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(57) ABSTRACT

A method and apparatus are provided for the determination of
a surface area of a fastener, such as a threaded fastener.
Specifically, an image of the fastener is acquired, and the
image is separated into at least two regions, for instance three
regions, and the surface area of each region is determined.
The surface areas determined for each region are summed to
determine the surface area of the fastener.

19 Claims, 4 Drawing Sheets
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1
METHOD AND APPARATUS FOR
DETERMINING THE SURFACE AREA OF A
THREADED FASTENER

CROSS REFERENCE TO RELATED
APPLICATIONS

This claims the benefit of U.S. Provisional Patent Applica-
tion No. 60/861,562 filed Nov. 29, 2006, the disclosure of
which is hereby incorporated by reference as if set forth in its
entirety herein.

BACKGROUND OF THE INVENTION

The present invention relates generally to the determina-
tion of the surface areas of fasteners, and in particular relates
to a method and apparatus for determining the surface area of
a threaded fastener.

The desire to determine the corrosion rate of a fastener is
founded in any given number of applications. For instance, in
most timber engineering applications, wood is in intimate
contact with metallic fasteners that are embedded in the
wood. The last half of the 20” century has seen an increase in
the use of threaded fasteners, such as wood screws, deck
screws, drywall screws, annularly threaded nails, and the like.
It is well known that such fasteners are subject to corrosion
due to the presence of water and oxygen in the cellular struc-
ture of wood. Conventionally, the waterborne preservative
CCA (chromated copper arsenate) had been used to extend
the service life of outdoor wood structures. Due to the volun-
tary withdrawal of CCA for residential use, many designers
are now choosing to use alternatives such as ACQ (alkaline
copper quaternary) and CuAz (alkaline copper azole). How-
ever, limited knowledge has been attained regarding the
effects of alkaline based preservatives on the corrosion of
fasteners in contact with wood.

While standard exposure tests as well as accelerated tests
are known for the evaluation of corrosion of a fastener in
ACQ-treated wood, the accuracy of these tests is dependent
on the ability to precisely measure the various quantities used
to calculate the corrosion rate. In a weight loss test, for
instance, the calculation depends on the duration of the test,
the mass of the fastener, and the surface area of the fastener. It
has been found during corrosion testing that as the duration of
the test is increased, the uncertainty in the corrosion rate
measurement is increasingly dominated by uncertainties in
the measurement of the surface area of the fastener.

Electrochemical corrosion tests are also being developed
for fasteners in treated wood. Such tests can have lower
experimental variation, thus rendering accurate calculation of
surface area even more important.

Accordingly, what is needed is a method and apparatus for
determining the surface area of a fastener, such as a threaded
fastener. It would be further desirable that the method and
apparatus for determining the surface area of a threaded fas-
tener be versatile and applicable to determining the surface
are of other fastener types, such as non-threaded fasteners.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention, a
method is provided for determining the surface area of a
threaded fastener. The method includes the steps of (A)
acquiring an image of the fastener and measuring parameters
of the fastener on the image; (B) separating the image of the
fastener into three regions including a thread region, a root
region, and a body surface; (C) determining a corresponding
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surface area for each of the three regions based on the mea-
sured parameter; and (D) summing the corresponding surface
area for each of the three regions to determine the surface area
of the fastener.

In the following description, reference is made to the
accompanying drawings, which form a part hereof, and in
which there is shown by way of illustration, and not limita-
tion, a preferred embodiment of the invention. Such embodi-
ment also does not define the scope of the invention and
reference must therefore be made to the claims for this pur-
pose.

DESCRIPTION OF THE DRAWINGS

Reference is hereby made to the following drawings in
which like reference numerals correspond to like elements
throughout, and in which:

FIG. 1 is a perspective view of a threaded fastener;

FIG. 2 is a schematic illustration of a data acquisition
system used to determine various parameters of the threaded
fastener illustrated in FIG. 1;

FIG. 3 is a side elevation view of the threaded fastener
illustrated in FIG. 1 showing three regions of the fastener;

FIG. 4 is a side elevation view of the threaded fastener
illustrated in FIG. 3 showing various geometric properties of
the fastener, with portions enlarged;

FIG. 5 is an enlarged side elevation view of the threaded
fastenerillustrated in FIG. 4 showing various geometric prop-
erties of the threads;

FIG. 6 is a graph illustrating surface area calculated by an
approximate numerical analysis according to analytical solu-
tions in accordance with certain aspects of the present inven-
tion;

