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METHOD OF MAKING AN 
ELECTROCHEMICAL SENSOR 

[0001] This application is a continuation of application Ser. 
No. 11/204,551 ?led Aug. 16, 2005, Which is a continuation 
of application Ser. No. 10/405,765 ?led Mar. 31, 2003, noW 
U.S. Pat. No. 6,973,706, Which is a continuation of applica 
tion Ser. No. 09/598,776, ?led Jun. 16, 2000, abandoned, 
Which is a continuation of application Ser. No. 09/034,422, 
?led Mar. 4, 1998, noW U.S. Pat. No. 6,103,033, all ofWhich 
are incorporated herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a process for the 
manufacture of small sensors, including small electrochemi 
cal sensors. More particularly, the process of the invention 
includes disposing a conductive material on a substrate, pref 
erably in channels formed on the surface of the substrate, 
thereby forming conductive traces and electrodes in a rapid, 
e?icient manner, With reproducible surface areas and conduc 
tivities, and particularly forming very small conductive 
traces. 

BACKGROUND OF THE INVENTION 

[0003] The monitoring of the level of glucose or other bio 
chemicals, such as lactate, in individuals is often important. 
High or loW levels of glucose or other biochemicals may be 
detrimental to an individual’s health. The monitoring of glu 
cose is particularly important to individuals With diabetes as 
they must determine When insulin is needed to reduce glucose 
levels in their bloodstream or When additional glucose is 
needed to raise the level of glucose in the bloodstream. 
[0004] Conventional techniques for monitoring blood glu 
cose levels currently include the periodic draWing of blood, 
the application of that blood to a test strip, and the determi 
nation of the blood glucose concentration using electro 
chemical, calorimetric, or photometric methods. This tech 
nique does not alloW for continuous monitoring of blood 
glucose levels, but must be performed on a periodic basis. 
[0005] A variety of other devices have also been developed 
for continuous monitoring of analytes in the blood stream or 
subcutaneous tissue. Many of these devices use electrochemi 
cal sensors Which are directly implanted in a blood vessel or 
in the subcutaneous tissue of a user. HoWever, these devices 
are often large, bulky, and/ or in?exible and many can not be 
used effectively outside of a controlled medical facility, such 
as a hospital or a doctor’s o?ice, unless the user is restricted in 
his activities. 
[0006] The user’s comfort and the range of activities that 
can be performed While the sensor is implanted are important 
considerations in designing extended-use sensors for con 
tinuous in vivo monitoring of the level of an analyte, such as 
glucose. There is a need for a small, comfortable device Which 
can continuously monitor the level of an analyte, such as 
glucose, While still permitting the user to engage in normal 
activities outside the boundaries of a controlled medical facil 
ity. There is also a need for methods that alloW such small, 
comfortable devices to be relatively inexpensively, e?i 
ciently, reproducibly and precisely manufactured. 
[0007] A signi?cant problem in the manufacture of in vitro 
electrochemical sensors has been the inability to manufacture 
small electrodes With reproducible surfaces. Present tech 
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niques for printing or silk screening carbon electrodes onto 
substrates yield electrodes With poorly de?ned or irreproduc 
ible surface areas and conductivities, particularly at trace 
Widths beloW 250 um (10 mils). 
[0008] Small siZed non-electrochemical sensors including, 
for example, temperature probes, Would also be useful if they 
could be reliably and reproducibly manufactured. A process 
for the manufacture of small sensors With reproducible sur 
faces is needed. 

SUMMARY OF THE INVENTION 

[0009] The present invention provides a process for the 
manufacture of small sensors Which is e?icient, reliable, and 
provides reproducible surfaces. The process of the invention 
includes forming one or more channels on a surface of a 

substrate and disposing a conductive material Within the 
formed channels to form an electrode. Various embodiments 
of the process include the manufacture of electrochemical 
sensors by disposing a sensing layer on the conductive mate 
rial Within the formed channels; the manufacture of a sensor 
having one or more Working electrodes; counter/reference 
electrodes, temperature sensors and the like formed in a plu 
rality of channels on one or more surfaces of the substrate; 
and sensors having a plurality of electrode traces separated by 
very small distances to form a small electrochemical sensor. 
[0010] One aspect of the present invention relates to a pro 
cess for the manufacture of an electrochemical sensor using a 
Web process, Which may be continuous or non-continuous. 
The process includes the steps of providing a substrate Web, 
and disposing a pattern of a conductive material on the con 
tinuous substrate Web to form an electrode, including one or 
more Working electrodes and counter electrodes. The method 
also includes the step of disposing a sensing layer on the 
Working electrode disposed on the Web. Such a continuous 
Web process is adapted for relatively inexpensively, e?i 
ciently, reproducibly and precisely manufacturing electro 
chemical sensors. 

[0011] Another aspect of the present invention includes a 
process for the manufacture of an electrochemical sensor 
having one or more Working and/or counter electrodes dis 
posed on a sensor substrate. The method includes the steps of 
providing a substrate and disposing a conductive material on 
the substrate to form one or more Working electrodes and/or 
counter electrodes, and optionally disposing a sensing layer 
on the Working electrode. 
[0012] A further aspect of the present invention relates to 
process for the manufacture of an electrochemical sensor 
having electrodes and conductive traces disposed Within 
channels de?ned by a sensor substrate. The process includes 
the steps of providing a substrate, and forming ?rst and sec 
ond channels in the substrate. The process also includes the 
step of disposing a conductive material Within the channels to 
form a Working electrode located at the ?rst channel, and a 
counter electrode located at the second channel. The process 
further includes the optional step of disposing a sensing layer 
on the Working electrode. 
[0013] The invention includes a continuous process for 
multi-step preparation of sensors including the e?icient and 
precise deposition of small electrode tracings; sensing layers; 
counter electrodes, temperature sensors, and like constituents 
to ef?ciently produce electrochemical and non-electrochemi 
cal biosensors. 
[0014] The above summary of the present invention is not 
intended to describe each disclosed embodiment or every 
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implementation of the present invention. The Figures and the 
detailed description Which folloW more particularly exem 
plify these embodiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] The invention may be more completely understood 
in consideration of the following detailed description of vari 
ous embodiments of the invention in connection With the 
accompanying draWings, in Which: 
[0016] FIG. 1 is a block diagram of one embodiment of an 
analyte monitor using an analyte sensor, according to the 
invention; 
[0017] FIG. 2 is a top vieW of one embodiment of an analyte 
sensor, according to the invention; 
[0018] FIG. 3A is a cross-sectional vieW of the analyte 
sensor of FIG. 2; 

