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ABSTRACT

Connections to biomedical sensor implants require wires or
wire strands consisting of exceptionally small thinly coated
conductors. This paper describes a method and instrumen-
tation for measuring the DC leakage current through
insulating layers of typically 2 to 25 um in thickness on
small-gauge wire (such as 25-um gold). This involves cur-
rent measurements in the low femtoampere (10 "
amperes) regime. To compare relative effectiveness of
insulations, the bulk resistance of the layer calculated from
these measurements is introduced. Steps for further opti-
mization of the procedures and additional considerations
regarding mechanical requirements and characterization
are presented.

INTRODUCTION

Over the past 20 years there has been increasing research
and commercial activity in the field of neural control, which
concerns the exchange of information between conven-
tional electronic circuits and living neura circuitry.” Such
interfaces are vital for research into the normal functions
of the nervous system and for the development of neural
prostheses to replace diseased or damaged functional ele-
ments. Notable successes have ranged from the Nobel
prize-winning studies of information processing in indi-
vidual neurons of the visual cerebral cortex’ to the
restoration of useful hearing in patients with profound
sensorineural deafness. One important challenge to devel-
oping such interfaces is the very small size of the functional
units in the nervous system, i.e., individual neurons and
their axons. Thus, the most crucial requirement imposed

on a neural control interface is for one or more very small
electrical probes that are stable in agueous, saline solutions
that can be placed close to individual neurons without
excessive disruption of the surrounding tissue. Successful
development of microelectrodes, with accurately exposed
stimulation sites whose dielectric and conductive elements
would not corrode or biodegrade in vivo, plays a mgjor role
in advancing toward the ultimate goal of providing sight,
sound, and movement to the neurologically disabled. This
technology also impacts efforts related to muscle stimula-
tion, biosensing, and in vivo monitoring.

Along with probes and sensors, miniature wire assemblies
must be developed. Since they are implanted in subdural
material, it is vitally important that such assemblies not
only be biocompatible and small but also very flexible, with
their flex life comparable with the design life of the device.
After completion of a feasibility study,’investigation of the
electrical and mechanical properties of wire and coated
wire for connection to neurological probes began. These
studies are described here.

ELECTRICAL TESTING

Apparatus and Setup

The bulk resistivity of insulating materials suitable for the
applications mentioned above is very high, typically 10*to
108 Q) - cm. Measurements are further complicated by the
necessity of evaluating the performance of very thin coat-
ings on small samples immersed in a saline solution. Thus,
in order to compare the performance and stability of differ-
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ent insulating materials, it was necessary to design and
build equipment permitting (1) reliable resolution of cur-
rent measurements well into the sub-pA regime; (2)
minimization of external field effects; (3) minimization of
temperature fluctuations; and (4) minimization of distur-
bance by external vibrations.

Figure 1 shows a schematic of the experimental setup;
Figure 2 is a photograph of the temperature-controlled
sample compartment. The additional requirement for the
mathematical protocol to deal with varying thicknesses on
different diameter wires is discussed separately below.

Measurements at the low current levels of interest are
strongly influenced by noise. While refining the apparatus,
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it was found that most of the noise came from external
vibration, which would manifest itself via capacitive cou-
pling to the wires in the cage and produce €electrical noise.?
The system was stabilized by mounting the entire assembly
on a mechanically isolated granite table and by using
shielded leads, even in the innermost cage.

Evaluation of Baseline Performance

To check the capability of the experimental arrangement, a
Keithley 100-G() + 2-percent resistor was placed in the
cage and connected to the Keithley 617 electrometer (see
Figure 1). The electrometer was adjusted to provide a 1-V
bias. Before starting the measurements, the system was
allowed severa hours to reach equilibrium. Then, over a
period of 36 hours, atotal of 34,000 readings were made.
This period was chosen to see if there was a night-day-night
temperature fluctuation. An average current of 10.1788 pA
(with a standard deviation of 1.83 fA) was measured. The
distribution of the current readings is shown in Figure 3.
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Figure 1. Schematic of the experimental arrangement,
including circuitry.