FIG. 7A is a side elevation view of the fastener illustrated
in FIG. 1, illustrating the thread region of the fastener;

FIG. 7B is a side elevation view of the fastener similar to
FIG. 7A, but showing the root region of the fastener; and

FIG. 7C is a side elevation view of the fastener similar to
FIG. 7B, but showing the body surface of the fastener

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

The corrosion rate R of an object, such as a fastener, in a
weight-loss test has been conventionally calculated from
Equation 1 below where m, and m, are the initial and final
masses of the fastener (grams), respectively, t, and t,are the
initial and final times (h) of the test, respectively, measured
from the point in time when the object being tested entered the
given environment, A is the initial surface area (cm?) of the
fastener, y is the density (g/cm?) of the material that comprises
the fastener, and K_ is a corrosion rate constant (e.g., 87 600
mmxcm™ xhxyear™!).

my=m;
Ayliy — 1)

R=K, (9]

An accurate determination of the corrosion performance of
fasteners can be attained through generalized analytical sur-
face area expressions for Equation 1.

Image Acquisition

The first step in determining the surface area of a fastener,
such as a threaded fastener 20 of the type illustrated in FIG. 1,
is to acquire an image of the fastener using a data acquisition
system 50 of the type illustrated in FIG. 2. It may be desirable
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for the resulting image to have a high resolution with suffi-
cient contrast to separate light and dark regions while allow-
ing an image of the threads to be captured. The data acquisi-
tion system 50 includes a support structure 52 seated on the
upper surface of a base 54. The fastener 20 can be mounted in
the support structure 52 such that sufficient color contrast
exists between the fastener and the background. A camera 56,
which can be a Pulnix® 1320 CL digital camera having a
resolution of 1020x1396 pixels is mounted above the support
structure 52, and has a field of view that captures the mounted
fastener 20. A light source 58 is juxtaposed with the camera
56 and has an adjustable brightness so that the user can obtain
a sufficient contrast between the fastener and the background.
The camera 56 captures an image of the fastener, and transfers
the captured image to software, such as LabView® software,
manufactured by National Instruments Corporation, located
in Austin, Tex., running on any computer such as a conven-
tional pc 60. Finally, the acquired image 64 representing the
fastener can be displayed on a monitor 62 that receives video
output signals from the pc 60. The camera used was commer-
cially available by Pulnix, located in San Jose, Calif. Pulnix
cameras are currently commercially available from JAIL
located in San Jose, Calif. The present invention recognizes
that any suitable camera capable of acquiring and communi-
cating an image as described herein can be employed, as is
understood by one having ordinary skill in the art.

Once the image 64 is acquired by the LabView® software,
the user can determine various desired parameters of the
threaded fastener 20 that can be used for surface area calcu-
lations. For instance, the user can identify and mark locations
of interest on the acquired image via a user interface, such as
amouse 66. Such locations can include the thread width, root
diameter, and other parameters used in the surface area cal-
culations, as is described in more detail below. Specifically,
the user can mark boundaries by drawing a region of interest
around the edge to be located on the image 64. The program
then sweeps through the region of interest to identify the edge
of'the image based on light-to-dark transition, and records the
location (in pixels) of that boundary. Each pixel has a known
length that correlates to a corresponding physical unit (e.g.,
mm, inches, etc). Once the features have been identified and
defined, the software converts the distance of the thread char-
acteristics in pixels into physical units. The conversion is
calibrated by measuring the length (in pixels) of an object of
a known size photographed with the same lens and focal
length. Once the physical units of the various features have
been obtained, they can be fed into the various equations
described below, and software running on the pc 60 can
calculate the surface area of the fastener. In accordance with
certain aspects of the present invention, the LabView® soft-
ware can be programmed to make the desired calculations, for
instance using one or more Fortran written subroutines, as
appreciated by one having ordinary skill in the art.

