B equal the
25  reactance of the capacitor formed between Cy and F;, ..., and let H equal the
reactance of the capacitor formed between C,; and Fy;. Then, the spacings
representing the six degrees of freedom are represented in Egs. 5A to SF.

. Xt = BE-F (5A)
30 Yt=GH B)
Zt = A+B+C+D ' 50)
Xr = (A+D) - B+C) (5D)
Yr = (C+D) - (A+B) GB)
Zr = (G+H) + (B+F) | (5F)

35 .
where Xt, Yt, Zt represent translations along the X-, Y-, and Z-axes, and Xr, Yr, Zr



MC68HCL1 m croprocessor 252 is conventionally interconnected with a type.
74HC138 address decoder PAL 254 and a type 74HC573 address |atch 256 to
access 15 information stored in a type 27C256 read-only nenory ("ROM)
258.and to store and access information in a type 62256

random access nenory ("RAM') 260. A program stored in
RAM 260 causes West#l#cessor 252 to sequenti al |y provPEEUS%(}0620

m cr osecond peri ods of 100 kil ohertz energy on a driver bus 262
such that coil drivers 264A, 264B, 264C, and éZ4D (collectively "coil
drivers 20 264") sequentially energize resfgective driver inductors 160D,
162), 164D, and 166D whi ch each couple magnetic flux into an

associ ated arm of swash plate 1 Each of coil drivers 264
i ncl udes a 2N3904 %%1} @gmttqlrexba?%eab‘f his drlven

driver bus 262 through a 1, GRAsREhER 00 eldbicalfy Chritiéh N fmwagﬁb,
dri ves an associ at ed one of driver i1nductodors 160D, 162D f64D and
166D t hrough a 100ami5s electsicall ¥ eanneatesk 1o 2740000 picofarad capacitor 358 the othepenshef, witich

sets of sense i ndu (s .1604- 160 A-.164 n
166A- 166C sequent i W W@U" %88??0“@?%@8& lg&ogeséﬂ’dc‘ Ce:
magnetic fluxsby igguey, \%e c%&amwﬁbnlmwﬁwmmmesqm
degree of 7011
PCT/ US96/ 10620 wave signal while unselected ones of the capacitor electrodes are maintained at a
ground potential so that they contribute substantially no charge to capacitor 358. The
spacing-determined capacitance vaiues of the selected sensing capacitors ranges from
about 0.03 picofarad to about 0.12 picofarad. The 1,000 picofarad value of capacitor
10 358 is preferably made large relative to the sensing capacitor values to minimize any
effects of stray capacitance. Of course, capacitor 358 may have a wide range of
values.
' An input voltage Ein across capacitor 358 is represented by Eq. 6.
15 Ein=__ _BgCs ' ©)
C358 + Cs
where Eg is the magnitude of the square-wave signal, Cs is the value of the selected
sensor capacitor, and C3358 is the value of capacitor 358.

20 But becanse C358 is much greater than Cs, Eq. 6 can be approximated
by Eq. 7.
Ein = BgCs Q)
C358
25
Substituting K/D of Eq. 2 for Cs in Eq. 7 results in Eq. 8.
Ein = _FEgK ®
D(C358)

30
The resulting input voltage Ein typically ranges from about 0.6

millivolts to about 2.4 millivolts, and is inversely proportional to the capacitor
spacing D. |



i nductive coupling to each sense inductor, and the resulting signal current
{1 ovm ng in each sense inductor, depends on its distance from swash
pl ate 1609. During each 100 m crosecond peri od,

m cr oprocessor 252 also - provi des on a sanpling bus 272 a three bit
frubti pl exi ng address that causes a pair of 5 LFE13508 mul ti pl exers 274A
and 274B to sequwotimeliey sanpl e the sense inductors for PCI/§896/10620

m crosecond periods. Miltiplexer 274A sanpl es sense inductors 160A-160C and
162A-162C, and nul ti pl exer 274B si nul t aneousl yz,%ﬁrrpl es sense inductors
164A- 164C and 166A- 166C. | tiplexers 274A and 274B

provide their 15 m crosecond si gnal 10 current sanples to substantially
identical anplifier/detector/fi I t CI rcw ts, 276A and 76B
(Because of the simlarity l@ﬁaoemdeﬂmgﬂqéé in

det-ai | t he 36§ Wﬁ@t %%té)rgﬁﬂé‘ aSi ghal
current sanple is aﬁJpﬁﬁu‘""sconverte a sl gnn#&vﬁktage qby an operati onal
anmplifier-278 havi rcgmhued!gma@fhm3 000at8 ,192 Hentz ofesulting iin ah, oGt voltape Hout -
detector 280 and an invertin ak. vol

val ue for each sanpft&® mﬁgﬁ"gﬂ ﬁ?‘ﬁﬂ?’%ﬂ%f‘%‘ﬁ’%ﬁ%‘%"“b @%&em
active filter 284 tyyaldibdcieadaa fterd aﬁ'ﬂGﬁR&W&kSﬂOWrﬁw&@ﬂy

resi stors 286 in series with 0.1 mcrofarad capacitors 288. The
resulting filteredipdlk signal vol tages are connected to 8-bit

anal og-to-digital converter i .20 : ' .
252 for further ' WMMM&O%%?%??E&W@?%

processi ng. _
entails enpl oyi ng tvaluedf dietselecred pensdr capacitorCs. But, becausedlip ivalue o Cs dxinberssinse
i nductor as an address into a | gokup table stored in 258, ] i ch
returns a vaI ue com’s&m*af %W‘W@‘M &M%ﬂ%@fw\ﬁﬂ&
t he foti C%ngdcﬁguct or being sanpled. The returned val ues

