
WO 2004/039600 PCT/GB2003/004708  ENZYME PRINT HUMIDIFICATION IN A
CONTINUOUS PROCESS FOR  MANUFACTURE OF ELECTROCHEMICAL SENSORS BACKGROUND OF
THE INVENTION  Field of the Invention The present invention relates, in
general, to an improved process for  manufacturing electrochemical sensors
and, more particularly, to an improved web  manufacturing process wherein a
screen printing station is maintained at a predetermined  



temperature and humidity level during an enzyme printing process. Background
Of The Invention Electrochemical sensors are used in a variety of diagnostic
procedures,  including the measurement of glucose in human blood. The
manufacture of such  electrochemical sensors involves the manufacture of
millions of small strips which each  include electrodes arranged in a sample
receiving cell which is adapted to receive blood or  other bodily fluids.
The bodily fluids the form complete circuit between the electrodes in  the
cell. The electrodes are generally coated with at least one reagent that
reacts with the  



analyte (e.g. glucose) in the blood to form an intermediate analyte that may
be measured by  a meter adapted to measure current or charge at the
electrodes. Manufacture of such  electrochemical sensors requires the
deposition of several layers of electrode material,  insulation material and
reagent in a very small space and the accuracy and arrangements of  such
layers is critical to the ultimate function of the device. Further, in order
to hold down  costs and meet demand, it is imperative that the
electrochemical sensors be manufactured  at very high speeds and with
absolute accuracy of alignment between the layers. Electrochemical sensors
can be used for many applications. In one application,  



electrochemical sensor strip are inserted into specially adapted meters for
self-monitoring  of glucose or other analytes (such as fructosamine,
haematocrit etc) in, for example, blood  1 WO 2004/039600 PCT/GB2003/004708
or interstitial fluid. Many analytes can be tested using such
electrochemical sensors,  depending upon the design of the electrochemical
sensor, the arrangement of the electrodes, the reagent used and other
factors. Many of these applications, and in particular  strips for testing
glucose, require sensor layouts of a particular size and construction, where



the manufacture is done within particular tolerances to render the
electrochemical sensors  having characteristics which are as predictable and
repeatable as possible. The manufacturing process is further complicated by
the need to manufacture  sensors many sensors very quickly where the sensors
have very small cell sizes and,  therefore, very small electrodes within
very tight tolerances. When testing blood or  interstitial fluid glucose,
one of the main factors discouraging regular testing is the pain  involved
in extracting the required amount of blood or interstitial fluid. A larger
volume  typically requires a greater amount of pain than a smaller volume.
Thus, it is advantageous  



to produce sensors that require a smaller amount of blood or interstitial
fluid and therefore  are less painful to use, encouraging more regular
discrete or continuous testing. One way  of requiring less analyte is to
produce electrochemical sensor ships having a very small  structural
features such as, very small sample receiving cells and very small
electrodes  within those sample receiving cells, however, such small
features more difficult to  manufacture, particularly in an accurate and
reproducible manner in order to produce  accurate and reproducible analyte
measurements. Many methods may be used to manufacture electrochemical
sensors, including  



such processes as rotogravure and cylinder screen printing. In rotogravure
printing a  cylinder is coated with a covering defining the shape of the
feature (e.g. electrodes) to be  printed. Further cylinders maybe used to
print further films or layers (e.g. enzymes or  insulation layers). Where an
electrochemical sensor is fabricated by rotogravure printing of
electrically conductive ink to form one or more electrodes on a flexible
web, which maybe  polymeric- High quality print definition is possible using
very thin inks. For the thicker  inks and greater print thicknesses required
when printing electrochemical sensors fixed flat 



2 WO 2004/039600 PCT/GB2003/004708  screens have generally been used in
single feed flat bed printing of electrochemical  sensors. Other methods,
including methods of manufacturing electrochemical sensors  using rotating
printing structures have also been described. In a web manufacturing process
for electrochemical sensors, a web of substrate  material is passed through
a series of print stations. At each print station, a new layer of  material
such as, for example, electrode material, is deposited on the substrate or
on a  



previously deposited layer using, for example, a screen printing process. In
the screen  printing process, the web is positioned under a screen and an
ink, for example, a  conductive ink used to make electrodes is pushed
through selected portions of the screen to  print a layer having a
predetermined layout on the portion of the web positioned below the  screen.
Thus, it is possible build the electrochemical sensor on the substrate by
moving the  substrate from one print station to the next, printing each
layer consecutively and cutting  the individual sensor's from the finished
web. In one manufacturing method an electrode layer and at least a first
reagent layer  