Application of General Surface Area Equations

In general, a point on the surface of a body is described by
the position vector

R=xi+yj+zk 2)

To describe the entire surface, two parameters u and v are
introduced such that that

x=x(u, v), y=y(u, v), z=z(u, v) and R=R(u, v) 3)

Two vectors R, and R, can be defined at the intersecting
point of R used in two contours. The total surface area (A) is
the norm of the cross product of these two vectors, given as
follows:
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A:ffdA:fquxkvndudv
J R

Taking the derivatives of R and applying the equations will
result in the following expression

dA=VEG-F? dudv S)

where

e=(5:) +(5) (5:) N

PGl (w5 () "
@®

o=(5) (&) (7

Certain aspects of the present invention recognizes that a
fastener can be broken up into more than one region, and the
application of Equations 4-8 can be applied to each region.
For instance, a threaded fastener can be separated into three
identifiable regions: 1) athread region 28 shown as stippled in
FIG. 7A, 2) a root region 30 (the area between the threads)
shown as stippled in FIG. 7B, and 3) a body surface region 32
shown as stippled in FIG. 7C. As illustrated, the thread 28 can
be a wedge-shaped thread, meaning that a cross-section of the
thread 28 is wedge-shaped. The surface area of these three
regions 28-32 can be determined separately, and the total
surface area of the entire fastener is determined as the sum of
these 3 individual surface area regions. The determination of
the surface area of the thread region 28 will now be described.

The surface area of the fastener can be generally described
by the following equation:

n
A= Z artA
i=1

where A is the corresponding surface area of the fastener, r, is
the radius of the i” region, and A is the calibrated length of the
one pixel of camera apparatus.

Surface Areas Within Threaded Region

Before presenting the general analytical surface area
expression, general equations can be presented that represent
the thread geometry and the resulting integral surface area
expression by application of Equations 4 through 8. In gen-
eral, a thread having a wedge-shaped cross-section on a fas-
tener, such as thread 20, can be separated into three identifi-
able subregions and modeled by a different thread geometry
equation in each subregion to find the surface area. Referring
to FIG. 3, the three subregions are: (1) fastener tip subregion
22, where the thread root diameter and crest diameter are
increasing, (2) threaded shank subregion 24, where the thread
root diameter and crest diameter are constant or substantially
constant, and (3) the mating subregion 26 where the root
diameter is constant and crest diameter is decreasing to mate
with the smooth shank.

Within the fastener tip subregion 22, two expressions can
be used to characterize the thread surface 25. The following
expression with the plus sign represents the upper thread
surface 27, while the negative sign represents the lower thread
surface 29.
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) ky ©
x=rcosf y=rsinf z=k0+k| —0—r
kp
Where x, y, z, and 0 are illustrated in FIG. 1, and where
14 D Ly
ky= e kp = E’ k, = thread slope = m, I, =

the thread width at the root diameter, and the remaining
variables are illustrated in FIGS. 4-5.
With further reference to FIGS. 4-5, the following descrip-
tion is applied to the illustrated references as follows:
B=head diameter
E=shank diameter
H=head height
h_=height of smooth cylindrical section
h=height of frustum of a right cone
k,,=slope of thread crest in tip region
kz=slope of thread root in tip region
k,=slope of thread crest during transition threaded to
smooth shank section
k~thread slope
1, =length of reducing crest diameter into smooth shank
section
1,,=distance from tip of fastener to intersection of conical
and cylindrical core sections
L,~=distance from tip of fastener to end of threaded fastener
section
K=root diameter of fastener
r=root radius of fastener, or 12*K
D=crest diameter of fastener
rp=crest radius of fastener, or 12*D
r_=radius of smooth cylinder, or 2*E
r,=radius of larger end of a frustum of a right cone
r,=radius of smaller end of a frustum of a right cone
TR=Length of smooth taper at end of threaded shank sec-
tion
t,=thread width at root diameter
p=distance between thread crests
Applying equations (4) through (8), along with the upper
thread surface relationship generates the following expres-
sion for that surface area, where I" surface area and y=density
of corrosion the specimen.

10

ko, N2
[upper ’h”’ad=ff\/r2(1+kf)+(kp—%] drd6
D

Similarly, an expression for the lower thread surface 29 can
be generated using Equation 9 with the negative sign in equa-
tions (4) through (8), which is the same general expression for
the upper thread surface area, as given in (10).

an

ko, N2
[lower rhread:ff\/r2(1+krz)+(kp_ /’(P] drd6
D

For the upper and lower thread surface 27 and 29, respec-
tively, in the threaded shank section 24, the following expres-
sions describes a point on the surface

x=r cos 8 y=rsin 0 z=k 0=k (rp-r) (12)
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and the corresponding surface area using Equation 12
along with Equations 4 through 8 for both the upper and lower

thread surface is

r:ﬂ\/ P (1+k 2drd® (13)

For the thread surface in the mating region 26, the follow-
ing expression applies for a given point on the surface