are collecti veI y processed, either by an algorithm or preferably,
by a secondary | ookup table, Mmmmsmmmmmtgmm

represent the X- -, pitch-, and yaw axis orientations
- of swash plate 169¥onovangﬁfn%$ns The spatial orientation data are

transnitted by a MAX232 RS- 2@fecting which sensor capacitor C, through Cy to measure by
addressing address decoder 354;
15 performing analog-to-digital conversion of DCout for the selected
sensor capacitor Cs; |
correcting the digitized value of DCout for the forward voltage drop of
diode 368;
calculating the sensor capacitor spacing and storing the resuit;
20 repeating the above steps for each of the other sensor capacitors;
calculating three translational and three rotational sets of position data
for detector electrode 310 relative to electrode assembly 300; and
communicating the sets of position data to a personal computer 372, or
another suitable device, by employing an appropriate data communication format,
25 such as RS-232.
Skilled workers will recognize that portions of this invention may be
implemented differently from the implementations described above. For example, the
actuatorhandieorhandgripmaybeinﬂlefonnofa"T" bar, a trigger grip handle,



conmmuni cations controller 294 to a user device such as a personal conputer.
WO 97/ 01149
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Fig. 11 shows an el ectrode assenbly 300 for a six axis, capacitively

coupl ed joystick enbodi nent in which four capacitor electrodes (Jerr],

Cerr], (err], wWapP78IBer ] are etched ona top surface JCTAIS96/10620
cfrcularly shaped, planar circuit board 302. Electrode assenbly 300
further includes two capacitor electrodes Clerr] and Cl[err] that are etched
on 5 - opposite surfaces of a planar ci rcui?® board 304 that is nounted
perpendi cular to circuit board 302 and two capacitor el ectrodes
Clerr] and CJerr] that are etched on opposite surfaces - ~of a planar

circuit board 306 ehaknqbstoppedhandle,,dhe ioystick may alse include added hwitonsandéor and

304 such that circgli a ﬂff%af? I fﬁm‘%ﬂ :
per pendi cul ar H;lrﬁcht@% %%zeé%t er. r%gﬁiﬁ?ﬁggg&gg% an %8@%?%%
preferably two-si dpaw-akis directib with arovithout a sepamtespring pétarnctothe equilibrbxh on t he

si des-opposite capacittor electrodes CJerr], (err], ~Cerr], and
Jerr]. . position. Fig. 12 shows a sensor electrode 310 that is
formed from ag el ectwhildKL, V¥ ZRHL | pifth-, nl Yaw hikisekignations Qsbdiif dis
body having a dianmeter ranging from about 254 to about 5.0

centineters (1.0 tapplicationaehiiks thogsrusedinairoyafl ather anisicaencations and orientations are
possible for this invention. '

The physical dimensions, sizes, shapes, and spacings described may be
widely varied to adapt to the needs of particular applications.

10 Likewise, the embedded controller need not be embedded and may
employ other than eight bits of analog-to-digital conversion, may be programmed to
provide axis rate-of-change output data, and may employ various different
components and component values and various combinations of equivalent analog and
digital circuits to perform the described functions. Of course, many different

15 combinations of multiplexing, scanning, and sampling frequencies may be employed
to achieve substantially the same results. .

Sensor electrode 310 may be driven by signal generator 352 and
capacitor electrodes C, through C,, multiplexed and sensed, although stray signals and
capacitance may reduce accuracy. |

20 Sensor electrode 310 may also incorporate a shield to decrease
sensitivity to external fields and to simplify the circuitry associated with controller
350.

Additional capacitor electrodes may be employed to add redundancy
and accuracy to the electrode spacing calculations.

25 Dome 326 and elastomeric ring 330 may be employed any of the
joystick embodiments, as may the compression spring, diaphragm, bladder, or spring
suspension techniques. '

.Contmller 350 of Fig. 16 may selectively employ the driving,



15 (1.5 inch). Alternatively, sensor electrode may be fornmed froma
,nohn'conduct Ive mat eri al having an electrically conductive coating. A
pair of slots 312 and 314 are formed perpendicular to each other in
one, of the ends such that ‘sensor el ectrode has end faces F[err],
Flerr], Flerr], and F[err] and slot faces Flerr], Flerr], F[err], and
Flerr]. Slots 3Moarmin®li range from about 0.64 to aboPEI/USIE/10620
centinmeters (0.25 to 0.5 inches) wide and from 20 about 1.9 to about 3.2
centinmeters (0.75 to 1.25 inches) deep, but preferably 0.95

centinmeters (0.375 inches) wide by 2.54 centififeters (1.0 inches) deep. Fig.
12 shows sensor el ectrode 310 inverted fromits normal operating

orientation. e ] As 0 in Figs, 13 t Vi e a
T (. oi do i ev), Tyliplexiag fiberisg, lookip tabig, i oeher relbigués sploed iy BRI 0
that circuit boar e s g&ga]

et %ﬁ%ﬁoﬁﬁﬁd%"g&%liﬁgn% g%ﬁa%]‘ gsengor el e geperator 352

conpl enentarily nest trode 310

(shown in. dashed | iayebe derived fromilogic\signal geastated byanicrdpeacesior 336 Aodiiafi bri um
011 o g e bt

el-ectrode assgnbl ysuithhile f partidaBittapslivationsy spaced apart fromrespective end

faces WO 97/01149 .. .
PCT/ US96/ 10620 Finally, the RS-232 communications controller may be integral to

