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Abstract—This paper presents a high-density, modular, low- a connector be attached to the animal [6]-[10]. Whenever
profile, small, and removable connector system developed using interfacing with the probes is required, an external connector
micromachining technologies for biomedical applications. This is attached to the subject and contact is made to individual

system consists of a silicon or polyimide electrode with one end in Ideallv. th ¢ hould sati b f
contact with the biological tissue and its back-end supported in a sensors. Ideally, these connectors should satisfy a number o

titanium base (12.5 mm in diameter and 2.5 mm in height) thatis requirements. They should: 1) have a small footprint and a low
fixed on the test subject. An external glass substrate (6 6x 0.75 profile, while still having a very high density; 2) be modular,

mm?®), which supports a flexible polyimide diaphragm and CMOS  wjth interchangeable parts so that when failure occurs in
buffers, is attached to the titanium base whenever electrical one component, only that component has to be replaced; 3)

contact is required. The polyimide flexible diaphragm contains . .
high-density gold electroplated pads (32 pads, each having an areaP® rémovable, thus allowing connections to be made to the

of 100x 100.m? and separated by 15:m) which match similar  implant when desired; 4) be fabricated from biocompatible
pads on the electrode back-end. When vacuum is applied betweenmaterials; 5) provide a means to buffer, and perhaps multiplex,
the two, the polyimide diaphragm deflects and the corresponding the high-impedance signals of the sensors before sending them

gold pads touch, therefore, establishing electrical connectiorin ; . .
vitro electrical tests in saline solution have been performed on a to the outside world; and, finally, 6) be low cost and easy to

32-site connector system demonstrating:5  contact resistance, assemble.
which remained stable after 70 connections, ane-55 dB crosstalk Most of these requirements can be achieved by integrating
at 1 kHz between adjacent channelsin vivo experiments have on-chip circuitry on the probes (active probes) [11], [12]. How-
also confirmed the establishment of multiple contacts and have oyer these are harder to fabricate and do not lend themselves
produced simultaneous biopotential recordings from the guinea o . . .
pig occipital cortex. easily to frequenjt redeS|gns., as often_needed py the blome_dlcal
community. Multichannel micromachined passive probes (i.e.,
Index Terms—Biomedical microsystems, high-density connec- propes without on-chip electronics) are now in widespread
tors, implantable devices. use worldwide [13]. Connection to the sites on most of these
probes is achieved by wire bonding pads on the back-end of the
|. INTRODUCTION probes to pins in an external connector, which is subsequently

NUMBER of micromachined, multichannel neuraPotted in epoxy [6]. However, bonding and insulating the

probes and electrodes have been developed recerﬁlﬂ?k'e”q of the p_robe and connector complicates implant
[1]-[5]. These probes are now capable of supporting seveP4gparation, especially when a large number of output lines

tens of recording or stimulating sites for interfacing wittf"® required. In fact, most connectors with the exception of
the nervous system. One of the main challenges in tfe P1 Medical (Portland, OR) high-density connector system

application of these electrodes is the transfer of low-levdit0] which can transfer 64 leads out of the skin, have fewer
high source-impedance signals from the small sites to tH&n 12 pins. The PI Medical connector system lacks buffering
outside world. Most implantable systems nowadays use haf@pPability and has a grid contact array area of }RI2.7

wired interconnections for signal transfer, which dictates thgt™* (1.6-mm separation between the contacts) which is large
for attachment to the skull of experimental mammals smaller
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Access Hole for Atmospheric Pressure The external connector consists of: 1) a 76@-thick glass
Ribbon Cable fo Buffer Chip  wire Bond Glass Base substrate which has a circular recess (4 mm in diameter and
External Electronics _;?7’50%'7 15 um in depth), 2) a micromachined polyimide diaphragm,
4 AW!’_ /\ 3) two hybrid integrated circuit chips each containing 16

% Polyimide Diaphragm unity-gain CMOS buffers, and 4) a long polyimide cable for
P electrical connection to the external electronics (this cable

is 30-cm long and was fabricated by Dynaflex Technology,
San Jose CA). The polyimide diaphragm containg:2%thick
gold electroplated pads matching those on the electrode back-
end, and is attached to the glass substrate (themiSecess
\ Silicon in the glass piece defines the diaphragm diameter). Electrical

Ribbon connection is achieved by drawing vacuum in the space

Cable to .. .