. 1 (14)
X =rcosf y =rsinf z = k,0+ +k,{[rD - k—(pr— (Ly — lm))] - r}

and corresponding surface area using Equation 14 with
Equations 4 through 8 is

1s)

kiky
pr o [ | \/,2(1+k3)+(kp_ o

Similarly, an expression for the lower surface 29 can be
generated using Equation 14 with the negative sign in Equa-
tions 4 through 8:

(16)

kek, N2
[lower ’h”’adsz\/rz(l+k,2)+(kp— /’(P] drd@

In general, the following expression represents the surface
area of the threaded surface for all three subregions 22-26 and
thread surfaces 27 and 29.

an

l":ff\/Trz+‘l‘;2 drd®

where
T=1+k 18
kik 19
W=kt Ko 19
kp
kik 20
Yy =k, + - G0
kp
¥ =k, @
kik (22)
Yy =k, -
4 7 km
kik 23
W5 = ky+ ;(p (23)

inwhich, ¥, and W, are valid in the tip subregion 22 for the
upper and lower thread surface area, respectively, W, is valid
in the shank subregion 24 for both the upper and lower thread
surface while W, and W, are valid in the mating subregion 26
for the upper and lower thread surface area, respectively.
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The surface area of the threaded portion of the fastener can
be evaluated using the following three general cases:

g [o+dd 24
Case 1: l":xf€ f N +¥2 drdo (24
0, Jatbh
0g (c+dd 25
Case 2:1":[ f 1/Tr2+‘]“-2 drde (25)
84 Ya
og (¢ %
Case 3:1":[ f,/TrZ+qx‘2 drdo (26)
84 va

The above equations differ in terms of their limits of inte-
gration. Depending on the region of interest, different limits
of integration can properly describe the geometry. General
limits for the developed expression are described below in
Appendix A.

In general, the thread surface area within the tip and mating
subregions 22 and 26, respectively, can be determined using a
combination of Equations 24 and 25. For the thread shank
subregion 24, the thread surface area can be determined using
a combination of Equations 2 and 26. Solving Equations
24-26 for the general limits of integration yields the following
expressions for each case:

Case 1:
0 (c+dd 27
r=f f TR+ drdo @7
64 Jarbo
VT +d6)? +¥7 (T(c+dbp? +¥F
-+
Td 3
‘P—"Z(eg + 5)1n(\/T(c +d0y) | Tc +dBy) + ¥ ) -
VT d ‘
N Tla+b8p)2 +¥2 (T(a+bp)? +¥? ¥
Tb 3 T
ﬁ(eg + E)ln(\/?(a+b03)+\/T(a+b03)2 2 ) -
I NT b '
=5 )
N Tle+d83)? +¥2 (T(c+do, ) + ¥} W
Td 3 T
ﬁ(@, + 5)1n(\/T(c+d0A)+ VT(c+doay + ¥ )+
VT d ‘
N T@+b0,)? +¥2 (T(a+ b0y +W2 N
-V [+
) 3
ﬁ(m + f)ln(ﬁ(mbOA) [ Ta+b0,)? +92 )
VT b ‘
Case 2:
(28)

g [o+dd
r=ﬁ f TR+ drde
9 a

A
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-continued

N T(c+dog? +¥2 (T(c +dlg) +¥?

Td 3

—‘l‘?]+
\}1_2( C) VT (c+dog) +
— 6+ =1l —
VT A et dogp + W2

N T(c+d0y)? +¥2 (T(c+ d0,)? +¥?

—y2_
= Tb 3 ‘]

(6p —04)

B2 =

g2 B VT (c +dbp) +
Frloe 3 o
(T a1

Case 3:

@29

r:f%f\/mdrdg
84 a

(85 —0) cm+%(ﬁc+m)
== _a\/m—%;(ﬁ“m)

Root Surface Area

For the root surface area 30, defined as the surface area
between the threads, the fastener tip subregion 22, where the
root diameter is increasing, the threaded shank region 24
where the root diameter is constant or substantially constant,
and the mating subregion 26 for the upper and lower thread
surface area, respectively (see FIG. 3) can be analyzed.