R I i
including a parallel interface, a network controller, current loop wiring, twisted pairs
of wires, a fiber-optic link, and an infrared link. _

10 It will be obvious to those having skill in the art that many changes
may be made to the details of the above-described embodiments of this invention
without departing from the underlying principles thereof. Accordingly, it will be

 appreciated that this invention is also applicable to data input applications other than
those found in computers. The scope of the present invention should, therefore, be

15 determined only by the following claims. '



el ectrode 310 relative to el ectrode assenbly 300 causes detectabl e changes
Ln the rotational and transl ational -axi s-i nduced spaci ng between
each capaci tor el ectrode and a closet face on sensor electrode 310.
5 The capacitor el ectrodes are preferably disk-hped and
have smal | di aneters conpared to the dinensions of the faces on
sensor el ectrodewQToOM4h t hat there is mninmal sensit PERU§6/1g620
paral l el notion between each capacitor electrode and its associ at ed
face. Wiile the capacitor el ectrodes are pref éﬁbly di sk- shaped and have a
0: 64 centineter (0.25 inch) dianmeter, a w de r&hge of other shapes and
sizes are also 10 oper abl e. El ectrode-to-sensor face spaci ng changes are
detect ed and conputed as described with reference to Fig. 16.

Fig. 15 shows a preferred enmbodi ment of -a ca i vely coupl ed, six

axis joystick 320 (hereaftery” JA mbﬁ%ﬁ gdﬁﬂﬁ{smgl ectrode 310
is attached to one end ah actuato a E?i’z aving a hand grip
324 attached at the other endsngﬂzﬂsoum@gmmmhnglanclemmdsigm,nay be suspehded

relative to el ectrode assenb by an e above-descrj bed
springs, diaphragns, or bl ad‘b%'i’lgg""deXs lechavmgmuluple g@%‘@?’ﬁﬂ?@ the

however, actuasor lpagicsl : and t hereby sensor eI ectrode 310, is
attached within a ri gi d domne ’326 having an | nte peri pheral nmounting
surface 328 that is bonded bywmgé fnem eash Jagerin peoximity & amn

el astoneric 20 8 oneric ring 330 is bonded
to arigid circul arak%gige %}@ Msé@@%uﬂn foneric ring 330 not only:
provi des a flexible suspensi a)posiMnmgemmforonennngﬂieQetsoﬁdhctﬁolﬁ,mhLMsafm
serves as a housing for e]ectrode asse

El ectrode assenbl y%ﬁﬁwpg‘“ﬁ&ﬁ?ﬂs E&é%ﬁéssﬁggb syrh, that eagh face receives an

spacers 336. fg ect Hauft JFUIP s%ﬁﬁ §6§aﬂ"oﬁ@nt§tibneiii&ﬂﬂﬂl§§5mgbetween
- controller 25 (descri bed W|th re ence 16) are nmounted on the

under si de of ci r cuicachsfBdes and its assoclawcmdftﬂni lspdi;dl ¢ach faceprovidas asignak 332
e DO Bt fn epono o the g of e B R SRRl o 00
ring 330 for clarity and to gpgHtiHeZthat 1eeeiRa%8d processes the signal amplitades and
generates spacing data related to the orientation-induced spacing between each face
15 and its associated electrode.
2. The apparatus of claim 1 in which the predetermined number of
axes is at least four, and the at least four axes are selected from a group consisting of
an X-translation axis, a Y-translation axis, a Z-translation axis, a roll-axis, a
pitch-axis, and a yaw-axis. |
120 3. The apparatus of claim 1 in which the predetermined number of
axes is six, and the six axes include an X-translation axis, a Y-translation axis, a
Z-translation axis, a roll-axis, a pitch-axis, and a yaw-axis.
4. The apparatus of claim 1 in which the signal source generates an
alternating electrical signal that is sequentially electrically connected to the multiple
25 electrodes.

5. The apparatus of claim 1 in which the electrode assembly has
mutually orthogonal electrodes, which together with the associated faces of the sensor
electrode comprise mutually orthogonal capacitor electrode pairs positioned such that

* c L M 5 *
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of assenbly and el ectrical interconnection of the physically independent

pi eces. As descri bed above, normally donme 326 is bonded at

peri pheral nounting surface 328 to mati ng surface 329 on

el astoneri c ri ngw@3d@o11hen nornal |y mated, donme 326 CcORET/USR6ARP | | v

nests sensor electrode 310 within electrode assenbly 300 in an 5

equi libriumposition as shown in Figs. 13 and,14. Actuator handl e 322

al l ows further .positioning of sensor ectrode 310 relative to

el ectrode assenbly 300.. Donme 326 further includes an

el ectrically conductive inner, surface 340 . that, i s connecte

Tl oxt bl i Lo 945 Brh cappei dosids B Spaaiad from ity waalsensor eleoirodectaca by Gie
300- and base pl ate ﬁéﬁgﬁ&qﬁw’ E’;]ﬁcﬁ ectrostatic shielding for joystick 320.
A 10 fl exible, vm'ore 44 electr caF'l y-connects-sensor el ectrode 310 and
the enbedded - contr ol 6.eThe apparatusiof claish Scin svhich eacks afthe electrodes has a
spaci ng-rel ated signals fhat are deiecte conmputed as. desgri bed
with reference to &a&r%raimmnga}msubsgngﬁﬁm%ﬁpw%qﬁ%mpgg , the