[0019] FIG. 3B is a cross-sectional vieW of another 
embodiment of an analyte sensor, according to the invention; 
[0020] FIG. 4A is a cross-sectional vieW of yet another 
embodiment of an analyte sensor, according to the invention; 
[0021] FIG. 4B is a cross-sectional vieW of a fourth 
embodiment of an analyte sensor, according to the invention; 
[0022] FIG. 5 is an expanded top vieW of a tip portion of the 
analyte sensor of FIG. 2; 
[0023] FIG. 6 is a cross-sectional vieW of a ?fth embodi 
ment of an analyte sensor, according to the invention; 
[0024] FIG. 7 is an expanded top vieW of a tip-portion of the 
analyte sensor of FIG. 6; 
[0025] FIG. 8 is an expanded bottom vieW ofa tip-portion 
of the analyte sensor of FIG. 6; 
[0026] FIG. 9 is a side vieW of the analyte sensor of FIG. 2; 
[0027] FIG. 10 is a top vieW ofthe analyte sensor ofFIG. 6; 
and 
[0028] FIG. 11 is a bottom vieW of the analyte sensor of 
FIG. 6. 

[0029] FIG. 12 is a schematic illustration of an exemplary 
method or system for manufacturing the sensor of FIG. 2; 

[0030] FIG. 13 is a perspective vieW of an exemplary 
embossing roller suitable for use in the system of FIG. 12; 
[0031] FIG. 14 is a perspective of an alternative embossing 
roller; 
[0032] FIG. 15A is cross sectional vieW taken along section 
line 1511-1511 of FIG. 12; 
[0033] FIG. 15B is a cross sectional vieW taken along sec 
tion line 1519-1519 of FIG. 12; 
[0034] FIG. 15C is a cross sectional vieW taken along sec 
tion line 150-150 of FIG. 12; 
[0035] FIG. 15D is a cross sectional vieW taken along sec 
tion line 15d-15d of FIG. 12; 
[0036] FIG. 16 illustrates a system in accordance With the 
principles of the present invention for making the sensor of 
FIGS. 10 and 11; and 
[0037] FIG. 17 is a top vieW of another embodiment of an 
analyte sensor, according to the invention. 
[0038] While the invention is amenable to various modi? 
cations and alternative forms, speci?cs thereof have been 
shoWn by Way of example in the draWings and Will be 
described in detail. It should be understood, hoWever, that the 
intention is not to limit the invention to the particular embodi 
ments described. On the contrary, the intention is to cover all 
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modi?cations, equivalents, and alternatives falling Within the 
spirit and scope of the invention as de?ned by the appended 
claims. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0039] The process of the present invention is applicable to 
the manufacture of an analyte sensor for the in vivo and/ or in 
vitro determination of an analyte, such as glucose or lactate, 
in a ?uid. The process is also applicable to the production of 
other sensors, including, for example biosensors relaying a 
chemical signal through a conductive tracing. 
[0040] The analyte sensors of the present invention can be 
utiliZed in a variety of contexts. For example, one embodi 
ment of the analyte sensor is subcutaneously implanted in the 
interstitial tissue of a patient for the continuous or periodic 
monitoring of a level of an analyte in a patient’s interstitial 
?uid. This can then be used to infer the analyte level in the 
patient’s bloodstream. Other in vivo analyte sensors can be 
made, according to the invention, for insertion into a vein, 
artery, or other portion of the body containing ?uid in order to 
measure a bioanalyte. The in vivo analyte sensors may be 
con?gured for obtaining a single measurement and/or for 
monitoring the level of the analyte over a time period Which 
may range from hours to days or longer. 
[0041] Another embodiment of the analyte sensor is used 
for the in vitro determination of the presence and/or level of 
an analyte in a sample, and, particularly, in a small volume 
sample (e.g., l to 10 microliters or less). While the present 
invention is not so limited, an appreciation of various aspects 
of the invention Will be gained through a discussion of the 
examples provided beloW. 
[0042] The folloWing de?nitions are provided for terms 
used herein. A “counter electrode” refers to an electrode 
paired With the Working electrode, through Which passes a 
current equal in magnitude and opposite in sign to the current 
passing through the Working electrode. In the context of the 
invention, the term “counter electrode” is meant to include 
counter electrodes Which also function as reference elec 
trodes (i.e., a counter/reference electrode). 
[0043] An “electrochemical sensor” is a device con?gured 
to detect the presence and/or measure the level of an analyte 
in a sample via electrochemical oxidation and reduction reac 
tions on the sensor. These reactions are transduced to an 

electrical signal that can be correlated to an amount, concen 
tration, or level of an analyte in the sample. 
[0044] “Electrolysis” is the electrooxidation or electrore 
duction of a compound either directly at an electrode or via 
one or more electron transfer agents. 