are manufactured by transporting a continuous web of the substrate past at
least two print  stations. The print stations may be cylindrical rotogravure
print stations or cylinder screen  print stations. However rotogravure
(rotating an engraved cylinder) and cylinder screen  printing (rotating a
cylindrical screen/stencil) methods of printing suffer drawbacks when
printing electrochemical sensors on a web. Rotogravure printing typically
gives very thin  print heights. The thick electrically conductive inks
needed to produce the required  electrode thickness for electrochemical
sensors (especially those for blood glucose  detection) are particularly
likely to suffer from incomplete, inconsistent printing with the  



resultant reduction in electrochemical sensor quality, consistency and
reliability.  Rotogravure printing with carbon inks (which typically have a
high solid content and can  be quite viscous) for producing carbon
electrodes is especially difficult as the solid/liquid  phases in the ink
can separate resulting in incomplete or uneven filling or emptying of the
engraving from print to print. This can result in uneven print thicknesses
and degradation  of carbon electrode quality and consistency. Cylinder
screen printing is well suited to  single feed arrangements (as opposed to
continuous web arrangements). Furthermore, the  3 



WO 2004/039600 PCT/GB2003/004708  ability to manipulate the way the screen
interacts with the printing medium, and hence  exert influence on the print
quality by doing this) is limited because of the cylindrical  nature of the
screen. Also, the variety of stencils available to achieve the correct ink
thickness for each type of ink (Carbon, silver/silver chloride, insulation,
enzyme or other  reagent layer) is not readily commercially available.
Electrochemical sensors for testing blood or interstitial glucose may also
be  produced in a multi step printing process using flat bed printers (such
as Thieme or Svecia  



available from Kippax UK, Huddersfield, UK and Registerprint, London, UK)
and  metering an ink through screen stencils available from DEK Machinery,
Weymouth, UK  and BTP Craftsc Teen, Coventry, UK) arranged parallel to the
flat substrate cards to be  printed upon. This process has the advantage
that the sensors can be produced in an  accurate repeatable manner so that a
user can compare results from time to time. Sheets of  substrate for
printing rows of strips thereon are passed through several flat bed printing
stages with the rows perpendicular to the direction of travel. In this
manufacturing process  thin layers of ink are sequentially screen printed
onto a polymeric substrate to form a large  



group of sensor strips. Firstly carbon ink may be laid down to form an
electrode layer. Next  an insulation ink layer may be laid down. Next a
reagent layer, typically enzyme ink, may  be laid down. Next a second enzyme
layer may be laid down. Next an adhesive layer may  be laid down. Finally, a
hydrophilic layer maybe laid down. A protective film maybe  placed on top of
the sensor sheet before prior to cutting the sheet into rows and the rows
into individual strips. A single sheet manufactured in this way of substrate
may produce  500 or more sensor strips. These sensor strips are arranged in
rows 0 to 9 perpendicular to  the direction of travel of the substrate sheet
through the flat bed printer (the direction of  



printing) with 50 sensor strips per row. Strips 1 to 50 in each row are each
parallel to the  direction of printing. Each sheet may be manipulated by
hand between each stage. In  particular following the four print steps (for
printing carbon ink, insulation ink and two  layers of enzyme ink) each
sheet may be manipulated by hand into a cutting machine so  that the cutting
maybe done along the rows separating one row of sensor strips from  another.
Next each row may be manipulated so as to be cut into 50 separate strips.
These  manipulation steps are time consuming and inefficient. 4 



WO 2004/039600 PCT/GB2003/004708  Therefore there exists the need for an
improved process for the manufacture of electrochemical sensors, and in
particular, for the manufacture of electrochemical sensors  for measurement
of markers in the body such as in blood or interstitial fluid (glucose,
fructosamine, haematocrit and so on). There further exists a need for a high
speed,  predictable, reproducible way to manufacture sensor strips at a
reasonable cost. Further,  there exists a need for a high speed,
predictable, reproducible way to manufacture sensor  strips having very
small features where each finished strip maybe used to reliably,  



predictably and accurately measure analytes in bodily fluids in a
reproducible manner. In screen printing processes for the manufacture of
electrochemical sensors  enzyme inks maybe approximately 60% water. The
water content of the enzyme ink  ensures that the viscosity remains the same
throughout a print run. This ensures that during  a print run the amount of
ink laid down onto the substrate is consistent. If the water content  of the
ink changes during the printing process this can lead to variations in
Enzyme print.  Loss of moisture from the Enzyme ink may lead to the Enzyme
drying into the screen  mesh resulting in poor print definition and a
reduction in the amount of ink laid onto the  