conbi nati on of§ donginfeation 0 its hsR6diAEE senSor'eldeftode face. 330 provi des actuator
handl e 322 with inproved support in the +Z-axis direction for 15 = the

mass of sensor el ectrode 3107 he anpawmfus of claim dtin avhicly the conteefler conditions.thgo »

e appied oo ek 652 hApfHitlh AR Wiror ¥ il bl A0

ring 330 a conbi natomverted, and a microprocessor processes the conditioned signal amplitudes to
generate the spacing data. . :
10 - 8. The apparatus of claim 7 in which the microprocessor further

processes the spacing data to compute spatial orientation data related to the orientation
in each of the predetermined number of axes of the electrode assembly relative to the
sensor electrode.
9. The apparatus of claim 1 in which the controller processes the
15 signal amplitudes with a peak detector, a filter, and an analog-to-digital converter to
generate the spacing data related to each of the signal amplitudes and further employs

the spacing data 10 access a lookup table that returns information for generating
spatial orientation data.

10. The apparatus of claim ‘1 in which the controller generates spatial
20 orientation data for a Z-translation axis by employing a common-mode signal derived
from the signal amplitudes employed to generate the spacing data for at least one of a
roll-axis and a pitch-axis.
11. The apparatus of claim 1 in which the sensor electrode is formed
from at least one of an electrically conductive material and a nonconductive material
25 . covered with an electrically conductive material.
12. The apparatus of claim 1 in which the sensor electrode is enclosed
within an electrically conductive shield that decreases the sensitivity of the multiple
faces to external electrical fields.

L



conpression, tension, and shear deformation stresses that provide a
substantially frictionless, but danped return force to the

equi l i brium position. User feel is tunable 20 to particular applications
by selecting a suitable conbination of elastoneric material,

porosity, thickness, duroneter, dianeter, and height for elastonmeric ring

330. WO 97/01149 Q her advantages of enploying el ast RERYSE/1pGRMAg
330 in joystick 320 i nclude: manufacturability (easily die cut from
a two-di nensional piece of material); i_proved reliability and
rreduced cost because of very few noving parts; 275 npl e 25 joystick
assenbly; isolates (seals) internal conponents fromthe external dust,

dirt, and cont am nants; and allo sensing of relatively |lar

di spl acenents of sensor 3. \g?slmnrlénathi%h%ose# %“"l“des
assenbly 300. - mean: tpo y%sé L ik
controll er 350 sui tg‘Me f(;lr usgmaﬁf sﬁﬁn%ﬁp %lffll eﬂdqﬁﬂﬁ

PCT/ US96/.10620 - position relative to the electrode assembly. *19

with joystick 320 of Fig. 1 nal ., gene vi des an

al ternating signal, 51p %M“g%qéﬂg e suspengign means includes
squar e-wave siggnal atmmaikbﬂwdﬂﬁred ﬂlbmbledwhm@ﬂ?ibﬁﬂd&?ﬁﬂéﬁor@%
The alternating signal is preferatzmeé tapped of f an existing di gi tal
cl ock signal and | SRrEgscang Wibge range of other frequencies, wave

15. The apparatus of claim 1 in which the positioning means includes
an elastomeric ring that imparts a biasing force to the sensor electrode that suspends
the sensor electrode in an equilibrium position relative o the electrode assembly.

10 16. The apparatus of claim 15 in which the sensor electrode is coupled
to the elastomeric ring by a rigid dome that facilitates positioning the sensor electrode
in at least six predetermined axes relative to the electrode assembly.

' 17. ‘The apparatus of claim 15 in which the biasing force is
proportional to deformation of the elastomeric ring in at least one of a compression

15 stress, a tension stress, and a shear stress.’ "

18. The apparatus of claim 15 in which the elastomeric ring provides a
substantially frictionless and 2 substantially damped positioning of the sensor
electrode relative to the electrode assembly.

19. The apparatus of claim 1 in which the positioning means includes

20 an clastomeric ring that suspends the sensor electrode relative to the electrode
assemblyandisolat&tﬁesensordecmdeandtheelecuodeasblyﬁomatlust
one of dust, dirt, contaminants, and electric fields.

20. In a multiple axis data input apparatus, a method of generating
spatial orientation data, comprising:

25 . providing a source of an electrical signal, .

couphnganeiectrodeassemblyhavmgmulupleelectrodestothe
electncalsxgnal

mounhngasensorelectrodehavmgmulﬁplefacessuchthateachface

R LA



5 _  shapes, and anplitudes are also operable in this invention, although

1 he upper audi o frequency range is prefrred to optim ze coupl I ng
while minimzing the effects of stray capacitance effects and

el ectromagnetic radi ation. A m crprocessor 356
controls three address inputs A, A2, and A3 of addr ess decoder 354

to sequentially WQ70pl4ex t he square-wave signal to eight outplCI/UBEMN0620 (O
t'o Q7 of address decoder 354. Qutputs QOto Q7 are electrically connected
to respective capacitor el ectrodes C[?'ér], Cerr], CJerr], Cerr],
Cerr], CJerr], (err], and CJerr] of electro assenbly 300, which
sequentially receive the square-wave signal for predeterm ned tinme
periods of about 12 mlli seconds eagh. cour se, w de range of tine

peri ods ar é"&ﬂ%?m%%ww g§!§ ¥ntly short..to

provide "real time' 15 Gkl ¥kior bloldie 5P MbE 1o GibRriifibd Exckel N9
sl gna

sufficiently long to effectively - measure the couple

Associ at ed end acedaﬁi{e@otﬂeelﬁpodewlymuqnwwfmﬂmmm

F[érr], Flerr], F[e err o.f sens.or el,ectrode 310 eac
receive a coupl ed %@aﬁﬁ{’ dl?ﬁ’ﬂ' &b@h@?%‘ﬁ’

the rotationals and it asbéiated elebieddeand $n whith

capacitor el ectrode on el ectrode assenbly 300 The spaC| ng i s determ ned by
control l er 350 bas&thesmonat afshe eleqtrieal signaliecsived; ps.