Figure 3. Keithley 617 electrometer current readings
through a 100-G() resistor with a 1-V bias.

Figure 2. Photo of the environmentally controlled sample
compartment.
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Assuming an error-free applied voltage of 1 V, the mea-
sured current of 10.1788 pA + 1.83 fA would yield a
resistance of 98.24 + 0.02 G{). There are, however, ther-
moelectric offsets due to different temperatures of metallic
junctions in the system. These must be eliminated, as well
as any electrochemical offsets that would be incurred with
the sample in a saline solution. A slope method, which is
explained below and in Figure 4, serves this purpose.

Additional errors caused by noise and drift can be intro-
duced into a system in four ways:

1. by the source
2. by the connections to the measuring instrument
3. in the measurement instrument

#Laboratory mythology hasit that the setup appeared to be almost sensitive
enough to determine mass, velocity, and color of trucks traveling on a nearby
freeway.
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Figure 4. Current leakage through a 100-G 2 (x 2 percent)
resistor. The wait period eliminated the exponential decay
amost completely.

4, by extraneous disturbances, such as electrostatic and
electromagnetic fields.?

The source noise, also known as Johnson noise | ;, can be
calculated as the noise current developed in a resistance

by

4k -T-Af
R = 0.22[fA] (1)

where:

k = Boltzmann's constant = 1.38 X 10%JK
T = temperature = 310K
Af = noise bandwidth = 0.28 Hz for the Keithley 617
electrometer at 1 V, measuring currents of 10 pA.°

With these values, the Johnson noise current |,in the
100-G() resistor is approximately 0.2 fA. Additional errors
introduced by voltage and connection noise, extraneous
disturbances, and instrument drift are not included in ..
Since the setup was able to produce 36 hours of data with a
standard deviation of 1.8 fA, which is about an order of
magnitude above the Johnson noise floor, it was concluded
that the poin of diminishing return had been reached
regarding expense versus achievable accuracy.

Software Configuration

To handle the massive amounts of data, a Windows-based
application using National Instruments' GPIB drivers was
developed. The software is user-configured and permits
selection of any measurement profile defined by the follow-
ing set of variables: wait state, voltage, current window, and
number of readings per hour and test duration.

Because of the long times required for reaching equilibrium

after voltage changes, the program was written to give the
user the choice of setting a wait time of up to one hour.
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During this period, the electrometer remains on the lowest
impedance current measurement scale to aid in bleeding
off injected charges. It was found that buried charges,
caused for instance by voltage spikes or triboelectric
effects, took hours to dissipate.

The data are taken off the electrometer in blocks of 100
readings at the rate of 30 seconds per block. Thistime
increment is very small compared with the overall measure-
ment time for a particular voltage, making it necessary to
record only the average and the standard deviation of each
block. The data is automatically compressed, loaded into
Excel spreadsheet software, graphed, and logged into a
workbook data file by month.

Measurement Method and Sanity Check

The resistance of the device under test (DUT) is deter-
mined by measuring the current through the sample at
several different voltages and looking at the slope R =
AE/AI for the DUT. This technique-€liminates-constant
electromotive forces (emfs) generated by thermoelectric,
electrochemical, and electromechanical effects, which can
produce intrinsic voltage offsets depending on individual
setup parameters. As afinal sanity check for the overall
setup and the software, the 100-G() resistor was connected
as before but the voltage was changed in 0.5-V increments
from 0 to 1.5 V. Figure 4 shows current vs. number, where
each reading represents the average of a block of 100
individual readings. Note in Figure 4 that, as anticipated
because of the presence of Seebeck (thermoelectric) emf
in connections and electrochemical effects, the current is
| #z 0 for an external voltage E=0V.

Asillustrated in Figure 4, the voltage change AE = 1.5V
produced a corresponding current change Al = 15.2 pA,
indicating a resistance of

_15[V]

= 52 1pa] = %8760 @)

Thisvalueis dlightly larger than the 98.24 G() found with a
single measurement. The reason is that the single-point

method failed to allow for current flow caused by tempera-
ture differences or electrochemical potentials in the system.