[0045] A compound is “immobilized” on a surface When it 
is entrapped on or chemically bound to the surface. 
[0046] A “non-leachable” or “non-releasable” compound 
or a compound that is “non-leachably disposed” is meant to 
de?ne a compound that is af?xed on the sensor such that it 
does not substantially diffuse aWay from the Working surface 
of the Working electrode for the period in Which the sensor is 
used (e.g., the period in Which the sensor is implanted in a 
patient or measuring a sample). 
[0047] Components are “immobilized” Within a sensor, for 
example, When the components are covalently, ionically, or 
coordinatively bound to constituents of the sensor and/ or are 
entrapped in a polymeric or sol-gel matrix or membrane 
Which precludes mobility. 
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[0048] An “electron transfer agent” is a compound that 
carries electrons betWeen the analyte and the Working elec 
trode, either directly, or in cooperation With other electron 
transfer agents. One example of an electron transfer agent is 
a redox mediator. 
[0049] A “Working electrode” is an electrode at Which the 
analyte (or a second compound Whose level depends on the 
level of the analyte) is electrooxidiZed or electroreduced With 
or Without the agency of an electron transfer agent. 
[0050] A “Working surface” is that portion of the Working 
electrode Which is coated With or is accessible to the electron 
transfer agent and con?gured for exposure to an analyte 
containing ?uid. 
[0051] A “sensing layer” is a component of the sensor 
Which includes constituents that facilitate the electrolysis of 
the analyte. The sensing layer may include constituents such 
as an electron transfer agent, a catalyst Which catalyZes a 
reaction of the analyte to produce a response at the electrode, 
or both. In some embodiments of the sensor, the sensing layer 
is non-leachably disposed in proximity to or on the Working 
electrode. 
[0052] A “non-corroding” conductive material includes 
non-metallic materials, such as carbon and conductive poly 
mers. 

Analyte Sensor Systems 

[0053] The sensors of the present invention can be utiliZed 
in a variety of devices and under a variety of conditions. The 
particular con?guration of a sensor may depend on the use for 
Which the sensor is intended and the conditions under Which 
the sensor Will operate (e.g., in vivo or in vitro). One embodi 
ment of the analyte sensor is con?gured for implantation into 
a patient or user for in vivo operation. For example, implan 
tation of the sensor may be made in the arterial or venous 
systems for direct testing of analyte levels in blood. Alterna 
tively, a sensor may be implanted in the interstitial tissue for 
determining the analyte level in interstitial ?uid. This level 
may be correlated and/or converted to analyte levels in blood 
or other ?uids. The site and depth of implantation may affect 
the particular shape, components, and con?guration of the 
sensor. Subcutaneous implantation may be preferred, in some 
cases, to limit the depth of implantation of the sensor. Sensors 
may also be implanted in other regions of the body to deter 
mine analyte levels in other ?uids. Particularly useful sensors 
are described in US. Pat. No. 6,134,461, incorporated herein 
by reference. 
[0054] An implantable analyte sensor may be used as part 
of an analyte monitoring system to continuously and/or peri 
odically monitor the level of an analyte in a body ?uid of a 
patient. In addition to the sensor 42, the analyte monitoring 
system 40 also typically includes a control unit 44 for oper 
ating the sensor 42 (e. g., providing a potential to the elec 
trodes and obtaining measurements from the electrodes) and 
a processing unit 45 for analyZing the measurements from the 
sensor 42. The control unit 44 and processing unit 45 may be 
combined in a single unit or may be separate. 
[0055] Another embodiment of the sensor may be used for 
in vitro measurement of a level of an analyte. The in vitro 
sensor is coupled to a control unit and/ or a processing unit to 
form an analyte monitoring system. In some embodiments, an 
in vitro analyte monitoring system is also con?gured to pro 
vide a sample to the sensor. For example, the analyte moni 
toring system may be con?gured to draW a sample from, for 
example, a lanced Wound using a Wicking and/or capillary 
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action. The sample may then be draWn into contact With the 
sensor. Examples of such sensors may be found in US. patent 
application Ser. No. 08/795,767 and PCT Patent Application 
Publication No. WO 98/35225, incorporated herein by refer 
ence. 

[0056] Other methods for providing a sample to the sensor 
include using a pump, syringe, or other mechanism to draW a 
sample from a patient through tubing or the like either directly 
to the sensor or into a storage unit from Which a sample is 
obtained for the sensor. The pump, syringe, or other mecha 
nism may operate continuously, periodically, or When desired 
to obtain a sample for testing. Other useful devices for pro 
viding an analyte-containing ?uid to the sensor include 
micro?ltration and/or microdialysis devices. In some 
embodiments, particularly those using a microdialysis 
device, the analyte may be draWn from the body ?uid through 
a microporous membrane, for example, by osmotic pressure, 
into a carrier ?uid Which is then conveyed to the sensor for 
analysis. Other useful devices for acquiring a sample are 
those that collect body ?uids transported across the skin using 
techniques, such as reverse iontophoresis, to enhance the 
transport of ?uid containing analyte across the skin. 