Electrode between the electrode back-end and the polyimide diaphragm
Screw Hole through a vacuum channel in the titanium base, as shown
in Fig. 2. Note that the electrode back-end contains holes to
provide access to the vacuum channel. A polyimide O-ring is
also placed between the electrode back-end and the external

Bonding connector to seal the perimeter when vacuum is applied. The
T applied atmospheric pressure on the polyimide diaphragm
will force it to uniformly deflect until it bottoms out on the
probe back-end thus providing electrical contact between the
gold pads (an external mechanical force may also improve
the connection; see Section V). The electroplated pads on
< the polyimide diaphragm are connected to unity-gain CMOS
sweon— puffer chips. These buffers are placed on the back side of the

glass substrate and connected to the diaphragm through a short
multilead polyimide cable. This polyimide cable is an integral
Electrofiated ForAéf:EEaiz'Spned Fiexbl Polyimide part of the polyimide diaphragm which supports the gold pads.
_ . . _ _ The outputs of the buffers are connected to remotely located
;I/%tezm Cross-sectional view of the high-density percutaneous connecf9¢tarnal electronics using a separate long polyimide cable.
' This system offers several advantages. First, it is high
density, allowing multiple signals to be transferred to the
fabrication in Section IIl. The assembly technique is discuss@#tside. Second, it is modular, with each piece being easily
in Section IV, followed byin vitro and in vivo test and replaceable. Third, since there is no need for wire bonding
measurement results in Section V. Finally, Section VI drav@ insulation over the electrode back-end, the connector can

some conclusions from the results of this work. be low-profile. Fourth, the signal processing electronics are
built right into the connector, thus, minimizing noise and

effects of parasitics, which can have a significant impact on
Il. CONNECTOR STRUCTURE signal quality for neural recording applications. And finally, it

Figs. 1 and 2 show the overall structure and Cross-sectiofﬁ(ﬁUireS minimal animal disturbance during multlple biological
view of the high_density percutaneous connector system, ﬁ_;x.periments. In Section Ill, we will discuss the design and
spectively. The connector system consists of three modufaprication of various components of the connector system.
components: 1) a titanium base that is attached to the im-
plant subject (the fixation site can be the skull or other
anatomic locations depending on the application), 2) a silicon
or polyimide micromachined probe for implantation in the Depending on the specific application, the recording probes
biological tissue, and 3) an external micromachined connectmn be fabricated from either polyimide or silicon. In situations
that interfaces with the titanium base and the probe back-enHere excessive bending and twisting is necessary during
and transfers the signals from/to the outside world. The sitesrgery or in contact with the biological tissue (e.g., cardiac
on the probe are connected to the pads on its back-end ugiegording), polyimide electrodes and cables offer certain ad-
an integrated ribbon cable [15]. In one of the designs, thimntages with regards to flexibility and durability. The shape
back-end measures»66 mn¥ and contains 32 electroplatedand size of the probe depends on the needs of the investigator
25-um-thick 100x 100 ;m?2-sized gold pads. The electrodeand can vary from needle-shaped probes for recording from
back-end is simply placed inside and attached onto the titaniwerebral cortex [1] to sieve-type probes used in nerve regener-
base having a & 6 x 0.74-mn¥ recess. When interfacing with ation studies [6], [16]. The fabrication process for polyimide
the implant is needed, the external connector is placed inspi®bes is similar to the polyimide external diaphragm and will
the recess in the base and held there by vacuum, as shd&ndiscussed in this section. The fabrication of the silicon
in Fig. 2. recording probes has been reported elsewhere [1], and it is
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Fig. 1. Overall view of the high-density percutaneous connector system.
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Gold
Interconnect/Base

Aluminum

Fig. 3. A photograph of the back-end of a polyimide probe<@® mn¥ in
area), which contains 32 electroplated gold pads Q00 ym? separated (b)
by 150 pzm) and three vacuum holes.

sufficient for our present discussion to only mention a few N
points. The probes are fabricated using the dissolved wafef.>>x.
process. The probe back-end and the shank are fabricated by
a deep boron diffusion step-(5 xm) and the ribbon cable
is fabricated by a shallow boron diffusion step-d um).
One extra mask is needed in order to electroplate gef@b(
4#m) onto the back-end pads. The back-end should be slightly,
smaller (by about 2%xm on each side) than the size of the
recess in the titanium base. This is due to lateral diffusion
during the deep boron diffusion step. We have fabricated
silicon and polyimide probes with modified back-end in order
to accommodate high-density pad grid array and vacuum holes.
Fig. 3 shows a photograph of the back-end of a polyimide
probe, which contains 32 electroplated gold pads and three
vacuum holes.