A capacitance Cs (in pi cof armwmmmhn&?ﬂ%&%gmg%r&ﬁwmme

represented by Eq. 1.

(%) I de (i onmmnon—mdt:]cedspacmglﬂweeneacj?face/mmaémmlm ;anéa of
the el ectrode (in square inches e s the ectrj const ant
(about 1.0 for air), and D- e‘ﬁ’b‘m}“@ #Bgstgﬁﬂfaﬁ'ggﬂé ?P“E‘éf) n e r odes
(in 30  incqgs). 21. The method of claim 20 in which the predetermined number of

axes are selected from a group consisting of an X-translation axis, a Y-translation
axis, a Z-translation axis, a roll-axis, a pitch-axis, and a yaw-axis.
' 22. The method of claim 20 further including coupling capacitively the
. sensor electrode to the electrodes. . ,

15 23. The method of claim 20 in which the sensor electrode has at least
three mutually orthogonal faces, and the multiple electrodes comprise multiple
mutually orthogonal capacitor electrodes positioned such that each capacitor electrode
is separated from an associated face of the sensor electrode by the orientation-induced
spacing, the processing step further including:

20 sampling the signal amplitudes sequentially;

detecting a peak amplitude of each of the sequentially sampled signal
amplimdeé;and

converting the peak amplitude of each of the sequentially sampled
signal amplitudes into the spacing data.

25 24. The method of claim 20 further including suspending the sensor
electrode in an equilibrium position and providing a restoring force that acts to
position the sensor electrode in the equilibrium position.

'25. The method of claim 24 in which the suspending step is carried

DA R AR A
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Because all the factors in the nunerator of Eg. 1 are constants, Cs may
be sinplified as represented in Eq. 2. Cs =K
(2) 5 . D where K = 0. 2244Ae.

A reactance Zs WO®Wi4%apacitor Cs is represented by Eq. 3. RET/US96/10620
Zs= [err] (3)
where F equal s frequency. Substituting K/'D of Eq. 2
for Cs in Eq. 3 results in Eq. 4. 15 29 Zs = [err]

(4)

out by at least one of a compression spring, a flexible diaphragm, a bladder, a
network of springs, and an elastomeric ring.
- - _ 26. The method of claim 24 in which the suspending step is carried
' out by an elastomeric ring that imparts a biasing force to the sensor electrode, the
5 biasing force acting to suspend the sensor electrode in an equilibrium position relative
to the electrode assembly. |
27. The method of claim 26 in which the sensor electrode is
mechanically coupled to the elastomeric ring by a rigid dome that facilitates orienting
the sensor electrode in at least six predetermined axes relative to the electrode
10 assembly.
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whi ch represents that the reactance of a parallel plate capacitor is

di rectly proportional 20 to the spaci ng D between the capacitor
el 'ect r odes. For capacitors fornmed by spaci ngs between
capacitor electrodes Cferr], Cerr], (Jerr], Cerr], derr],
Clerr], (err], and Cferr] of electrode assenbly 300 and associ ated end
faces Fwoonondp[ err], F[err], and F[err] and sl ot faccCTAIS96/14620
Flerr], Flerr], and F[err] of sensor elect O/jﬁ 10, let A equal the
reactance of the capacitor forned between a:[err and F[err], let B equal
tshe 25 reactance of the capacitor fornmed between Clerr] and F[err],
...F[err], and let H equal the react ance of thgggapagitor forned
between Clerr] and F[err].zThen, the spacings 32 reprfe yi ng the six
degrees of freedom a&gwr epgesented in Egqs. 5A to 5F. :
Xt = E-F \a‘; Y (5A) 30
Yt = GH ) .
Zt = A+B+C+D
Xr = (A+D) - (B+C X
Yr = (C+D) - (Aﬁ c
Zr = (GtH) + (B RO'I_L
where Xt, Yt, Zt repr nt jtransl ati ons al ong
Xr, Yr, Zr -Y WD|97/ 01149
PCT/ US96/ 10620 _E
FIG. 1
Z
-]
30\ { PITCH
!
60~ | ey 54 FIG. 2C
N — a—
4042, 4HEB+ (938
o 2 - >
50,52 =3 = (c 546,48
- ;\\é\\ \__..—0
4 é 132