substrate surface. The present invention is intended for use in the
manufacture of electrochemical  sensors for the detection of analytes, for
example Glucose, in bodily fluids, for example,  blood. In such
manufacturing processes, it becomes necessary to deposit materials through
a screen where such materials, for example, enzymes, have a very high water
content, for  example, sixty percent. If not handled correctly, such
materials may dry out and clog the  screen used in the screen printing
process. If the screen becomes clogged, the manufacturing process must be
stopped, resulting a great expense and loss of large  



quantities of material. It would, therefore, be advantageous to design a web
manufacturing  process for use in the manufacture of electrochemical
sensors, wherein the high water  content printing materials (i.e_ inks) do
not dry out in and clog the screen. 5 WO 2004/039600 PCT/GB20031004708
SUMMARY OF THE INVENTION In a web manufacturing process according to the
present invention, the process  includes at least one print station adapted
to print enzymes on a moving substrate. In one  



embodiment, the web manufacturing process includes continuously moving the
substrate  through the process, depositing enzyme ink onto the substrate
through a screen printing  process wherein ink is deposited on a top side of
the screen and forced through the top side  onto the substrate which is
positioned adjacent to the bottom side of the screen. In order to  improve
ink transfer, air at the top side of the screen is humidified to a first
relative  humidity and air at the bottom side of the screen is humidified to
a second relative  humidity. The first and second relative humidity may be
the same and may be in a range  of, for example, approximately eighty-five
to ninety-five percent. In an further  



embodiment of the present invention, the first and second relative humidity
maybe in a  range of between eighty-seven and eighty-eight percent. In a
further embodiment of the  present invention, the first and second relative
humidity maybe approximately eighty- seven and sixty-nine one hundreds
parent. The method of the present invention may be  further improved by
controlling both the heat and humidity at the upper and lower surface  of
the screen used for printing enzymes during a web manufacturing process
according to  the present invention. In particular, the air temperature in
the vicinity of the screen may be  maintained at a temperature of, for
example, between approximately eighteen and twenty- 



two degrees Centigrade. The air temperature may further be maintained at a
temperature of  approximately twenty and fifty-nine one hundredths degrees
Centigrade. Further, in a web  printing process according to the present
invention, the process of depositing enzyme inks  may be improved by cooling
the substrate to a predetermined temperature, such as, for  example,
approximately eighteen degrees Centigrade prior to the deposition of any
ink. BRIEF DESCRIPTION OF THE DRAWINGS The novel features of the invention
are set forth with particularity in the  appended claims. A better
understanding of the features and advantages of the present  



invention will be obtained by reference to the following detailed
description that sets forth  6 WO 2004/039600 PCT/GB2003/004708
illustrative embodiments, in which the principles of the invention are
utilized, and the  accompanying drawings of which: Figure 1 is a schematic
diagram depicting 8 sections of the web printing process. Figure 2A is a
schematic diagram depicting a first and second sections of the web printing
process. 



Figure 2B is a schematic diagram depicting a third, fourth, and fifth
sections of the web  printing Process Figure 2C is a schematic diagram
depicting a sixth and seventh sections of the web printing  process. Figure
3 is a schematic diagram depicting a humid environment around a fifth and
sixth  sections of the web printing. Figure 4 is a bottom view depicting a
humid environment around a fifth and sixth sections  of the web printing. 



Figure 5 is a perspective view of a pipe with perforations.  Figure 6 is a
schematic diagram depicting a flood cycle  Figure 7 is a schematic diagram
depicting a print cycle Figure 8 is a schematic diagram depicting 2
different squeegee angles.  Figure 9 is a schematic diagram depicting 2
different squeegee positions.  Figure 10 is a schematic diagram depicting a
screen snap distance. 7 WO 2004/039600 PCT/GB2003/004708  



Figure 11 is an exploded view of a preconditioning zone (211). Figure 12 is
an exploded view of the first drying zone (217).  Figure 13 is an exploded
view of a second drying zone (224).  Figure 14 is an exploded view of a
third drying zone (230).  Figure 15 is an exploded view of a fourth drying
zone (236).  Figure 16 is an exploded view of a first cleaning unit (204).
Figures 17A-17D are views of an insulation layer to carbon layer with proper
registration.  Figures 18A-18D are views of an insulation layer to carbon
layer with improper  



registration when the artwork resulting from the screen 301 is stretched.
Figures 19A-19D are views of an insulation layer to carbon layer with
improper  registration when the art work from screen 301 has not stretched.
Figures 20A-20D are schematic diagrams depicting the print results for
operator  registration of the web using a first view guide for visual
inspection during an initial  registration process. Figure 21A is an example
of a sensor sheet with a first and second web view guides; first,  second,
third and fourth Y registration marks; and X registration marks. 