The shape and the size of the titanium base is dictated by )
the animal model and implantation site (one has also to take

. . . . . 4. Fabrication process of the polyimide diaphragm: (a) evaporate Ti,
into account skin thickness, downgrowth, and recession) [153)? earon P polyimide diaphragm: (a) evap '

in bottom polyimide, evaporate and pattern Cr/Au/Cr, spin top polyimide,

For example, a base mounted on the skull of a rat should beevaporate masking Al for RIE; (b) RIE etch polyimide; (c) spin and pattern

larger than 5¢< 5 mm2, whereas the guinea pig skull can hous&8 mm-thick photoresist, electroplate gold pads; and (d) etch Ti in 20% HF

. and 80% DI water to release the structure.

larger bases. In one of the prototypes designed for recording

neural activity from the guinea pig cortex, the implanted

titanium base is cylindrical in shape and has a diameter when vacuum is applied the diaphragm can deflect; the hole

12.5 mm and a height of 2.5 mm. The height and the shapeoain also be used to apply additional pressure on top to obtain

the base might have to be modified (e.g., adding flanges amdbetter contact.

grooves) to promote tissue growth and stabilization. The basd-ig. 4 shows the fabrication process of the polyimide di-

is precision machined and has a recess of 0.74 mm to hoagphragm. It starts by evaporating apfi-thick sacrificial

the electrode back-end and the glass substrate of the extetitahium (Ti) layer on a silicon wafer. Then, the;#n-thick

micromachined connector. The titanium base also containdattom polyimide layer (Pl 2611, DuPont, Wilmington DE) is

channel which is used to pull vacuum between the polyimidkeposited and cured (5 min at 12G, 5 min at 180°C, and 1

diaphragm and the electrode. h at 400°C, all on a hot-plate in a cleanroom environment).
The glass substrate part of the external connector has Mext, a Cr/Au/Cr (400&/4000,&/200 ,&) interconnect layer is

same dimensions as the recess in the titanium base andetaporated. After patterning the Cr/Au/Cr interconnect layer,

electrode back-end and is fabricated from #7740 Corning glake 4+:m-thick top polyimide is deposited and cured. Then, a

wafers. First, the glass wafer is patterned, and a.fiBdeep 3000A aluminum masking layer is deposited and patterned

recess is etched into it in the area above the connection pdds. masking the polyimide etch in RIE Oflow = 100

Then a hole is drilled in the middle of the recess, and finallgccm, power= 300 W, pressure= 200 mTorr). Next, a 25-

the glass is diced. The hole is required to expose the back sida-thick photoresist (PR4620) is deposited on the wafer and

of the polyimide diaphragm to atmospheric pressure so thatterned. A gold layer is electroplated in the open pad areas
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Buffers Titanium Base

QL -:-.'

Glass Substrate

Fig. 6. A photograph of the glass substrate which contains the buffer chips
and the polyimide diaphragm placed inside the titanium base.

cleaned with acetone and isopropyl alcohol (IPA) in order to
b remove any particulates. The presence of any large particu-
lates underneath the silicon electrode back-end can cause its

Fig. 5. A photograph of a fabricated polyimide diaphragm, which contairgreakage V\_/hGﬂ the external connector is placgd on top of it.
32 100x 100 um? gold pads. After cleaning the base, the probe back-end is glued to the
recess in the base using a fast setting epoxy. Notice that in

o . . . the event of a silicon probe breakage either during assembly
(55 °C plating bath and 2-mA/cfncurrent density). Finally, or surgery, one can easily replace it without having to discard

the devices are released from the wafer by etching the initi remove the titanium base. This is a very important feature

titanium sacrificial layer in a mixture of hydrofluoric acid : ; .
o . of this connector system, because it allows the user to fix the
0, 0, !
(HF) and deionized (DI) water (20%HF/80%DI). Fig. 5 show itanium base to the subject and use it with different types of

a photograph of a fabricated polyimide diaphragm, Wh'cprobes.