For the root surface 28 in the fastener tip section 22, the
following expression applies for a point on the surface:

x=rcos 0 y=rsin 0 z=kz" (30)
where
'K
k[( = —
ltip

and r is the root diameter and corresponding surface area
using expressions (4) through (8) will lead to the following
general expression:

BD

0g (o+dd
r=f f r 1 +kL drdé
8,4 Jatbd

Solving for the limit of integration gives

(@ -0 (B2

V1+kE

2

. O3 — %) + (cd — ab) 0} - 6%) +

(- -6y

For the constant root diameter region in the both the fas-
tener shank subregion 24 and the mating subregion 26, the
following expression describes a point on the surface

X=Fgc0S 0 y=rxsin 0 z=z (33)



US 8,041,150 B2

9

The corresponding surface area using expressions (4)
through (8) leads to the following general Equation

g (otdd
= f f rgdzdo
84 Jatbd

Solving for the limit of integration gives the following
Equation

(B4

(d-b)
2

(35

[=rg (65 —0%) +(c—a)8; —61)

Flat Crest Surface Area

Similar expression for the surface area of a thread region 28
contain as flat surface at the top of the thread can be generated
using a similar approach as described above with respect to
the root surface area 30. Within the tip subregion 22, the
following Equation 36 above applies for a point on the sur-
face:

x=rcos O y=rsin 0 z=k,r (36)

where

D
ltip

kp

and 1, is the root diameter and corresponding surface area
using expressions (4) through (8) will lead to the following
general expression:

@D

g (otdd
r=f f r 1 +k} drdé
84 VYo

+b8

For the constant root diameter region in the both the fas-
tener shank subregion he mating subregion 26, the following
expression describes a point on the surface

x=rcos 0 y=rp sin 0 z=z (3%)

The corresponding surface area using expressions (4)
through (8) leads to the following general Equation

0p (c+dd
= f f rgdzdo
84 Jatbd

Body Surface Area

Outside the regions where the threads exist, expressions for
the body surface areas can be generated from conventional
expressions. Several expressions can be used (depending of
the geometry of the fastener of interest) but it is likely that the
following two geometric shapes are applicable to all fasteners
that include a cylinder and a frustum of a right circular cone.
The surface area of the body of a cylinder is given by

(B39

I=2nrh,

where r_. is the radius and h,, is the height of the cylinder.
The surface area of the frustum is

(40)

l"ar(r0+r1)‘/(r0+r1)2+h2 41)
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where r, and r, are the radii for each end of the frustum and
h is the distance between the parallel circles. By summing the
surface area expression for the thread surface and body, the
entire surface area of the threaded fastener can be determined,
as further described by the example below.

EXAMPLE

In general the application of the above expression consists
of defining the limits of integration relative to the tip of the
fasteners. The following example applies developed surface
area equations to a No. 10-2.54 cm (1-in long) wood screw
(i.e., fastener 20 of the type illustrated in FIG. 3). According
to the ASME, the screw 20 has the following geometric
parameters for a cut thread type:

TABLE 1

Geometric Parameters for exemplary cut thread type screw

Body Diameter

Thread Major Diameter
Thread Minor Diameter
Thread Thickness

E = 0.483 cm (0.190-in.)
D = 0.483 cm (0.190-in.)
K =0.330 cm (0.130-in.)
t,, = 0.124 cm (0.049-in.)

Thread Spacing p=0.196 cm (0.077-in.)

Tip Length L = 0476 cm (0.188-in)
Thread Length Ly=1.667 cm (0.656-in)
Reduction Length L.=p

Taper TR =0.318 cm (0.125-in)
Head Height H=0.295 cm (0.116-in.)

Head Diameter B =0.889 ¢cm (0.350-in.)

For each three major thread regions (tip, shank, and mating
regions) along with the transition for the tip to threaded
shank, general analytical expressions for the limits of inte-
gration are given in Appendix A below. Expressions are gen-
eral to any fastener with a wedge shaped fastener that satisfies
the assumptions used to derive Equations 27-29, 32, and 35.
To model the root surface geometry during the transition
between the tip and shank regions both Equations 30 and 33
are utilized. Equation 30 is applied to model the geometry
until z=1,,,, while Equation 33 is valid for z>1,,. Stated dif-
ferently, Equation 30 is used to model the geometry until the
inner diameter of the fastener tip subregion equals the thread
minor diameter, which will occur at1,, from the fastener end,
and thereafter by Equation 33. Actual fasteners tend to have a
gradual transition in this region. This simplified approach will
slightly overestimate the actual surface area, as determined
by surface area Equations 32 and 35, but the overestimate will
be small and therefore negligible.

For the No. 10-2.54 cm long wood screw surface area
equations, limits of integration (using the expression shown
in Appendix A), and calculated surface area for each model
part of the fastener is shown in Table 2.