Figure 21B is an exploded view of one row within a sensor sheet with a
carbon X  registration mark. 8 WO 2004/039600 PCT/GB2003/004708  Figure 21 C
is an exploded view of one row within a sensor sheet with an insulation X
registration mark over coating a carbon X registration mark. Figure 22 is a
schematic diagram of parameters X, Y, and 0 used to register the web
printing process. 



DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS OF THE  INVENTION  Figure 1
is a schematic diagram depicting 8 sections of the web printing process
according to the present invention. Section 1 is an unwinder unit 101.
Section 2 is a pre- conditioning station 102. Section 3 is a carbon print
station 103. Section 4 is an insulation  print station 104. Section 5 is a
first enzyme print station 105. Section 6 is a second  enzyme print station
106. Section 7 is a rewinder unit 107. Section 8 is a punch 108. It  will be
understood by those skilled in the art that while the following description
relates to  



a process and apparatus concerning these 8 sections, the process and
apparatus of the  invention can be embodied in greater or fewer numbers of
sections. For example while 4  print stations are envisaged in this
embodiment, one or more print stations could be used  without departing from
the scope of the invention. In one embodiment there are a  minimum of two
print stations for printing an electrode layer and a reagent layer. In one
embodiment of the present invention, Section 1 may be implemented  using a
substrate material unwind unit 101 such as, for example, a Martin
Unwinder/Automatic Splice which is available from Martin Automatic Inc. in
Rockford,  



IL. In this embodiment of the invention, Sections 2, 3, 4, 5 and 6, may be
implemented  using a modified Kammann Printer, which is available from
Werner Kammann  Maschinefabrilc Gmbh, model number 4.61.35, in Biinde,
Germany. In this embodiment  of the invention, Section 2 maybe
pre-conditioning unit 102. Pre-conditioning unit 102  maybe used to
precondition substrate 242 prior to printing and sections 3, 4, 5 and 6 may
be used to screen print carbon, insulation, first enzyme and second enzyme
inks onto a  substrate 242. Section 7 may include rewinder unit 107 such as,
for example, a Martin  Rewinder, which is available from Martin Automatic
Inc. in Rockford, IL. Section 8 may  



9 WO 2004/039600 PCT/GB2003/004708  include a punch 108 such as, for
example, a Preco punch which is available from Preco  Press, in Lenexa,
Kansas as model number 2024-P-40T XYT CCD CE. While specific  models of
apparatus are mentioned, these pieces of apparatus may be varied and/or
replaced and/or omitted altogether without departing from the scope of the
invention as  will be understood by those skilled in the art. Figures 2A, 2B
and 2C are schematic diagrams illustrating the path of substrate  



242 as it passes through Sections 1-8 of a web printing process according to
the present  invention. In one embodiment of the Invention, the material
used for substrate 242 may be  a polyester material (trade name Melinex (r)
ST328), which is manufactured by DuPont  Teijin Films. Substrate 242 is
supplied in a roll of material, which may be, for example,  nominally 350
microns thick by 370mm wide and approx. 660m in length. These  dimensions of
thickness and width have been found to be particularly suitable for the
production of electrochemical sensors by flat screen printing on a web
ofsubstrate. This is  because of the requirement for the material to be
robust for printing yet manipulable  



through the apparatus and of sufficient width to accommodate a suitable
quantity of sensors  to render the process commercially viable. Substrate
242 may include an acrylic coating  applied to one or both sides to improve
ink adhesion. Polyester is a preferred material  because it behaves
satisfactorily at elevated temperatures and tensions used during the web
process according to the present invention. While polyester and indeed
Melinex are the  preferred materials in one embodiment of the invention, the
use of other materials can be  envisaged by those skilled in the art from
the description provided herein. Indeed, amongst  other things, variations
in material thickness, width and length can be envisaged, a larger  



width or length offering additional capacity for the production of sensors
and a variation in  material thickness in some circumstances aiding the
preconditioning, or registration during  printing. In a preferred embodiment
of the present invention, prior to entering carbon  print station 103,
substrate 242 is exposed to a heat stabilization process, by heating the
substrate up to 185 C without placing it under significant tension to try
and ensure that  substrate 242 experiences minimum dimensional distortion
during the web printing process  where temperatures of between 140 and 160C
at tensions up to 165 N may be  encountered. Typically the tension used has
been minimal, just to sufficient to drive the 



to WO 2004/039600 PCT/GB2003/004708  web through the heater. However, it has
been found that despite this heat stabilization  process, variations in
registration from print step to print step can occur causing sensor
failure. Thus, a preconditioning step has been introduced immediately prior
to printing. As  will be explained hereinafter, in the preconditioning step
(section 1) the substrate is heated  to a temperature (typically 160 C)
greater than any temperature it encounters during the  later printing steps.
In one preferred embodiment the substrate is also kept under tension  