. o . T
contains 32 108 100um" gold pads. As was mentioned pre After the electrode/titanium-base is prepared and attached to

viously, the Same process can be used to fabricate pon|mﬁjl% subject, the external connector is assembled. First a small
probes and ribbon cables.

The central deflection of the polyimide diaphragm should baemount of epoxy IS applied around the perlmete_r of the glass
ece under the microscope. Then, the glass piece is placed

i i
large enoug_h to ensure el_ectrlcal contact wher_1 one atmOSquerﬁqe titanium base recess on top of the electrode back-end
of pressure is applied. This depends on the thickness of theu "0 a vacuum pick. The polvimide diaphraam is then placed
ring located between the electrode back-end and the ponim|dse g pick. boly phrag P

diaphragm, as shown in Fig. 2. Since O-rings thinner thaly the glass piece, and the bonding pads on the polyimide

: . - . and electrode are aligned under the microscope. Following
100 pym are usually used in this applicatioar-40 um in . -
one /éf our designsy) a center deerF::E[)ion @1103 unli will the hardening of the epoxy, the other end of the polyimide

suffice for contact. Equation (1) relates the central deflecti@iFc® which contains the bonding pads for the connection

of a circular diaphragm to applied pressure, as a function: th? buﬁe_r mplfl_tﬁ 'St foldg'(\jﬂgéerb af';d glrllj.ed 0 tme t(.)tﬁ 22
material properties [18] e glass piece. The two uffer chips, each wi

buffer-connected operational amplifiers, are next attached to
Pa* 16y N (7—v)y? N 4a’sy 1) the glass piece on either side of the drilled hole. Finally, the
Eht  3(1—-12)h  3(1—12)h3  (1—-v)Eh3’ assembly of the external connector is completed by attaching

. . . . . ,_along polyimide cable~10 to 30-cm long) to the glass for
In this equat|onP.|s the, app!|eq pressm_JreE Is the Ypung S connection to the external electronics and coating the buffers
modulus,v is the Poisson’s ratid is the diaphragm thickness,

y is the center deflection; is the diaphragm radius, andis with a protective layer of epoxy. This cable should be long

. . . . enough to produce a minimum amount of bending moment and
the internal stress of the diaphragm material. According to the 9 P g

published data. Young's modulus and stress for the P|_2630£ce on the glass. Another important advantage of this system
- ! . IS that there is no need for alignment of the glass and probe
polyimide are 8.3 GPa and 9 MPa, respectively [19]. Usi

. . ; ck-end when a recording is desired. This is because they are
(1), a diameter of at least 2.5 mm is required for apr8- both mechanically aligned to the sidewalls of the titanium base
thick polyimide diaphragm to deflect 100m when 1 atm. yalg '

) . .~ The accuracy of this alignment will determine the ultimate
of pressure is applied. The external connector used in

ol . . : )
application provides a diaphragm diameter of about 4 mmen5|ty of the interconnects for this connector. Using this
which should provide sufficient deflection to achieve contaé{mple technique it is easily possible to obtain alignment

between the diaphragm and the electrode. accuracy of at least Spm, gllowmg the |mpIementat|on.of
a connector system with higher number pads located in the

same area as the 32-pad system (for example 64), with smaller
contact pads areas and smaller separation.

The connector assembly starts with the preparation of theFig. 6 shows a photograph of the glass substrate which
recording probe and the titanium base. The base is thorougbbntains the buffer chips and the polyimide diaphragm placed

IV. ASSEMBLY
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by subtracting the resistances of the polyimide piece in the
base and the external connector from the total resistance for
each corresponding channel. The external connector was then
removed and reattached 70 times, measuring five channels
each time for a total of 350 measurements. None of the
five channels failed to connect during any of the 70 trials.
After every tenth trial, the gold pads in the titanium base
were rinsed with saline solution, dried, rinsed three times
with DI water, and dried again. This was done to simulate
the effect of fluids getting into the base between recordings.
The average contact resistance was found to bet2.7

Q for each channel. Furthermore, no significant change in
contact resistance could be noticed during the 70 trials. The
contact resistance under current stimulation conditions was
Fig. 7. A photograph of the complete connector system (Omnetics conned?(l?o measured using a charge balanced current waveform
is attached to the other end of the long polyimide cable for interfacing wittvith a cathodic peak of 4.3 mA. The current source was
the outside electronics). connected to five channels separately for 10 s each and the
contact resistance was measured for each channel 30 times.