Comparison to Numerical Analysis and Surface Area Esti-
mates

The No. 10-2.54 cm (1-in long) wood screw was modeled
using same geometric equations (9), (12), (14), (30), and (33),
to develop the general surface area integrals formulas, along
with the expressions for the smoothed taper, smooth cylinder
shank, and the fastener head.

Using the geometric model data, the surface area was deter-
mined numerically by discretizing the model into a number of
grids, taking the norm of the cross products of the vectors at
each one of these grids and summing the results over the
entire model. FIG. 6 shows the results of the numerical analy-
sis along with the analytical solutions. It is seen the numerical
solution converges to the analytic solution as the number of
grids increases and validates the general analytical expression
for surface area.
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12

Surface area results for each location and total for No 10 - 2.54 cm (1-in.) long wood screw.

Surface

Outer integrand Inner integrand limits Area

Calculation limit a+bo c+do cm

Region surface Eqn 0, O a b C d 1000
Tip Upper thread 27(1) 0 13.926 0.0119 0.0157 6471
Lower thread 27(2) 0 15.341 0.0088 0.0157 133.03
Root area 32 0 6.283 S S 0.0088 9.82
Root area 32 6.283 15.341 -0.0745 0.0119 0.0088  79.77
Tip - shank  Upper thread 28(1) 13926 15.341 0.1651 S 0.0157  23.88
Transition Lower thread 28(2) 15341 17.340 0.2413 S -0.0949  0.0150  46.09
Root area - tip 32 15341 17.340 -0.0745 0.0119 -0.0949  0.0150  25.52
Root area - tip 32 17.340  20.209 -0.0745 0.0119 0.1651 S 22.96
Root area - shank 35 17.340  20.209  0.4775 S -0.0622  0.0311 21.15
Shank Upper thread 29(3) 15341 47.246 0.1651 0.2413 -0.0622  0.0311 64236
Lower thread 29(3) 17.340 47.246 0.1651 0.2413 -0.0622  0.0311 602.11
Root area 35 20209 47.246 -0.1334 0.0311 -0.0622  0.0311 31747
Mating Upper thread 28(4) 47.246 53.529  0.1651 0.8143  -0.0121  39.10
Lower thread 28(5) 47.246 53.529  0.1651 S 0.8143  -0.0121  59.70
Root 35 47.246 53.529 -0.1334 0.0311 -0.5302  0.0410 106.05
Root 35 53529 59.812  0.3968 0.0212 1.6662 69.17
+TC Total Thread Surface Area: 2282.88

Eqn. i i h T, h,

Body Taper 33 0.165 0.242 0318 S 416.88
Shank 32 S S S 0.242 0.262 396.65
Head 33 0.242 0444  0.295 771.16
Total Surface Area:  3867.56

Where The number in parenthesis under the “Eqn” column
denotes the W used in equations: 1=W¥,, 2=W,, 3=W¥,, 4=¥,,
and 5=W¥5; and

bﬁf(x)dx - —ff(x)dx
a b

was utilized for calculation of surface area of the lower thread
for the tip-shank transition

Comparison of Surface Area Expression to Simplified Area
Models

Due to the involved nature of calculating the surface area,
it can be useful to determine how closely the area can be
approximated with simplifying assumptions. The percent
error will be calculated for four simplified models to deter-
mine the surface area. Since the only difference in these
simplified models (estimates) and detailed expression is the
treatment of the threaded portion of the fasteners, only these
differences will be discussed. All estimates start with the
minimum surface area ofthe root radius and idealize the tip as
a cone, (Equation 42). The first estimate approximates the
threaded surface are right frustum placed back to back that
extends the entire length of the threaded portion including the
tip (Equation 43). The second estimate is the same as the first
estimate but excludes threads in the tip region. Estimates
three (Equation 45) and four (Equation 46) are the same as
estimates one and two but increase the thread surface area
using the ratio of the angled thread length to perpendicular
threaded length. Equations for the base surface and four esti-
mates are as follows:

35
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[y =nrg+f r,2< + l,zip + 2nrg(Ly — l,;p) “2)
Ly -1y 43
I = rb+2ﬂM[(rD +rg rp—rg)? + /4~ r,(tw] “3
L 44
l"2=l"b+27r7T[(rD +rg) (rD—rK)2+t§V/4—thW] “d
Ly —1; 45
3= rb+2ﬂ¥[(m +rE rp —rk)? +22,/4 - thW] “)
N Qarp)” + p?
27”'1)
r = (46)

N Qarp) +p?