Once the resistance of the sample is known, one can calcu-
latethein situ bulk resistivity p of the coating following a
procedure discussed in Appendix A. A comparison of
samples on the basis of their bulk resistivity has the advan-
tage of being independent of coating thickness or wire
diameter. Because the macroscopic bulk resistivities for the
materials in question are fairly well known, the measured
data compared to them can serve as indicators for the
microscopic uniformity of the coating. For instance,
measurements on a coating with pinholes, pores, or
microcracks would yield a bulk resistivity much less than
the expected value of 10*to 10®(Q - cm.
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Examples

The experimental arrangement of the sample and its imme-
diate environment is shown schematically in Figure 5. A jar
containing Ringer’s solution (a conductive, agueous saline
solution) simulates to some extent the invivo environment.
A known length of the insulated conductor in question is
immersed into the solution, leaving one bare end above the
PTFE lid for termination at potential V,. Via a platinum
wire, the solution is set at V,, the inner shield ground po-
tential. The potential difference E = V,— V, drives the
leakage current through the coating. After the jar is placed
in the shielded test chamber shown in Figure 2 and the
circuits are connected according to Figure 1, the electrom-
eter monitors the current flowing through the wire
insulation. The influence of external current paths or
ground loops was minimized by using PTFE for all separa-
tions. It should be noted that at these current levels and
because of the long duration of each measurement, even
some glass jars (depending on their base composition, ther-
mal history, and surface treatment) can sustain currents
large enough to interfere with the measurement.

Sample
Feed
Platinum Electrode Through
Jar Lid
£ .?—Gasket
Teflon J
Standoff | Sample
L
—
< Jar

Teflon Welght

Ringer's Solution

device used now consists of alarge aluminum plate as the
environmental floor. It is equipped with Nichrome heating
elements. The temperature of the plate is monitored con-
tinuously to maintain the enclosure at body temperature.

As discussed above, the magnitude of the actual voltage
across the dielectric is E = Vi — Ve Where V., is
a voltage originating from thermoelectric and electro-
chemical emfs within the system. Figure 6 shows that the
current | Z 0 for V.« = 0, where V is the voltage
applied by the electrometer.

applied
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Figure 5. The test jar.

The sensitivity of the setup against temperature fluctua-
tions was determined by monitoring the temperature of the
liquid in the jar over an extended period of time. Although
the temperature in the laboratory itself fluctuated between
24°C and 26°C, the thermal inertia of the jar combined with
that of the mass of the saline solution was sufficient to hold
the sample at a constant temperature of 25°C. Of course,
different results have to be expected when the heater is
used to keep cages and contents at body temperature,
whichis 37°C.

Like all other elements of the experimenta setup, design
and construction of the heating circuitry and the heater
required specia attention. Ideally one would desire no
switching noise, no air currents, and no ungrounded sens-
ing circuitry. Several approaches were tested. The heating
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Figure 6. Leakage current, 32-pm (1.25-mil) thick plati-
num/iridium wire, 5-pm polyimide with 2-um modified
polyimide overcoat.

It is desirable to minimize the wait period between changes
Of V i THiS is done by switching the electrometer to the
mA scale where the meter impedance is lowest, so that
equilibrium is reached most expediently. Figure 6 would
illustrate an even more dramatic RC behavior if the seg-
ments of the graph depicting the wait state were included.
Questions related to optimization of the wait period will be
addressed more fully below.

Early in the development of the method most measure-
ments showed avery small linear voltage vs. current
relationship, even when the sample was disconnected.
Thus, each measurement was repeated with the sample
disconnected and the current measured under these condi-
tions subtracted from the total current. As the
experimental setup was improved—for instance, by using
thoroughly cleaned PTFE—the background leakage cur-
rent fell below the noise limit of the apparatus and could
be ignored.