inside the titanium base. Note that there is a hole in tHde contact resistance was measured td Bet 1.8 @ and
glass which provides access to the back side of the polyimi@ Significant change in the contact resistance was noticed
diaphragm. An extra protective cap (not shown here) can Bier 30 trials.

used to cover the electrode back-end when recording in no2) Crosstalk Measurementst is extremely important to
required. This will help to keep the fluids and particulates o§NSure that the crosstalk between individual channels of the
of the titanium base and electrode back-end. Fig. 7 show$@nector is low €1% is adequate for most applications) to
photograph of the complete connector system. A silicon cafi@sure acceptable quality recording of neural signals which
and probe are clearly visible, and the top glass substrate whi§ Of low amplitude and high impedance in nature. The
is the external portion of this connector is placed alongside tREPSStalk between adjacent channels was analyzed using the

titanium base. The tube which provides vacuum access is afigctrical equivalent circuit model of the connector system,
shown. shown in Fig. 8(a). This model shows the elements that

are most pertinent to analyzing the crosstalk, includikg:
and R, corresponding to the bioelectric voltage source and
solution resistance, respectivelyi. and C., representing

~ In vitro tests to characterize the connector system fgfe electrode impedance;, representing the electrode lead
important electrical parameters aidvivo neural recordings geries resistance’,, representing shunt capacitance from the
to prove the operation of the system in a real biologic@lectrode leads to the substrate and soluti6; and Cy,

V. TEST RESULTS

environment have been performed. corresponding to the crosstalk capacitances between adja-
cent lines in the electrode and polyimide diaphragm; and,
A. In Vitro Tests finally, C., representing the crosstalk capacitance in the long

Extensivein vitro electrical tests to measure contact rePolyimide external cable. The effect @f. on the crosstalk
sistance, crosstalk, and reliability have been performed Bnnegligible due to the impedance transformation effect of
a completed connector system. These three are the ni§& buffers (low output impedance). This means that most
important performance parameters for connectors used Ohthe crosstalk is due to the capacitive coupling occurring
implantable systems. in the electrode and polyimide diaphragm. Therefore, the

1) Contact Resistance Measuremenfe contact resis- Only important parameters are the electrode impedance, shunt
tance was measured using a specially constructed setégPacitances to ground, and the crosstalk capacitance between
A polyimide piece containing 32 gold electroplated padgdjacent lines. The metallic interconnect and solution series
(100x 100 zm each) was glued in a titanium base, where tH&sistances and the input resistance of the buffers for the most
back-end of a probe would normally be placed. The polyimidert can be neglected. The effect of the input capacitance of
piece was used instead of a probe so that the channels cdir buffers can be included by adding its value to the shunt
easily be connected to external circuitry. An external connectepacitancegCs). Fig. 8(b) shows a simplified model for
was assembled as described in Section 1V, including a gl&ggsstalk analysis incorporating the above simplifications (the
substrate, a diaphragm, and a polyimide cable (no buffeégctrode impedance is representedywhich includes both
were used in this case). The resistance of each channel Wasand K., andC; is the sum ofC;, and Cy). The crosstalk
measured under a probe station on both the polyimide pie¢@tage ratio is given by
in the titanium base, and the external connector. Next, the
external connector was placed in the base, vacuum was drawn ]
between the two pieces, and the total series resistance of each E — JwC ) )
channel was measured. The contact resistance was calculated Vi jw(Ci+Co2)+1/Ze
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Fig. 8. (a) Electrical equivalent circuit model of the connector system for crosstalk analysis (see the text for the description of various spmponent
and (b) a simplified model.