Lr 240
[p+21 [(rD +r)\ (rp —rg)* + 1% /4 - r,(tw]
el 2rrp

Using these four estimates, a comparison to the analytical
expression can be undertaken. The absolute difference and
percent difference between estimates and analytical formulas
are given in Table 3. From this table, the percent difference
ranges between —1.06% and 6.71% for the four models con-
sidered.

TABLE 3

Comparison of surface area expressions and simplified models

Estimate Surface Area (cm?) Percent
No. Simplified Analytical Difference  Difference
1 4.120 3.869 0.251 6.49
2 3.822 3.869 -0.047 -1.22
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TABLE 3-continued

Comparison of surface area expressions and simplified models

Estimate Surface Area (cm?) Percent
No. Simplified Analytical Difference Difference
3 4.129 3.869 0.260 6.71
4 3.828 3.869 -0.041 -1.06

Advantageously, certain aspects of the present invention
provide for the determination of the surface area of a threaded
fastener, thereby removing one of the barriers to determining
the corrosion rates of screws and threaded nails, quantita-
tively. For a wedge-shaped thread profile, general surface area
expressions for both the threads and area between the thread

14

roots were developed for the tip, threaded shank, and mating
regions of the fastener. These analytical expressions were
applied to a specific wood screw to highlight the surface area
calculation procedure and to validate the expression by com-
parison to a numerical procedure. Use of these expressions
along with an imaging system will allow for the determina-
tion of the surface area for a wide range of threaded fasteners.

Furthermore, for fasteners that may not include all three of
the tip, threaded shank, and mating regions, the above method
can be applied to determine the surface area of only those
regions that exist, and those determined surface areas can be
summed determine the surface area of the fastener. Accord-
ingly, the present invention is also applicable to other types of
fasteners than the fastener illustrated in FIG. 1, such as
unthreaded fasteners.

APPENDIX A

Table A 1-Equations and integration limits for tip region of fastener

(UT = upper thread, LT = lower thread and RT = root).

Theta Radiu
Lower limit ~ Upper limit Lower Limit Upper Limit
Surface Eqn.! 0, 0, a+bo c+d6
UT  35(1) 0 .
Tk +lp] kp(1 + ﬁ] K,
epf 14+ *nlg ko
U Tk kx +k
LT  35(2) 0 .
Lip kp(1 " ﬁ] kg
kp kD 0 kD
ki +k
RT 41 0 25 0 ke
b(-7)
7/‘09
kg — ke
RT 41 2n I %, k. k,
i p(l + _‘) kp(kp + kﬂ] kp(l - —t)
kp _ kp kp L b/,
kK + k¢ kK + kt kK - kt

"Number in parenthesis denotes the W used in equations: 1 = W,2=W,3=W;,4=W,,and 5 =Ws

Table A 2-Equations and integration limits for region connecting the tip to threaded shank of fastener
(UT = upper thread, LT = lower thread and RT = root).

Theta (angle variable) Radius
Lower limit Upper limit Lower Limit Upper Limit
Surface Eqn.>? 0, 0z a+ b6 ¢+ D6
uT  36(1) Mg + Lip] lip g ke,
k X, kp
k (1 + —] ?
0 %D
LT 36(2) lip [rk (kg —k¢) +kerp ] —kyry k, 0 n
k, ko ke — k) (ke —ky)
RT 41 lip [rk (kg —k¢) +kerp ] (1 N ke ] (k N ktkp] —kry k, o
K, &, M) ), &k kw0
kg + k¢ kg +k
RT 41 [rg (kg — k) + kep] [kerg + lp] ke keko Tx
———— ————+2n p(1+—] ko + —
ke k|1 + ke - knJ | ko
"7 kp kg +k ke +ke
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-continued

Table A 2-Equations and integration limits for region connecting the tip to threaded shank of fastener
(UT = upper thread, LT = lower thread and RT = root).

Theta (angle variable) Radius
Lower limit Upper limit Lower Limit Upper Limit
Surface Eqn.>2 0, 0z a+bb ¢+ D6
RT 44 Y | Lip =~k =~ 120 + X0
—_— —+

kp ke

ko|1+ —

(%)

“Number in parenthesis denotes the W used in equations: 1 =W,2 =W,, 3=W;,4 =W, and 5=
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Table A 3-Equations and integration limits for the threaded shank region of fastener
(UT = upper thread, LT = lower thread and RT = root).