21 represent rotations about the X-, Y-, and Z-axes.
Serisor el ectrode 310 is electrically common to all faces F[err] through
F[’err], and is electrically connected to a 1,000 picof arad
capaci tor 358 the other end of which is grounded. As descri bed
-above, selected ones of capacitor electrodes (Jerr], (Jerr], Cerr], 5
Clerr], (err], wofogmai49 Clerr], and C[err] of el ectrode assenfCIUSSE10620
gequentially receive the -square- gﬁ,@lzignal whi | e unsel ect ed ones
of the capacitor el ectrodes are nuaintai nedf ‘at” a ground potential so
t.hat they contribute substantzg 0o charge to capacitor 358. The
spaci ng- det erm ned capacitance s of _thggsel ected sensing capacitors
ranges from abou20. 03 2 g about 0.12 picofarad. The 1, 000
pi cof arad val ue of capaciton10 2 gref erably made |arge relative to
t he sensing capacitor val ues ' effects of stray

i 78 wi de range of

capaci tance. O courgfe 203
val ues. bn across capacitor 358 is
= [err]

represented by Eq. % @
(6) wher e| Eg “t sjquar e-wave signal, Cs is
ed

t he val ue of the se or, and C358 is the val ue

of capacitor 358. 20
than Cs, Eq. 6 can be8&py |
82:

O

Q
.
BA

But because C358 is nmuch greater
by Eq. 7.

Ein = [err] (7) 25

FIG. 3A
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Substituting K/Dof Eq. 2 for Cs in Eq. 7 results in Eq. 8.

Ein =Jerr] (8) 30
THe resulting input voltage Bin typically ranges from about 0.6

mllivolts to about 2.4 mllivolts, and is inversely proportional to the
‘capaci tor - S}‘)‘aci ng D. WO 97/ 01149

PCT/ US96/ 10620 WO 97/01149 PCT/US96110620
IFnput voltage Ein is applied to a cascaded pair of AC- coupled

anplifers 360 and 362 having feedback net @yk$ 2864 and 366 that provide a
econbi ned gai n of about 3,000 at 8, 192 Hertz, {@sulti ng in an output voltage
Bout rangi ng from about 1.8 @A ;},o’a out 7.2 volts. Qutput

vol tage Eout is peak-detected 5 di ode 368 and filtered by an RC
filter network 370 to renovH2aly8Gng f i Qaml18B ripple.

The resulting peak detected ‘ ‘ ut__i~%4£roportional to the
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val ue of the selected sensor capacitor Cs. But, because the value of Cs is

inversely proportional to the electrode spacing (Eq. 2), DCout is
al so inversely proportional to 10 t he el ectrode spaci ng.

Therefore, mcroprocessor 356 is progranmed to performthe

foll owi ng functions: sel ecting which sensor
capacitor C[err|WoRyBil¢gh Clerr] to neasure by addr essi RGT/HSW18%24
decoder 354; 15 perform ng anal og-to-digital conversion
of DCout for the selected sensor caphdi i@ Cs;

correcting the digitized val ue of DCout for the forward vol tage drop of

di ode 368; r capacitor spacing
and storing the result; rgpeati ngY he above steps for
each of the other sensor(capacitors; ' 1628 | cul ati ng

three.transl ational and three rotati orif2 t s rgffposi ti on dat for
detector electrode 310 r¢lative to el ectrode as pbly 300; an

conmmruni cating the sets oNposition-data H%Q - computer 372) or

anot her suitable device, by enpl oyl an apor at a nmuni cfiti on

format, 25 such as RS-2 SKi Il Vctﬁ9<er 5 Wi | |
recogni ze that portions of th| og'ﬁﬁgy 160 t pd
differently fromthe inplengntati 'EN the
actuator .handl e or hand gri yﬁaéébn gger

grip handl e,

ek
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or “a knob-topped handl e. The joystick nmay al so i nclude added buttons and/ or
swi{ches. Mreover, the actuator handle may freely or frictionally rotate
fn-the yawaxis direction with or without a separate s return
to the equili briW@97/01149 position. 5 g’e""’!@’

Z-, roll-, pitch-, and yaw axis designations used in this

appllcatlon are like those used in aircraf / E?r axis. conventions and
orientations are possi bl e for thi's* I nventi on.

The physi cal dinensions, sizes, shapes, and spacings descri bed may be

wi dely varied to adapt to the needs of particul ar applications. 10

Li kewi se, the enbedded controller need not be embedded and nay

enpl oy other than eight bits o , may be
programmed to povi de a, and may
enpl oy various different ues and
various conbi nati ons of eqyi val ent anal og circuits to

performthe described functy ons.
conbi nations of multiplexin sAnni n
enpl oyed to achi eve gubstynd?

capacitor electrodes (Jerr

stray signals and cAT4BI (}'-mamer edype aqggr.a‘/! l
Sensor el ectrode 310 may al so i ggo ate a ng ld to gedre
sensitivity to external e ci r &k r ygasspci at ed

la-ki mpl iff

with controller 174A

188

1760’{\ _5_" 176A

1787

174B L —~170B




Addi tional capacitor electrodes nay be enployed to add redundancy

and accuracy to the el ectrode spacing cal cul ations. 25

Donme 326 and el astoneric ring 330 nay be enpl oyed any of the

joystick enmbodi ments, as may the conpression spring, diaphragm bl adder, or

spring suspensi on techni ques. Control | er 350
of Fig. 16 may SWPE#E4®|y enpl oy the driving, WOPCHUS6118620
PCT/ US96/ 10620 24 .

mul tiplexing, filtering, |ookup table, and@[hlatechnl ques enpl oyed by
control l er 250 of Fig. 10, and vice-versa. For example, the signal
produced by signal generator 352 may be derived froma |ogic signal
generated by m croprocessor 356. Aqg _ course, the signal may
have any of a wi de-range of anplitu 8 and fr ABies 5 suitable to
partieul ar applications. inally, the RS-232

communi cations controller may be integral : m croprocessor 356 or

may be replaced with one of varig
i ncl udi ng a parall el |nt5éé AN
tw sted pairs q€

ogi es,

|nterconn C Zﬁﬁchggl

d__Nha haaoaoad hoa D
IONOUNMONUNNS NN N SNNN S N NSNS SOV NN
IR S
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10 It wll be obvious to those baving skill in the art

thai many changes may be made to the details of the above-descri bed
enbodi ments of this invention wi t hout departing fromthe underlying
principles thereof. Accordingly, it wll be appreciated that this

fnvention is also applicable-to data input applications other than

t hose found in MYAPURIA4S. The scope of the present invention sPEUUEP6/10620
‘therefore, be 15 determ ned only by thy]ojgowi ng cl ai ns.