In most practical casesj.» < 1/jw(C; + Cs2). Therefore, on the polyimide diaphragm. Crosstalk was again measured

(2) can be reduced to the following: after applying saline to the titanium base recess, removing
the saline and a complete nitrogen dry (this was performed

£} = jwZ.2Ch. (3) in order to mimic the actual operating environment of the

Vi connector which could possibly contain bodily fluids). The

Equation (3) shows that crosstalk is directly proportional t%econd measurement yielded a crosstalk 60 dB (at 1 kHz).

the frequency, the electrode impedance, and the capacitaﬁgéh of these values indicate that excellent isolation can be

between the conductors. Assuming an electrode impedanc&@fieved between adjacent channels. _ _
500 K2, the crosstalk capacitance must be less than 3 pF in5) Reliability Tests:Two quantities of particular impor-
order to keep the crosstalk level below 1% at 1 kHz. This c4@C€ in the high-density connector are single pad reliability
easily be achieved by proper spacing between the conduct?6R) and multiple pad reliability (MPR). SPR is defined as
in the electrode ribbon cable and polyimide diaphragm. It R3¢ percentage of the time thatsangle channel (i.e., contact
been shown that as long as the distance between two adja®t) makes a low-resistance contact aleperformed trials,
lines is greater than the width of the lead wire, the crossta@d MPR is defined as the percentageatlf the channels
capacitance is less than 0.5 pF/cm and, therefore, is acceptdé connect during aingle trial. Tests were performed to
for path lengths up to 6 cm [20]. determine both the single and multiple pad reliabilities using
Electrical crosstalk between two adjacent channels wdgrious attachment conditions. These included application
measured to be-55 dB (at 1 kHz) with the electrode outsideof vacuum, incorporation of an O-ring, or application of
the solution and terminated with a 47@kresistor. This mechanical pressure (applied by pressing down on the external
technique was chosen due to the difficulty of selectivel§onnector). Each test consisted of several trials involving
applying a local potential to a site while the electrode is ithe connection and disconnection of the external connector
a saline bath. The electrode had a length of approximatdtpm the titanium base, while checking for continuity of
20 mm. At the electrode tip the line width and spacing wemach channel. It should be mentioned that prior to each test,
3 and 2.5um, respectively (becoming &m each on the channels in both the titanium base and the external connector
ribbon cable), compared to 20m width and 6xm spacing were individually tested for continuity and broken channels
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Fig. 9. The plot of SPR against the pad locations on the diaphragm.

TABLE |
OVERALL SINGLE PAD AND MuLTIPLE PAD
RELIABILITIES FOR VARIOUS ATTACHMENT CONDITIONS

(99.4%) (100.0%)

were taken over all assemblies tested. This indicates which
channels are most likely to make a connection during each
trial. Fig. 9 shows the pad locations on the diaphragm and

Vacuum | O-ring | Mechanical Pressure } Overall SPR | Overall MPR SPR results. Of the 32 channels, 17 connected more than 90%
- - - 21.2% 21.5% . . ’
YIS - - 5T TN of the time, while the worst channel connected only 47%. The
- - YES 63.6% 02.7% overall SPR was calculated to be 84.5%. This value may be
E I YES SL0% 18.3% interpreted as th bability with which d
YIS T TS — WL 3539 interpreted as the average probability with which any one pa
YES YES YES 845% 82.1% will connect in a newly assembled connector.

Although the above reliabilities are quite high in many
cases, there are still some channels that do not connect

(which had either no gold pad or bad wire bonds) wergys . ately. In order to investigate the possible reasons for the

excluded from the study. It was noticed that both the MPB
and SPR are dependent upon the attachment conditions U
i.e., the manner in which the external connector is attached"t1
the titanium base, as summarized in Table I. The conditioprsO
that produced the best results were those that used vacuBn]b
O-ring, and mechanical pressure, simultaneously. The woPst
results occurred when nothing was used at all (still, on avera

21.5% of the pads made a connection each trial).
Six connector assemblies were tested under the best
tachment conditions. Some assemblies had as many as

connection rates for these channels, the SPR was plotted
98 linst the pad locations on the diaphragm, as shown in Fig. 9.
this figure, each square represents a contact pad, numbered
m 1 to 32, and the SPR value for a given pad is shown
w it. As can be seen, those pads in the outer perimeter
d to connect more often than those in the center (in many
ases those pads connect 100% of the time). One possibility
fg{_ this behavior is that due to the uneven application of
vaguum the diaphragm in the external connector buckles in