The Sensor 

[0057] A sensor 42, according to the invention, includes at 
least one Working electrode 58 formed on a substrate 50, as 
shoWn in FIG. 2. The sensor 42 may also include at least one 
counter electrode 60 (or counter/reference electrode) and/or 
at least one reference electrode 62 (see FIG. 8). The counter 
electrode 60 and/or reference electrode 62 may be formed on 
the substrate 50 or may be separate units. For example, the 
counter electrode and/or reference electrode may be formed 
on a second substrate Which is also implanted in the patient or, 
for some embodiments of the implantable sensors, the 
counter electrode and/or reference electrode may be placed 
on the skin of the patient With the Working electrode or elec 
trodes being implanted into the patient. The use of an on-the 
skin counter and/ or reference electrode With an implantable 
Working electrode is described in US. Pat. No. 5,593,852, 
incorporated herein by reference. 
[0058] The Working electrode or electrodes 58 are formed 
using conductive traces 52 disposed on the substrate 50. The 
counter electrode 60 and/or reference electrode 62, as Well as 
other optional portions of the sensor 42, such as a temperature 
probe 66 (see FIG. 8), may also be formed using conductive 
traces 52 disposed on the substrate 50. These conductive 
traces 52 may be formed over a smooth surface of the sub 
strate 50 or Within channels 54 formed by, for example, 
embossing, indenting or otherWise creating a depression in 
the substrate 50. 
[0059] A sensing layer 64 (see FIGS. 3A and 3B) is often 
formed proximate to or on at least one of the Working elec 
trodes 58 to facilitate the electrochemical detection of the 
analyte and the determination of its level in the sample ?uid, 
particularly if the analyte can not be electrolyZed at a desired 
rate and/or With a desired speci?city on a bare electrode. The 
sensing layer 64 may include an electron transfer agent to 
transfer electrons directly or indirectly betWeen the analyte 
and the Working electrode 58. The sensing layer 64 may also 
contain a catalyst to catalyZe a reaction of the analyte. The 
components of the sensing layer may be in a ?uid or gel that 
is proximate to or in contact With the Working electrode 58. 
Alternatively, the components of the sensing layer 64 may be 
disposed in a polymeric or sol-gel matrix that is proximate to 
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or on the Working electrode 58. Preferably, the components of 
the sensing layer 64 are non-leachably disposed Within the 
sensor 42. More preferably, the components of the sensor 42 
are immobilized Within the sensor 42. 

[0060] In addition to the electrodes 58, 60, 62 and the 
sensing layer 64, the sensor 42 may also include a tempera 
ture probe 66 (see FIGS. 6 and 8), a mass transport limiting 
layer 74 (see FIG. 9), a biocompatible layer 75 (see FIG. 9), 
and/ or other optional components, as described beloW. Each 
of these items enhances the functioning of and/or results from 
the sensor 42, as discussed beloW. 

The Substrate 

[0061] The substrate 50 may be formed using a variety of 
non-conducting materials, including, for example, polymeric 
or plastic materials and ceramic materials. Suitable materials 
for a particular sensor 42 may be determined, at least in part, 
based on the desired use of the sensor 42 and properties of the 
materials. 
[0062] In some embodiments, the substrate is ?exible. For 
example, if the sensor 42 is con?gured for implantation into a 
patient, then the sensor 42 may be made ?exible (although 
rigid sensors may also be used for implantable sensors) to 
reduce pain to the patient and damage to the tissue caused by 
the implantation of and/or the Wearing of the sensor 42. A 
?exible substrate 50 often increases the patient’s comfort and 
alloWs a Wider range of activities. A ?exible substrate 50 is 
also useful for an in vitro sensor 42, particularly for ease of 
manufacturing. Suitable materials for a ?exible substrate 50 
include, for example, non-conducting plastic or polymeric 
materials and other non-conducting, ?exible, deformable 
materials. Examples of useful plastic or polymeric materials 
include thermoplastics such as polycarbonates, polyesters 
(e.g., MylarTM and polyethylene terephthalate (PET)), poly 
vinyl chloride (PVC), polyurethanes, polyethers, polya 
mides, polyimides, or copolymers of these thermoplastics, 
such as PETG (glycol-modi?ed polyethylene terephthalate). 
[0063] In other embodiments, the sensors 42 are made 
using a relatively rigid substrate 50 to, for example, provide 
structural support against bending or breaking. Examples of 
rigid materials that may be used as the substrate 50 include 
poorly conducting ceramics, such as aluminum oxide and 
silicon dioxide. One advantage of an implantable sensor 42 
having a rigid substrate is that the sensor 42 may have a sharp 
point and/or a sharp edge to aid in implantation of a sensor 42 
Without an additional insertion device. In addition, rigid sub 
strates 50 may also be used in sensors for in vitro analyte 
monitors. 
[0064] It Will be appreciated that for many sensors 42 and 
sensor applications, both rigid and ?exible sensors Will oper 
ate adequately. The ?exibility of the sensor 42 may also be 
controlled and varied along a continuum by changing, for 
example, the composition and/or thickness of the substrate 
50. 
[0065] In addition to considerations regarding ?exibility, it 
is often desirable that implantable sensors 42, as Well as in 
vitro sensors Which contact a ?uid that is returned to a 
patient’s body, should have a substrate 50 Which is non-toxic. 
Preferably, the substrate 50 is approved by one or more appro 
priate governmental agencies or private groups for in vivo 
use. 

[0066] The sensor 42 may include optional features to 
facilitate insertion of an implantable sensor 42, as shoWn in 
FIG. 17. For example, the sensor 42 may be pointed at the tip 
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123 to ease insertion. In addition, the sensor 42 may include 
a barb 125 Which assists in anchoring the sensor 42 Within the 
tissue of the patient during operation of the sensor 42. HoW 
ever, the barb 125 is typically small enough that little damage 
is caused to the subcutaneous tissue When the sensor 42 is 
removed for replacement. 
[0067] Although the substrate 50 in at least some embodi 
ments has uniform dimensions along the entire length of the 
sensor 42, in other embodiments, the substrate 50 has a distal 
end 67 at a ?rst portion 67a of sensor 42 and a proximal end 
65 at a second portion 65a of sensor 42. First portion 67a and 
second portion 6511 have different Widths 53, 55, respectively, 
as illustrated in FIG. 2. Width 53 is measured betWeen edge 
67' and edge 67" of ?rst portion 67a, and Width 55 is measured 
betWeen edge 65' and edge 65" of second portion 65a. In these 
embodiments, the ?rst portion 6711 having distal end 67 of the 
substrate 50 may have a relatively narroW Width 53. For 
sensors 42 Which are implantable into the subcutaneous tissue 
or another portion of a patient’s body, the narroW Width 53 of 
the ?rst portion 6711 having distal end 67 of the substrate 50 
may facilitate the implantation of the sensor 42. Often, the 
narroWer the Width of the sensor 42, the less pain the patient 
Will feel during implantation of the sensor and afterWards. 
[0068] For subcutaneously implantable sensors 42 Which 
are designed for continuous or periodic monitoring of the 
analyte during normal activities of the patient, the ?rst portion 
6711 having distal end 67 of the sensor 42 Which is to be 
implanted into the patient has a Width 53 of 2 mm or less, 
preferably 1 mm or less, and more preferably 0.5 mm or less. 
If the sensor 42 does not have regions of different Widths, then 
the sensor 42 Will typically have an overall Width of, for 
example, 2 mm, 1.5 mm, 1 mm, 0.5 mm, 0.25 mm, or less. 
HoWever, Wider or narroWer sensors may be used. In particu 
lar, Wider implantable sensors may be used for insertion into 
veins or arteries or When the movement of the patient is 
limited, for example, When the patient is con?ned in bed or in 
a hospital. 