WD 97/ 01149

PCT/ US96/ 10620 25

d ai ns 1. Amltiplelaxbigdata 1 nput appar at us,
conpti si ng: a sj gource generating an el ectfidal
si gnal ; an ele o= gbly having nultiple

el eectrodes coupjeq to the 5 el ectri cal &

a sensor electrbdj having multiple fa asL_ i n proximty to an
associ ated el ecjrqde of the el ectrete asse-.ky-- a

t four
that each frce

posi t roni ng neahs for orientingAhe. sénsvw’éTéCodé‘FQ a
predet erm ned akeq relative tg the eTetﬁaode 'assenbly syel
recei ves an PR “:1‘r: 168~"5 %\

168
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10

response to the anmount of the
a controller that

) amount of the electrical
prientation-induced spaci ng between
el ectrode and in which each face provides a signa

recei ves and processes the signal

signal that depends on an

recei ved; and
anplitudes and

el ectrical signal

each face and its associ at ed
anplitude in

gener at es spaci "Y0dZH4? el ated to the orientation-induced spacPOyUS¥10628N

each face 15

and its associ ated el ectrode.
The apparatus of claim1 in which the predeterm ned nunber of

is at |east four, and the at |east four axgf &8 selected froma group

consi sting of

an X-transl ation axis,

a Y-translation axis, a

2.
axes

Z-translation axis, a roll-axis, a pitch-axis, and a yaw axis. 20
3. The apparatus of claim1 in which the predeterm ned nunber of
axes i-s six, and the s§x axes include an X-translation axis, a o
Y-translation axis, a Z-translati opf-gxdes, fa roll-axis, a -
pitch-axis, and a-yaw axNg. | WO | 4 The apparatus of 0]
clainrl in which the sign sour ce gener _es”jm';-”- . lng ™
el ectrical signal_that is sequentially el edt%%@fly connected to tlhe
mul tiple 25 ectrodes. £ =5 5. The apparat ys of
claim1l in which e el ectrodq asg |y has mut ual Iy ort hggonal
el ectrodes, vvhi_c getfler w Yo dssesijat el faces. ofCTDE. enSp T
el ectrode conpri 1y o th@l paci f or el ectroE_Bal réfposi |cg)r>1_eg
such that : ' =39
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26 each capacitor electrode is separated fromits associ ated
sensor el ectrode face by the orientation-induced spacing.

«+ 6. The apparatus of claim5 in which each of the el ectrodes has a

maj or axial dinmension that is substantially |ess than a correspondi ng ngj or
axial 5 di nension of its associ ated sensor electrode fac S96/10620

7. The appar at ugoofmoiadsai m 1 in which the controller conditions i

signal anplitudes with an anplifier, a peak detector, a filter, and an

anal og-to-digital converter, and a nicroprocessor processes the
condi tioned signal anplitudes to $h gt e the spacing data. 10
8. The apparatus of claim7 in which the croprocssor further

processes the spacing data to conpute spatial orientation data related to

the orientation : in each of the 'predeterm ned nunber of axes of the
electrode assenbly relative to the sensor el ectrode.

9. "The apparatus of claim1 in which the controller processes the 15
signal anplitudes with a peak detector, aCHilts and an | og-to-digital
converter to gener at S-S -Iat 0 ‘€ach of the
signal anplitudes and furthe gmpploys : cing data to access a
| ookup table that returns in BELAL CF spati al
orientation data. ¢ apc. atus of claim1l in
whi ch the controller genepAt R ’ ; 30 data for a
Z-transl ation axis by el oylhg I yed from
the signal anplitudes e -Ie eﬂs:' a for at |east
one of a rol | -aki s antws ‘ 11. The
apparatus of claim 1l inYhi yred from

at | east one of an el ectl 2 nonconducti ve
mat eri al 25 covered w a*fé mat eri al .

FIG. 11

312
314

FIG. 12



12. The apparatus of claim1 in which the sensor electrode is encl osed
within an electrically conductive shield that decreases the sensitivity of
‘the multiple faces to external electrical fields. WO
97/.01149 : ' ’

*PCT/ US96/ 10620 . 27

13. The apparat WOo#0184%i m 1 in which the positioni ng nmeans i nSEARIG10620

a suspension nmeans that acts to position the sensor. el ectrode in an

equi librium position relative to the el ectrode assenbly.

14. The apparatus of claim 13 in which t #Q7udnsi on means includes 5

at | east one of a conpression spring, a flexible diaphragm a bl adder, a
net wor k of - springs, and an el ast oiyepxg i ng.