As mentioned already, data were recorded by taking blocks

of 100 readings over approximately 30 seconds, the
electrometer’s limit. For these sets of data only the averages
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and standard deviations were recorded. It was found that
occasional spurious events would occur in which the cur-
rent would jump to a much lower value for afew of the 100
readings. The software looked at each set of 100 readings,
eliminated those that were more than three standard devia-
tions away from the norm, and recalculated and recorded
the new statistics.

Even though the actual dielectric leakage current is mea-
sured, the bulk resistivity p derived from it is more suitable
as afigure of merit for comparing samples because it also
accounts for material and thickness anomalies. For mul-
tistrand cables, effective areas for the current path have to
be introduced. They depend on the geometry of the cable
and have to be found separately for each configuration. For
single strands, assuming that the dielectric is homogeneous,
isotropic, and of uniform thickness, an expression for the
effective bulk resistivity isderived in Appendix A with the
result

_2-m-L-R ,
? = In(D1/D2) 3)

Four different cable configurations were tested. Their
cross-sections are shown in Figure 7. Although the geom-
etry of samples (A) and (B) differs from that of samples
(C) and (D), the magnitudes of the specific currents I/A
can be compared to characterize the effectiveness of the
coatings. The effective area A,=L - = (D, — D)/2. This
formula applies to single-strand as well as multistrand
wires because during the test only one strand located at the
outside of the multistrand cable is at potential.

Figure 7. Wire configurations tested.
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The results for sample (A) indicate that PTFE could serve
as amost effective insulator. However, the surfaces of the
samples studied were rough. Thisis not surprising, consid-
ering the known difficulties in producing consistently
uniform coatings from PTFE, particularly at the sizes and
thicknesses of interest here. The roughness of the surface
would require introduction of an “effective thickness”
smaller than that actually measured. This explains why the
bulk resistivity derived from our measurements is at least
an order of magnitude less than that reported in the litera-
ture.

The datain Table 1 show an increase in leakage current
from single-strand to seven-strand modified polyimide-
coated cables, although the opposite should be expected.
Likely reasons for the increased |leakage current are
stresses and microcracks induced in the coatings during
stranding. However, as the results on samples (D) show, an
additional overcoat of modified polyimide can improve the
level of leakage current to that of PTFE-coated, single-
strand wires.

Table 1. Measured results.

1/Area g P o,
Sample fA/cm?@5V ohm-cm x 10'% ohm-cm x 10"
Al pinholes
2) 37 190 90
B 1) 232 30 12
2) 266 26 1
3) 269 26 14
cy 322 2 7
2) 282 25 12
3) 45 15 5
4) 381 18 5
D 1) 51 140 269
2) 121 58 45
3 83 85 91
4) 62 114 162

ADDITIONAL CONSIDERATIONS

Electrical Measurements

Without changing the basic concepts and experimental
arrangements, the procedure and to some extent the accu-
racy of the results could be improved. The following
considerations address some of these points.

The sample itself forms an unshielded loop that couples
capacitively to the cage walls. Because the cage walls do
not shield magnetic fields effectively, the sample must also
be expected to couple to stray magnetic fields. Despite the
precautions already taken, these effects make the system
susceptible to external vibrations and external magnetic
fields.

A further complication is introduced by the need to carry
out measurements at body temperature, which is about
12°C above laboratory temperature This involves switching
a heater off and on, which in turn results in buildup and
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breakdown of a magnetic field. To achieve rapid response
to temperature adjustment calls, the heater has to be close
to the sample, at least within the shielded cage. The end
result is that the baseline resolution suffers a reduction of
approximately an order of magnitude with a sample in
place and the heat on.

At present, the resolution is adequate at these tempera-
tures. If desired, the baseline can be lowered to a few
femtoampere by increasing the magnetic isolation of the
cage and modifying the switching circuitry for the heater.