[0069] For sensors 42 Which are designed for measuring 
small volume in vitro samples, the narroW Width 53 may 
reduce the volume of sample needed for an accurate reading. 
The narroW Width 53 of the sensor 42 results in all of the 
electrodes of the sensor 42 being closely congregated, 
thereby requiring less sample volume to cover all of the 
electrodes. The Width of an in vitro sensor 42 may vary 
depending, at least in part, on the volume of sample available 
to the sensor 42 and the dimensions of the sample chamber in 
Which the sensor 42 is disposed. 

[0070] Returning to FIG. 2, the proximal end 65 of the 
sensor 42 may have a Width 55 larger than the distal end 67 to 
facilitate the connection betWeen contact pads 49 of the elec 
trodes and contacts on a control unit. The Wider the sensor 42 
at this point, the larger the contact pads 49 can be made. This 
may reduce the precision needed to properly connect the 
sensor 42 to contacts on the control unit (e.g., sensor control 
unit 44 of FIG. 1). HoWever, the maximum Width of the sensor 
42 may be constrained so that the sensor 42 remains small for 
the convenience and comfort of the patient and/ or to ?t the 
desired siZe of the analyte monitor. For example, the proximal 
end 65 of a subcutaneously implantable sensor 42, such as the 
sensor 42 illustrated in FIG. 1, may have a Width 55 ranging 
from 0.5 mm to 15 mm, preferably from 1 mm to 10 mm, and 
more preferably from 3 mm to 7 mm. HoWever, Wider or 
narroWer sensors may be used in this and other in vivo and in 
vitro applications. 
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[0071] The thickness of the substrate 50 may be determined 
by the mechanical properties of the substrate material (e.g., 
the strength, modulus, and/or ?exibility of the material), the 
desired use of the sensor 42 including stresses on the substrate 
50 arising from that use, as Well as the depth of any channels 
or indentations formed in the substrate 50, as discussed 
beloW. Typically, the substrate 50 of a subcutaneously 
implantable sensor 42 for continuous or periodic monitoring 
of the level of an analyte While the patient engages in normal 
activities has a thickness of 50 to 500 um and preferably 100 
to 300 um. HoWever, thicker and thinner substrates 50 may be 
used, particularly in other types of in vivo and in vitro sensors 
42. 
[0072] The length of the sensor 42 may have a Wide range 
of values depending on a variety of factors. Factors Which 
in?uence the length of an implantable sensor 42 may include 
the depth of implantation into the patient and the ability of the 
patient to manipulate a small ?exible sensor 42 and make 
connections betWeen the sensor 42 and the sensor control unit 
44. A subcutaneously implantable sensor 42 for the analyte 
monitor illustrated in FIG. 1 may have a length ranging from 
0.3 to 5 cm, hoWever, longer or shorter sensors may be used. 
The length of the narroW portion of the sensor 42 (e.g., the 
portion Which is subcutaneously inserted into the patient), if 
the sensor 42 has narroW and Wide portions, is typically about 
0.25 to 2 cm in length. HoWever, longer and shorter portions 
may be used. All or only a part of this narroW portion may be 
subcutaneously implanted into the patient. 
[0073] The lengths of other implantable sensors 42 Will 
vary depending, at least in part, on the portion of the patient 
into Which the sensor 42 is to be implanted or inserted. The 
length of in vitro sensors may vary over a Wide range depend 
ing on the particular con?guration of the analyte monitoring 
system and, in particular, the distance betWeen the contacts of 
the control unit and the sample. 