trials performed on them, however, not all assemblies test&§ center when it comes into contact with the probe back-
had as many trials (the average number of trials performgfd- Note that there exist three vacuum holes in the probe
under these conditions was 13). The MPR for each trial whgck end (Fig. 3), two of them are located diagonally on
calculated as the number of channels that made a connecttbg, outside of the square that bounds the contact pads. It is
divided by the number of all possible channels. These wepessible that when vacuum is applied, the outside perimeter
then averaged over all trials performed on the assembligspulled down more forcefully thus buckling the membrane
to give the average MPR. This yielded an overall MPR df the center and reducing the probability of contact. This
82.1%, which may be interpreted as the average percentageld be corrected by relocating the vacuum holes in the base,
of channels one would expect to work for a newly assembl#aus altering the distribution of force on the diaphragm (e.g.,
connector. After all trials had been performed, the SPR weamoving two diagonal holes and using only a single central
calculated for each channel. The SPR’s for all 32 channdisle). Table | also shows that although the best results were
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obtained when an O-ring was used and both vacuum and
mechanical pressure were applied, the case when no O-ring
was used and only vacuum or both vacuum and pressure were
applied also provided very good results. Although, we have "
been able to construct several connectors in which all of the
channels connected every time (100% MPR and SPR), the
reproducibility has not been consistent. We believe that this
is primarily due to the position of the vacuum holes in the %8
substrate, as mentioned before, and partially to the care take
when assembling the titanium base and attaching the probe S )
back end. It is also interesting to note that the application of i ) Bk "% into comtex) 5
mechanical pressure alone also provides good contact and i e =& \56 ‘ :
a technique which should be pursued for future systems. Ak G \

B. In Vivo Tests

In order to evaluate the connector functionalityivo, bio-
electrical recordings from the occipital cortex of a guinea pig .
were performed. The guinea pig was initially anesthetized withy. 10. A photograph showing the connector system on top of a guinea pig
ketamine hydrochloride (Vetalar, 100 mg/kg) and xylazingkull and a polyimide probe penetrating the occipital cortex.

(Rompun, 5 mg/kg) delivered intramuscularly and supple-
mented regularly to maintain appropriate levels of anesthesia.

The animal was placed on a DC-powered heating pad, whig{it their individual recording sites were not situated near any
maintained core body temperature at 37G using feedback firing neurons. A small amount of crosstalk between channel 4
from a temperature probe. After removing the scalp, thgéhd its neighbors is evident after close inspection. However,
exposed skull was stabilized by threading stainless steel sCreuig is more than the expected value from crosstalk calculations
into the dorsal cranium. These were embedded in methylss dB), which implies that the adjacent channels are picking
methacrylate dental acrylic (Lang Dental Mfg., Wheeling, IL)ip this activity directly from the active neuron near the

and attached to a fixed rigid bar. An opening in the craniupgcording site of channel 4. In order to test the measurement
was made with a drill and then enlarged with bone rongeukgpeatability, the external connector was removed and placed
The dura was removed to expose the occipital cortex. Next, thgck into the recess several times. In addition, the probe back-
titanium base was attached to the skull using a StainleSS-S@qadj became wet during surgery, requiring several C|eaning and
screw. Dental wax (Moder Materials Mfg. Co., St. Louis, MO}y out steps. This multiple manipulation did not change the

was used to further secure the base. A 32-channel polyimigignal and noise levels, proving the short-term reliability of
recording electrode had already been attached to the basghatsystem under harsh recording conditions.

this point. The recording electrode was then carefully inserted
through the cortex toward the inferior colliculus. The animal
was grounded by inserting a needle electrode into its dorsum. V1. DISCUSSION AND CONCLUSION
The polyimide O-ring and external connector were then placedA percutaneous high-density connector system has been
in the recess of the titanium base and vacuum was turngelveloped. It consists of three modular components: 1) a
on, thus establishing connection. Fig. 10 shows the connectitenium base that is attached to the implant subject, 2) a
attached to the guinea pig skull with the probe extending intoicromachined probe for implantation in the biological tissue,
the cortex. and 3) an external micromachined connector that interfaces
After passing each channel through a unity-gain CMO®ith the probes and transfers their signals to the outside
buffer on the connector system, the recorded signals were seotld. Electrical connection between the recording sites on
through a 16-channel external data acquisition system. Edbk electrode and the external electronics is established upon
channel in this system consists of: a preamplifier (2008 the application of vacuum between a polyimide diaphragm
second amplifier (adjustable gain of13x, or 10x), and on the external connector and the electrode back-end. The
a bandpass filter (100 to 10000 Hz to remove low- armtessure gradient deflects the diaphragm causing high-density
high-frequency noise). Fig. 11 shows 16-channel biopotentigsld electroplated pads on the polyimide to touch those on
recorded from the probe using the high-density connectibre electrode. Electrical measurements have shown a low
system. Note that channel 8 was used as a reference dontact resistancé<5 ?) between the pads and a crosstalk
differential recording and channel 12 was inoperative dud —55 dB between adjacent channels for the electrodes used
to a damaged buffer. The waveform on channel 4 shoivs this experiment. The contact resistance remained stable
spontaneous neural activity, indicating that the recording sifter 70 and 30 insertions under recording and stimulating
for that channel was near a firing neuron in the cortex. Tle®nditions, respectively. The connector reliability was evalu-
remaining channels show what appears to be backgrowteéd by performing multiple insertion tests and measuring two
neural noise. This indicates that the channels were functionatportant reliability dependent parameters, i.e., SPR and MPR.