Another major area of desirable and possible improvement
is related to the time required for testing a sample. After
switching to a new voltage, the system needs periods of 12
to 24 hours to reach equilibrium for low-leakage samples.
Typically, three or more voltage levels are desirable for the
determination of the bulk resistance: two of them to calcu-
late the slope and at least one to establish slope
redundancy. In this regard, the current vs. time relation-
ship is studied in some detail, The initial parts of the I(t)
curves are quite complex, but after about 20 minutes I(t)
approaches an exponential decay function

I(t)=A + B-exp(—-C-t) 4)

where A, B and C are constants. Equation 4 describes a
current flow with an initial current of (A + B) fort =0
approaching exponentially afina value of A fort — «owith
atime constant (or relaxation time) of 1/C. Applied to a
test case where the sample was heated and run for 32 hours
producing the curve in Figure 8, the stable value A of the
current was approximately 2.17 pA. The ripplesin the
curve are caused by the heater’s turning on and off.
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] 8 16 24 32

Time (Hours)

Figure 8. Modified polyimide, seven-strand leakage current.

Data accumulated during the first 8 hours were fitted to
Equation 4 by Statgraphics software. Figure 9 gives a
graphic representation of the results. Next, the entire set of
data for the 32 hours was fitted to Equation 4 by Statgraph-
ics and the coefficients for both fits tabulated in Table 2.
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The constant A for the “best fit” of 8 hours of data was
2.29 pA; the “best fit” calculated from the set of 32 hours
of datawas 2.18 pA. The comparison of both sets leads to
the conclusion that the test time could be reduced from 32
hours to 8 hours with a 5-percent error. Because of other
error sources not covered in the discussions, this 5-percent
error rate is a conservative estimate.

2.2
20
§ 18
t 18
E ;
o 14
1.2 e e
1.0
(1] 4 8
Time (Hours)
Figure 9. Eight hours of data fit to Equation 4 by
Statgraphics.
Table 2. Best fit for Y = A + Be® vs data.
32 Hours 8 Hours
Value o Value o
A 2.180 001 2287 013
B -1.176 004 —1.243 011
e 011 001 009 001

To reduce the duration of each test, the exponential fit to
the data must be done in real time so that the program can
decide when enough data has been taken and goon to the
next voltage. With thisin mind, a program described briefly
in Appendix B was written to perform the fit. Preliminary
studies indicate extremely acceptable performance.

Mechanical Measurements

In addition to these considerations, which address electri-
cal metrology, mechanical performance of the leads must
be evaluated. Because probes will often be in cerebral
material while interfacing with fine wires to a location
permanently attached to the skull, the flexibility and flex
life of the wires and their coatings is an issue of paramount
importance. To permit corresponding mechanical measure-
ments, the sample jars were designed so that the wire
sample can be flexed about an arbitrary radius while sub-
mersed in the solution at body temperature while a voltage
is applied, without leaving the original jar. Figure 10 shows
a schematic of the design. This allows samples to be
retested electrically for leakage currents after flex testing.
The number of flexures can be selected as desired, and
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degradation of the insulative performance can be deter-
mined as a function of that number.

Test Sample
In Test Jar Lid

Dowel to Form
Bend Radlus —— ()

+— Wire Sample

«— Welght

Although it may seem that measurements of current at
these levels are unrealistic or “overkill,” it is of vital impor-
tance to see the actual amount of the leakage current in
order to track items such as trending. For instance, in some
of the coatings evaluated by others®the currents remained
small at the pA level but showed a definite exponential

rise, leading to catastrophic failure months later.

. | Deflection

- :
Mettler Lever Arm
AE 200

Figure 10. In situ flex tester.

Another aspect of the mechanical performance is the stiff-
ness of the coated wires and cables. It is highly desirable
that the probes be exposed to a minimum of force during
cerebral movement to prevent post-installation trauma. A
device shown schematically in Figure 11 was fabricated for
clamping the test wire in afixture, which was placed on a
sensitive scale. By carefully moving an edge down against
the wire at a predetermined position, the deflection of the
wire is recorded. With the corresponding force determined
by the scale, here serving as aload cell, and applying the
well-known formula for a cantilever beam, the stiffness (or
its reciprocal, the compliance) of the wire can be found.
From it, an effective modulus of elasticity can be calcu-
lated.’ The apparatus was sensitive enough to show the
increased stiffness caused by thin insulating coatings ap-
plied to gold wires. This was shown to be valid even for
low-modulus materials such as silicone rubber.