Conductive Traces 

[0074] At least one conductive trace 52 is formed on the 
substrate for use in constructing a Working electrode 58. In 
addition, other conductive traces 52 may be formed on the 
substrate 50 for use as electrodes (e.g., additional Working 
electrodes, as Well as counter, counter/reference, and/or ref 
erence electrodes) and other components, such as a tempera 
ture probe. The conductive traces 52 may extend most of the 
distance along a length 57 of the sensor 50, as illustrated in 
FIG. 2, although this is not necessary. The placement of the 
conductive traces 52 may depend on the particular con?gu 
ration of the analyte monitoring system (e.g., the placement 
of control unit contacts and/ or the sample chamber in relation 
to the sensor 42). For implantable sensors, particularly sub 
cutaneously implantable sensors, the conductive traces typi 
cally extend close to the tip of the sensor 42 to minimiZe the 
amount of the sensor that must be implanted. 
[0075] The conductive traces 52 may be formed on the 
substrate 50 by a variety of techniques, including, for 
example, photolithography, screen printing, or other impact 
or non-impact printing techniques. The conductive traces 52 
may also be formed by carboniZing conductive traces 52 in an 
organic (e.g., polymeric or plastic) substrate 50 using a laser. 
[0076] Another method for disposing the conductive traces 
52 on the substrate 50 includes the formation of recessed 
channels 54 in one or more surfaces of the substrate 50 and the 
subsequent ?lling of these recessed channels 54 With a con 
ductive material 56, as shoWn in FIG. 3A. The recessed chan 
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nels 54 may be formed by indenting, embossing, or otherWise 
creating a depression in the surface of the substrate 50. The 
depth of the channels is typically related to the thickness of 
the substrate 50. In one embodiment, the channels have 
depths in the range ofabout 12.5 to 75 um (0.5 to 3 mils), and 
preferably about 25 to 50 um (I to 2 mils). 
[0077] The conductive traces are typically formed using a 
conductive material 56 such as carbon (e. g., graphite), a con 
ductive polymer, a metal or alloy (e.g., gold or gold alloy), or 
a metallic compound (e.g., ruthenium dioxide or titanium 
dioxide). The formation of ?lms of carbon, conductive poly 
mer, metal, alloy, or metallic compound are Well-knoWn and 
include, for example, chemical vapor deposition (CVD), 
physical vapor deposition, sputtering, reactive sputtering, 
printing, coating, and painting. The conductive material 56 
Which ?lls the channels 54 is often formed using a precursor 
material, such as a conductive ink or paste. In these embodi 
ments, the conductive material 56 is deposited on the sub 
strate 50 using methods such as coating, painting, or applying 
the material using a spreading instrument, such as a coating 
blade. Excess conductive material betWeen the channels 54 is 
then removed by, for example, running a blade along the 
substrate surface. 

[0078] In one embodiment, the conductive material 56 is a 
part of a precursor material, such as a conductive ink, obtain 
able, for example, from Ercon, Inc. (Wareham, Mass.), 
Metech, Inc. (Elverson, Pa.), E.I. du Pont de Nemours and Co. 
(Wilmington, Del.), Emca-Remex Products (Montgomer 
yville, Pa.), or MCA Services (Melboum, Great Britain). The 
conductive ink is typically applied as a semiliquid or paste 
Which contains particles of the carbon, metal, alloy, or metal 
lic compound and a solvent or dispersant. After application of 
the conductive ink on the substrate 50 (e.g., in the channels 
54), the solvent or dispersant evaporates to leave behind a 
solid mass of conductive material 56. 

[0079] In addition to the particles of carbon, metal, alloy, or 
metallic compound, the conductive ink may also contain a 
binder. The binder may optionally be cured to further bind the 
conductive material 56 Within the channel 54 and/or on the 
substrate 50. Curing the binder increases the conductivity of 
the conductive material 56. HoWever, this is typically not 
necessary as the currents carried by the conductive material 
56 Within the conductive traces 52 are often relatively loW 
(usually less than 1 [1A and often less than 100 nA). Typical 
binders include, for example, polyurethane resins, cellulose 
derivatives, elastomers, and highly ?uorinated polymers. 
Examples of elastomers include silicones, polymeric dienes, 
and acrylonitrile-butadiene-styrene (ABS) resins. One 
example of a ?uorinated polymer binder is Te?on® (DuPont, 
Wilmington, Del.). These binders are cured using, for 
example, heat or light, including ultraviolet (UV) light. The 
appropriate curing method typically depends on the particular 
binder Which is used. 

[0080] Often, When a liquid or semiliquid precursor of the 
conductive material 56 (e.g., a conductive ink) is deposited in 
the channel 54, the precursor ?lls the channel 54. HoWever, 
When the solvent or dispersant evaporates, the conductive 
material 56 Which remains may lose volume such that the 
conductive material 56 may or may not continue to ?ll the 
channel 54. Preferred conductive materials 56 do not pull 
aWay from the substrate 50 as they lose volume, but rather 
decrease in height Within the channel 54. These conductive 
materials 56 typically adhere Well to the substrate 50 and 
therefore do not pull aWay from the substrate 50 during 
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evaporation of the solvent or dispersant. Other suitable con 
ductive materials 56 either adhere to at least a portion of the 
substrate 50 and/ or contain another additive, such as a binder, 
Which adheres the conductive material 56 to the substrate 50. 
Preferably, the conductive material 56 in the channels 54 is 
non-leachable, and more preferably immobiliZed on the sub 
strate 50. In some embodiments, the conductive material 56 
may be formed by multiple applications of a liquid or semi 
liquid precursor interspersed With removal of the solvent or 
dispersant. 
[0081] In another embodiment, the channels 54 are formed 
using a laser. The laser carboniZes the polymer or plastic 
material. The carbon formed in this process is used as the 
conductive material 56. Additional conductive material 56, 
such as a conductive carbon ink, may be used to supplement 
the carbon formed by the laser. 
[0082] In a further embodiment, the conductive traces 52 
are formed by pad printing techniques. For example, a ?lm of 
conductive material is formed either as a continuous ?lm or as 
a coating layer deposited on a carrier ?lm. This ?lm of con 
ductive material is brought betWeen a print head and the 
substrate 50. A pattern on the surface of the substrate 50 is 
made using the print head according to a desired pattern of 
conductive traces 52. The conductive material is transferred 
by pressure and/or heat from the ?lm of conductive material 
to the substrate 50. This technique often produces channels 
(e.g., depressions caused by the print head) in the substrate 
50. Alternatively, the conductive material is deposited on the 
surface of the substrate 50 Without forming substantial 
depressions. 
[0083] In other embodiments, the conductive traces 52 are 
formed by non-impact printing techniques. Such techniques 
include electrophotography and magnetography. In these 
processes, an image of the conductive traces 52 is electrically 
or magnetically formed on a drum. A laser or LED may be 
used to electrically form an image. A magnetic recording 
head may be used to magnetically form an image. A toner 
material (e.g., a conductive material, such as a conductive 
ink) is then attracted to portions of the drum according to the 
image. The toner material is then applied to the substrate by 
contact betWeen the drum and the substrate. For example, the 
substrate may be rolled over the drum. The toner material may 
then be dried and/or a binder in the toner material may be 
cured to adhere the toner material to the substrate. 