AKIN et al: MODULAR MICROMACHINED HIGH-DENSITY CONNECTOR SYSTEM 479

Channel Channel
[mopv

T At iy ot g N s b P [+ NSRS s

B At ar amttan® e e WV L 10 e
R B T 11 s
4 12
5 evtbemarsmrtiomss et A s heeian 13
6 —bmmmmd A i e 1 g ereasof e amtmgioPoerimge
7 o ~— e 15 ey S
8 16 ey
0 | Milliseconds 9.0 0 | Milliseconds 96.0

Fig. 11. Biopotential recordings from the guinea pig occipital cortex, showing simultaneous neural background activity on 14 channels ugiamn applica
of vacuum to the connector system.

Six connector assemblies were tested under best attachnagglication of microelectromechanical (MEMS) technology to
conditions (vacuum, O-ring, and mechanical pressure), SBBve important biomedical problems. The results of this work
and MPR were measured to be 84.5% and 82.1%, respectivelgn be used in other applications where small high-density
We believe one can improve the reliability by: 1) redesigningonnectors are needed. These may include: diagnostic tests
the titanium base and probe back-end for a better and mé¥e large element arrays like ultrasound imaging transducers,
uniform vacuum application and 2) further simplifying theactive matrix flat panel displays, and probe station testing of
assembly process by integrating more components into sinfleS! circuits with large number of output pads.
units (e.g., the glass piece can be substituted by silicon thus
allowing the buffers to be integrated with the top polyimide ACKNOWLEDGMENT
diaphragm into a single unit)n vivo experiments have also The authors would like to thank J. Hetke and Prof. D. J.
confirmed the establishment of multiple contacts and simultanderson for their support in implant preparation and animal
neous biopotential recordings from the guinea pig occipittdsts. They would also like to thank B. Casey for his assistance
cortex. We are currently preparing for long-term chronith wire bonding and assembly, J. Wiler for performing the
recordings which should answer questions regarding long-teamimal experiments, and N. Yazdi for designing the CMOS
stability and biocompatibility of the connector system. buffers. Finally, they would like to thank Prof. R. M. Bradley
This connector system offers several important advantagésthe School of Dentistry, University of Michigan, for his
compared to the existing percutaneous systems. These incli@@port and encouragement for this work.
1) higher-density, 2) modularity, 3) lower-profile, and 4)
reduced volume. The connector can easily be extended to
include more channels. In addition, by attaching a swivel t@1] K. Najafi, K. D. Wise, and T. Mochizuki, “A high-yield IC-compatible
the long external polyimide cable, one can record from a freely ;";f”;,iﬁ"_ai‘gggﬁé‘fff”.\%aayr rgng Trans. Electron Devicesol. ED-
moving animal without the risk of twisting and tangling the 2] G. T.'A. Kovacs, C. W. Storment, M. H. Miller, C. R. Belczynski, C.
connection. The app"ca’[ion of vacuum and O_ring can be C. Della Sentina, E. R. Lewis, and N Maluf, “Silicon_—s_ubs'trate _micro—
avoided by electroplating the contact pads high enough in Sectode S1ess o parall ecorang o rewal aciy i perprera
order for them to touch upon the placement of the external June 1994. _ _
piece. One can also use a spring backing mechanism 6 & T lordsen, £ b e, 56 2 A Norman, s
magnetic actuation to apply force and deflect the diaphragm, 129140, 1996.
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