(typically around 165N) during this preconditioning step. Indeed in this
embodiment, the  combination of preconditioning and placing under tension
has greatly reduced the  variations in print registration and improved the
resultant product yield. In one  embodiment of the invention, rolls of
substrate 242 are spliced together in either unwinder  unit 101 or rewinder
unit 107 using splicing tape such as, for example, PS-1 Splicing Flat- back
Paper Tape from Intertape Polymer Group. Figure 2A is a schematic diagram
depicting section 1 and section 2 of a web  printing process according to
one embodiment of the present invention. In Figure 2A,  



section 1 is an unwinder unit 101. Unwinder unit 101 includes first arbor
200, second  arbor 201, first splice unit 202, and first accumulator 203. In
Figure 2A, section 2 is pre- conditioning Station 102. Pre-conditioning
Station 102 includes first cleaning unit 204,  second splice unit 205 which
typically is not used, inbound nip roller 206, second cleaning  unit 207,
load cell 208, first print roller 209, first drive roller 210 and first
drier zone 211. In the embodiment of the invention illustrated in Figure 2A,
unwinder unit 101  consists of, for example, a Martin Unwinder/Automatic
Splice which is used to facilitate  the continuous movement of substrate 242
into pre-conditioning station 102 under a  



tension of approximately 80N. Unwinder unit 101 may include a first unwind
arbor 200  and a second unwind arbor 201. Note that an arbor can also be
referred to as a mandrel.  First unwind arbor 200 holds a roll of substrate
material 242 and continuously feeds  substrate 242 into pre-conditioning
station 102 of section 2. Second unwind arbor 201  holds a standby roll of
substrate 242, which is automatically spliced to the end of the roll of
substrate 242 from first unwind arbor 200 ensuring a semi-continuous supply
of substrate  242. This continuous process repeats from first unwind arbor
200 to second unwind arbor  11 



WO 2004/039600 . PCT/GB2003/004708  201. A substrate material accumulator
203 stores a predetermined length of substrate 242  and dispenses the stored
substrate 242 into pre-conditioning station 102 of section 2 while  the
splicing operation takes place in first splice unit 202 (during which time
both the first  unwind arbor 200 and second unwind arbor 201 are
stationary). The splice created is a butt  splice with a length of splice
tape on either side of the material at the joint. In order to  ensure
quality, approximately 10m of printed substrate may be discarded either side
of the  splice . First unwind arbor 200 and second unwind arbor 201 includes
web edge guides  



(not shown) which guide substrate 242 into first splice unit 202. The web
edge guides are  adapted to prevent substrate 242 from wandering as it is
being fed into first splice unit 202. Typically the machine of the invention
is set up to produce between 2 and 10  and more usually 6 rolls of substrate
at any one time. For those print stations connected to a  continuous supply
of ink, the number of rolls to be used is not usually a problem. However,
for the two enzyme print stations, to which a limited amount of ink is
supplied, the number  of rolls to be used is an important input parameter.
Indeed the number of rolls to be used  determines the amount of ink placed
on the screen prior to start of the printing process. For  



example for a 6 roll run, 6 (or rather just more than 6) rolls worth of
enzyme ink are placed  on the screen prior to the start of printing in each
of sections 5 and 6. Thus, the enzyme ink  needs to be kept in readiness for
printing throughout the print run to ensure consistent  printing of enzyme
over the whole life of the print run. A wall has been placed about the
screen in the enzyme print stations to ensure that a sufficient amount of
enzyme ink can  be added to the screen without requiring the screen to be
topped up during a run and also  reducing the risk of the enzyme ink
overflowing the screen and onto the web substrate  running below it.) 



In one embodiment of the present invention, substrate 242 is held under a
tension of approximately 165N throughout the process in order to maintain
registration of  the four layers to be printed (typically the print
registration tolerance is 300m). The  substrate 242 is also subjected to
various temperatures of 140C or less in order to dry the  printed inks
during each printing step- Due to this tension and temperature, there may be
a  tendency for substrate 242 to stretch or expand during the process and
consequently fall 12 