[0084] Another non-impact printing technique includes 
ejecting droplets of conductive material onto the substrate in 
a desired pattern. Examples of this technique include ink jet 
printing and pieZo jet printing. An image is sent to the printer 
Which then ejects the conductive material (e.g., a conductive 
ink) according to the pattern. The printer may provide a 
continuous stream of conductive material or the printer may 
eject the conductive material in discrete amounts at the 
desired points. 
[0085] Yet another non-impact printing embodiment of 
forming the conductive traces includes an ionographic pro 
cess. In this process, a curable, liquid precursor, such as a 
photopolymeriZable acrylic resin (e.g., Solimer 7501 from 
Cubital, Bad KreuZnach, Germany) is deposited over a sur 
face of a substrate 50. A photomask having a positive or 
negative image of the conductive traces 52 is then used to cure 
the liquid precursor. Light (e.g., visible or ultraviolet light) is 
directed through the photomask to cure the liquid precursor 
and form a solid layer over the substrate according to the 
image on the photomask. Uncured liquid precursor is 
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removed leaving behind channels 54 in the solid layer. These 
channels 54 can then be ?lled With conductive material 56 to 
form conductive traces 52. 

[0086] Conductive traces 52 (and channels 54, if used) can 
be formed With relatively narroW Widths, for example, in the 
range of 25 to 250 um, and including Widths of, for example, 
250 um, 150 pm, 100 um, 75 um, 50 um, 25 pm or less by the 
methods described above. In embodiments With tWo or more 
conductive traces 52 on the same side of the substrate 50, the 
conductive traces 52 are separated by distances su?icient to 
prevent conduction betWeen the conductive traces 52. The 
edge-to-edge distance betWeen the conductive traces is pref 
erably in the range of 25 to 250 um and may be, for example, 
150 pm, 100 um, 75 um, 50 um, or less. The density of the 
conductive traces 52 on the substrate 50 is preferably in the 
range ofabout 150 to 700 um/trace and may be as small as 667 
um/trace or less, 333 um/trace or less, or even 167 um/trace or 
less. 
[0087] The Working electrode 58 and the counter electrode 
60 (if a separate reference electrode is used) are often made 
using a conductive material 56, such as carbon. Suitable car 
bon conductive inks are available from Ercon, Inc. (Wareham, 
Mass.), Metech, Inc. (Elverson, Pa.), E.I. du Pont de Nemours 
and Co. (Wilmington, Del.), Emca-Remex Products (Mont 
gomeryville, Pa.), or MCA Services (Melboum, Great Brit 
ain). Typically, the Working surface 51 of the Working elec 
trode 58 is at least a portion of the conductive trace 52 that is 
in contact With the analyte-containing ?uid (e. g., implanted in 
the patient or in the sample chamber of an in vitro analyte 
monitor). 
[0088] The reference electrode 62 and/or counter/reference 
electrode are typically formed using conductive material 56 
that is a suitable reference material, for example silver/ silver 
chloride or a non-leachable redox couple bound to a conduc 
tive material, for example, a carbon-bound redox couple. 
Suitable silver/ silver chloride conductive inks are available 

from Ercon, Inc. (Wareham, Mass.), Metech, Inc. (Elverson, 
Pa.), E.I. du Pont de Nemours and Co. (Wilmington, Del.), 
Emca-Remex Products (Montgomeryville, Pa.), or MCA Ser 
vices (Melboum, Great Britain). Silver/silver chloride elec 
trodes illustrate a type of reference electrode that involves the 
reaction of a metal electrode With a constituent of the sample 
or body ?uid, in this case, C1‘. 
[0089] Suitable redox couples for binding to the conductive 
material of the reference electrode include, for example, 
redox polymers (e.g., polymers having multiple redox cen 
ters.) It is preferred that the reference electrode surface be 
non-corroding so that an erroneous potential is not measured. 
Preferred conductive materials include less corrosive metals, 
such as gold and palladium. Most preferred are non-corrosive 
materials including non-metallic conductors, such as carbon 
and conducting polymers. A redox polymer can be adsorbed 
on or covalently bound to the conductive material of the 
reference electrode, such as a carbon surface of a conductive 
trace 52. Non-polymeric redox couples can be similarly 
bound to carbon or gold surfaces. 
[0090] A variety of methods may be used to immobiliZe a 
redox polymer on an electrode surface. One method is 
adsorptive immobilization. This method is particularly useful 
for redox polymers With relatively high molecular Weights. 
The molecular Weight of a polymer may be increased, for 
example, by cross-linking. 
[0091] Another method for immobiliZing the redox poly 
mer includes the functionaliZation of the electrode surface 
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and then the chemical bonding, often covalently, of the redox 
polymer to the functional groups on the electrode surface. 
One example of this type of immobilization begins With a 
poly(4-vinylpyridine). The polymer’s pyridine rings are, in 
part, complexed With a reducible/oxidiZable species, such as 
[Os(bpy)2Cl]"/2+ Where bpy is 2,2'-bipyridine. Part of the 
pyridine rings are quatemiZed by reaction With 2-bromoethy 
lamine. The polymer is then crosslinked, for example, using a 
diepoxide, such as polyethylene glycol diglycidyl ether. 
[0092] Carbon surfaces can be modi?ed for attachment of a 
redox species orpolymer, for example, by electroreduction of 
a diaZonium salt. As an illustration, reduction of a diaZonium 
salt formed upon diaZotiZation of p-aminobenZoic acid modi 
?es a carbon surface With phenylcarboxylic acid functional 
groups. These functional groups can then be activated by a 
carbodiimide, such as l-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide hydrochloride. The activated functional groups 
are then bound With a amine-functionaliZed redox couple, 
such as the quaterniZed osmium-containing redox polymer 
described above or 2-aminoethylferrocene, to form the redox 
couple. 
[0093] Similarly, gold can be functionaliZed by an amine, 
such as cystamine. A redox couple such as [Os(bpy)2(pyri 
dine-4-carboxylate)Cl]O/+ is activated by l-ethyl-3-(3-dim 
ethylaminopropyl)-carbodiimide hydrochloride to form a 
reactive O-acylisourea Which reacts With the gold-bound 
amine to form an amide. 
[0094] In one embodiment, in addition to using the conduc 
tive traces 52 as electrodes or probe leads, tWo or more of the 
conductive traces 52 on the substrate 50 are used to give the 
patient a mild electrical shock When, for example, the analyte 
level exceeds a threshold level. This shock may act as a 
Warning or alarm to the patient to initiate some action to 
restore the appropriate level of the analyte. 
[0095] The mild electrical shock is produced by applying a 
potential betWeen any tWo conductive traces 52 that are not 
otherWise connected by a conductive path. For example, tWo 
of the electrodes 58, 60, 62 or one electrode 58, 60, 62 and the 
temperature probe 66 may be used to provide the mild shock. 
Preferably, the Working electrode 58 and the reference elec 
trode 62 are not used for this purpose as this may cause some 
damage to the chemical components on or proximate to the 
particular electrode (e.g., the sensing layer on the Working 
electrode or the redox couple on the reference electrode). 
[0096] The current used to produce the mild shock is typi 
cally 0.1 to 1 mA. Higher or loWer currents may be used, 
although care should be taken to avoid harm to the patient. 
The potential betWeen the conductive traces is typically 1 to 
10 volts. HoWever, higher or loWer voltages may be used 
depending, for example, on the resistance of the conductive 
traces 52, the distance betWeen the conductive traces 52 and 
the desired amount of current. When the mild shock is deliv 
ered, potentials at the Working electrode 58 and across the 
temperature probe 66 may be removed to prevent harm to 
those components caused by unWanted conduction betWeen 
the Working electrode 58 (and/or temperature probe 66, if 
used) and the conductive traces 52 Which provide the mild 
shock. 