CONCLUSIONS

A complete environmental system for testing current leak-
age through coated wire samples was fabricated. The
system is capable of resolving currents into the sub-pA
regime. If used at temperatures above room temperature,
the heating circuitry increases the standard deviation of the
noise floor of alow leakage sample by about a factor of 5.
DC offset in the system due to electrochemical and electro-
mechanical effects is removed by computing resistance
from the dope of voltage vs. current curves. The leakage
current approaches its steady-state value exponentially.
This behavior can be modeled quite accurately and utilized
to shorten the time of testing by almost an order of magni-
tude with little sacrifice in accuracy.
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Figure 11. Apparatus for measuring elastic modulus of wire.

A method for comparing the flexibility of these miniature
wires and coatings is outlined. The apparatus used for
these measurements is sensitive enough to show the in-
creased stiffness caused by thin insulating coatings applied
to gold wires, even for low-modulus materials such as sili-
cone rubber.
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APPENDIX A

Computing the Bulk Resistivity of Uniformly Coated
Wires

Consider a conductor schematically shown in Figure 12
with circular cross-section of diameter D1 coated with an
insulator of bulk resistivity p to atotal thickness with
outside diameter D2. The resistance of the insulating coat-
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Figure 12. Force-displacement curves for 50 AWG gold
wire.

ing isto be found for alength L with the coated wire
submersed in a conductive solution.

Ohm'’slaw in differential form, written for cylindrical coor-
dinates and with j being the specific current, is

. (l) vy < (1 du 1 du du

==p) v e o/ |or'r a¢ oz tal)
For an isotropic and homogeneous coating p is constant;
for smooth surfaces, uniform thickness of the coating, and

a straight wire, it isou/oe = ou/oz = 0. Thus, equation
(Al) is reduced to

Lo _ (1), du
J_.]r_ p dl' (AZ)
Because of
1
O=30 2= 1L (A3)
itis
du p dr
I~ \2wL) 1 (Ad)

and after integration, replacing radii by diameters and
because of E/l = R

E p D2
R=T=(2-w-L)'l“(D—1) (A0}
which yields equation (3) in the body of the paper:

2-mw-L-R

P = In(D2/Di) (A6) = (3)
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The effect of errors in individual quantities on the relative
mean error of p isillustrated by

(&)2 _ AL\2 AE)\? AI\2
o) T\T) Y\E] \T
4 1 2 [{AD1)? AD2\2
md1D2)) |\D1) T\D2)| AT
For very thin coatings, In(D1/D2) assumes small values

which can drastically increase the error contributions by D1
and D2. From Equation A6 the variance of pis found" as

(ea)* (DI | _o@upy *
o? = Var(p) = p*- lw + (E) ' [m
where

Oy = Standard deviation of the diameter of the
insulation assuming the wire diameter is
constant, and

o,, = standard deviation of the change in current
over the voltage range.

APPENDIX B

A Method of Real Time Curve Fitting
Write the data as

Ydata; = Current(t;) (B1)

For guess’ on A, B and C compute the sum of squares error
between the guess’ and Y,

SS = 2 {Ydata; — [A + B - exp(—Ct;)]}2 (B2)

Now treat the SS function as SS(A,B,C) and compute the
direction d in ABC space of steepest descent which mini-
mizes SS with respect to A, B, and C. It is”

—VSS(A,B,C) . " .
= m = Ads + Bdg + Cdc  (B3)

Now decide on the length of the step size X to be taken in
the direction d which minimizes SS. Thisis done by looking
for a zero in the function

F\ = % {Z[Ydata; — (A + N - dy)
+ (B +\-dg) exp(—(C+\-do) )PP} (B4)

which is done with a modified Newton’s method. The val-
ues of A, B, and C are then replaced with A + \d,, B +
\dg, and C + \d., respectively, and the program returns to
recompute a new SS error term according to Equation B2.
It keeps repeating this process until the new SS term does
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not improve by more than a preselected, arbitrary amount
d from the previous iteration.
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