15. The apparatus of claim1 in which the pgsitioning neans includes

. an elastoneric ring that inparts a biasing fforce to the sensor el ectrode

t hat suspends t he sensor el ectrode.d equi librium position
relative to the el ectrode assenbly. 40 16. The
apparatus of claim 15 in which the oupl ed to
the elastoneric ring by a rigig/done \tioning the
sensor el ectrode in gf | east N\relative to the
el ectrode assenbly. 202

+X AXIS

Y AXIS
FIG. 13
+Z AXIS
310 I
CE~ CF
304 o~y C6 f_;; 304
S C_Fekg,f 302
IS [ ’] —Semp—. ] 4-* 'r 1
F” ca/ ::ms/lv \cg “r8
-Z AXIS



17. The apparatus of claim 15 in which the biasing force is

proportional to deformation of the elastomeric ring in at |east one of a
conpression 15 stress, a tension stress, and a shear stress.

18.. The apparatus of claim 15 in which the elastoneric ring provides a
substantially frictionless and a substantially danped positioning of the
sensor Waidde rel ative to the el ectrode assenbly. PCT/US96/10620
19. The apparatus of claim1 in which the positioning nmeans includes 20
an elastomeric ring that suspends the sensor electrode relative to the
el ectrode assenbly and isol ates tﬂﬁefeF or el ectrode and the

el ectrode assenbly from at | east of*dust, dirt, contam nants,
and electric fields. 20. In a nultiple axis data

I nput apparatus, a nethod of generating- spatial orientation data,
conprising: 25 provi ding a source of an electrical

si gnal ; coupling an el ectrode assenbly havi ng

mul tiple-electrodes to the el ectrical signal;

nmounting a sensor el ectrode having nultiple faces such that each face

WD 97/ 01149 ' I ]
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isin proximty to an associ ated el ectrode of the el ectrode assenbly;
orlntlng the sensor electrode in at |east four predeterm ned axes
relative to the el ectrode assenbly such that each face receives an anount

of .the el ectrical signal that depends on an orientation-induced
‘spaci ng between each face and 5 its associated el ectrode and in which
each face provi swes97@is®gnal anplitude in response t 0 tHC/USAELO620 Of
the electrical signal received; processi ng the signal
anplitudes to generate spacing data reI gg ?g%

erientation-induced spaci ng between each ée d its associ ated el ectrode;:
and conputing fromthe spacing data the spaci al
orientation data. 10 21. The nethod of clai 20 in which
t he predeterm ned nunber of axes are sel ect froma group
consisting of an - X-translation axis, a Y-translation axis, a

Z-translati-on axis, a roll-axis, a pitch-axis, -and a vaw,ax f. E
22. The method of claim 20 further indluding coupling ca ly the
sensor electrode to the el ectrodes. 18
claim 20 in which the sensor el ectyodg
ort hogonal faces, and the nmulti pl ¢ conpri se | t F_aé

nmut ual Iy orthogonal capacitor el eglLr@®s positioned suchl]t ch

3 The nethod of
) east “three nutually

capacitor el ectrode is se AS SI0 ted face of the
sensor el ectrode by éi orlentatlon [ Eaginq, t he processing
step further includi ngy g S l'ing the .Slgnal
anpl i tudes -sequentilly; de\ecting 4 ank anpl i tude of
each of the sequentially sanpled s a itudes;:and
converting the peak anplitude of eacl ge sequemial |y sanpl ed
signal anplitudes into the spacing d . 24. The
met hod of claim 20 further includingduspending the sensqr
el ectrode in an equilibrium position=-grd providing a restjoring force that
‘acts to position the sensor e|lch ifl i brium position.
25. The nmethod of claim24 in mthp ’ Jt ifs carried
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out ‘by at | east one of a conpression spring, a flexible diaphragm a IPER
bl-adder, a network of springs, and an elastoneric ring. g . '

26. *The nethod of claim 24 in which the suspending step is carri § DL AroUT45-
ouy by ‘an eI ast omerPETi ng t hat WPHBATESECTUAL PROPERTY ORGINEATIOND t he S OWEH

o etun 1 et rEENaTORAE ABEREON A i e R ) W&eﬁﬁr{eﬁbﬁ%ﬁ% ¢
27: The mp{Shdeierpftions] Batent\CROBRationfi1i ch t h @0 t@haBicral FablicatioSNumber: v WO 97/01149
‘mechanicalll y cosgpis8 to the el astoneri 3;&1 hg@by a rigid done that

r

facilitat¢s orienting t he sensdr e gj §Jamuary 1997 (09.01.97)
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(54) Title: CAPACITIVELY COUPLED MULTIPLE AXIS DATA INPUT AFPARATUS AND METHOD
(57) Abstract

A capacitively coupled, six axis joystick ¥

(320) employs a sensor electrode (310) having a X X

perpendicular pair of slots (312, 314) and a fixed o

electrode assembly (300) baving capacitor elec- ~ .
trodes (C,) formed on three mutually orthogonal Zz 2

surfaces of planar circuit boards {302, 304, 306)
that are complementarily nested within the slots of _ 422
the sensor electrode. When nested together, the ca-
pacitor electrodes ave separated from faces of the
sensor electrode by spacings that depend on the
rotational and translational movements of the sen-
sor electrode relative to the electrode assembly. A
signal generator (352) and address decoder (354)
sequentially apply an altemauns signal to the ca-
pacitor electrodes. The alternating signal is coupled
to the closest associated faces of the sensor elec-
trode to a degree dependent on the rotation- and
translation-indnced spacings. A confroller (350)
detects and processes each coupled signal voltage
. to determine a degree of deflection of the sensor
electrode in the X-, Y-, Z-, roll-, pitch-, and yaw-
axis directions.