Contact Pads 

[0097] Typically, each of the conductive traces 52 includes 
a contact pad 49. The contact pad 49 may simply be a portion 
of the conductive trace 52 that is indistinguishable from the 
rest of the trace 52 except that the contact pad 49 is brought 
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into contact With the conductive contacts of a control unit 
(e.g., the sensor control unit 44 of FIG. 1). More commonly, 
hoWever, the contact pad 49 is a region of the conductive trace 
52 that has a larger Width than other regions of the trace 52 to 
facilitate a connection With the contacts on the control unit. 
By making the contact pads 49 relatively large as compared 
With the Width of the conductive traces 52, the need for 
precise registration betWeen the contact pads 49 and the con 
tacts on the control unit is less critical than With small contact 
pads. 
[0098] The contact pads 49 are typically made using the 
same material as the conductive material 56 of the conductive 
traces 52. HoWever, this is not necessary. Although metal, 
alloys, and metallic compounds may be used to form the 
contact pads 49, in some embodiments, it is desirable to make 
the contact pads 49 from a carbon or other non-metallic 
material, such as a conducting polymer. In contrast to metal or 
alloy contact pads, carbon and other non-metallic contact 
pads are not easily corroded if the contact pads 49 are in a Wet, 
moist, or humid environment. Metals and alloys may corrode 
under these conditions, particularly if the contact pads 49 and 
contacts of the control unit are made using different metals or 
alloys. HoWever, carbon and non-metallic contact pads 49 do 
not signi?cantly corrode, even if the contacts of the control 
device are metal or alloy. 

[0099] One embodiment of the invention includes a sensor 
42 having contact pads 49 and a control unit 44 having con 
ductive contacts (not shoWn). During operation of the sensor 
42, the contact pads 49 and conductive contacts are in contact 
With each other. In this embodiment, either the contact pads 
49 or the conductive contacts are made using a non-corroding, 
conductive material. Such materials include, for example, 
carbon and conducting polymers. Preferred non-corroding 
materials include graphite and vitreous carbon. The opposing 
contact pad or conductive contact is made using carbon, a 
conducting polymer, a metal, such as gold, palladium, or 
platinum group metal, or a metallic compound, such as ruthe 
nium dioxide. This con?guration of contact pads and conduc 
tive contacts typically reduces corrosion. Preferably, When 
the sensor is placed in a 3 mM, and more preferably, in a 100 
mM, NaCl solution, the signal arising due to the corrosion of 
the contact pads and/or conductive contacts is less than 3% of 
the signal generated by the sensor When exposed to concen 
tration of analyte in the normal physiological range. For at 
least some subcutaneous glucose sensors, the current gener 
ated by analyte in a normal physiological range ranges from 
3 to 500 nA. 

[0100] Each ofthe electrodes 58, 60, 62, as Well as the tWo 
probe leads 68, 70 of the temperature probe 66 (described 
beloW), are connected to contact pads 49 as shoWn in FIGS. 
10 and 11. In one embodiment (not shoWn), the contact pads 
49 are on the same side of the substrate 50 as the respective 
electrodes or temperature probe leads to Which the contact 
pads 49 are attached. 

[0101] In other embodiments, the conductive traces 52 on 
at least one side are connected through vias in the substrate to 
contact pads 4911 on the opposite surface of the substrate 50, 
as shoWn in FIGS. 10 and 11. An advantage of this con?gu 
ration is that contact betWeen the contacts on the control unit 
and each of the electrodes 58, 60, 62 and the probe leads 68,70 
of the temperature probe 66 can be made from a single side of 
the substrate 50. 

[0102] In yet other embodiments (not shoWn), vias through 
the substrate are used to provide contact pads on both sides of 
