Theta (angle variable) Radius
Lower limit Upper limit Lower Limit Upper Limit
Surface Eqn® 0, 0z a+bb c+doe
Upper 29(3) Lip Lr -1y rx D
Thread — —
cal K, k,
Lower 29 [rg (kg — ke) +kerp] Lr -1y 'x p
Thread X X
0 0
Root 35 [kerg + Lip] Ly =1y kitp-1x)-m+k0 —k(rp-1x)+k0
— 427
k (1 + E] 5
P kD

3Number in parenthesis denotes the W used in equations: 1 =W,2 =W,, 3=W;,4 =W, and 5=

Table A 4-Equations and integration limits for the region connecting the threaded shank to the
smooth shank region of fastener (UT = upper thread, LT = lower thread and RT = root).

Theta (angle variable)
Surface Eqns® Lower limit, 6 Upper limit, 65
UT  28(4) Lt —In ke
T LI'_k_(LI'_lm)_(rD_rK)kt
0 m
K (1 u ]
v .
UT> 27(4) k, Ly
Lr - —(@Lr —ln) — (rp —tx ke —
kn ko
ke
w(1- )
LT 28(5) Lr—1ln Lr
ko k,
LT® 28(5) Lt ke
= LI'+k_(LI'_1m)+(rD_rK)kt
0 m
k (1 + k‘]
Uk
RT 35 Lr—ln Lr -l

2
T K
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-continued
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Table A 4-Equations and integration limits for the region connecting the threaded shank to the
smooth shank region of fastener (UT = upper thread, LT = lower thread and RT = root).

RT® 35 Ly -1, k
e +2r LI'+k_(LI'_1m)+(rD_rK)kt
0 m
ke
ko[1+ E
RT (35) ke ke
LI'+k_(LI'_1m)+(rD_rK)kt LI'_k_(LI'_m)_(rD_rK)kt
& & +2n
k| L+ L3 ki
o1+ k\l-
Radius
Surface Eqns® Lower Limit, a + b6 Upper Limit, ¢ + do
UT  28(4) g Ir-ln) %k
m+——— - —80
k, k,
UT® 27(4) Lr-ln) Lt k X (Ir-ly) X
'm 0 t T m) 0
e e (el | P TR
LT 28(5) Tx Lr-1n) k
Pt T ke
LT®  28(5) % -l Lr_ (1 1y
P TR "(E+E]
RT 35 —
ke —x) — p + k0 _h(rD n (erJ _ ]+kp(1 " kﬁ)g
RT? 35 (p+Lr —1n) ki (Lr — ) k
h(n;+k7—m)—p+kp(l—k—]0 —h(m+k——m]+kp(l+k—]0
RT (35) Ly —lm L
k¢(rD+(p+k#—rK]—p+kp(l——)0 T

“Number in parenthesis denotes the W used in equations: 1 = W,2=W,3=U3,4=",;,and 5=
5Integ:ration limit not used for No. 10-2.54 cm wood screw example since 1, = p. These expression are validate only if 1, > p.

The above description has been that of a preferred embodi-
ment of the present invention, and it will occur to those having
ordinary skill in the art that many modifications may be made
without departing from the spirit and scope of the invention.
In order to apprise the public of the various embodiments that
may fall in the scope of the present invention, the following
claims are made.

We claim:

1. A method for determining the surface area of a threaded

fastener, the steps comprising:

(A) acquiring a photographic image of the fastener with a
data acquisition system, and measuring parameters of
the fastener on the image;

(B) separating the image of the fastener into three regions
including a thread region, a root region, and a body
surface region;

(C) determining a corresponding surface area for each of
the three regions based on the measured parameters; and

(D) summing the corresponding surface area for each of the
three regions to determine the surface area of the fas-
tener.

2. The method as recited in claim 1, wherein the data

acquisition system comprises, a support structure to which
the threaded fastener is mounted, a light source, a camera
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configured to acquire the image, a computer executing an
imaging software, a monitor displaying the image, and a user
interface.

3. The method as recited in claim 2, further comprising
identifying a region of interest on the image with the user
interface related to a thread characteristic of interest, and
calculating distances of the thread characteristics based on a
pixel size of the characteristic of interest.

4. The method as recited in claim 1, further comprising
separating the thread region into three subregions including a
fastener tip subregion, a threaded shank subregion, and a
mating subregion determining the surface area of each of the
separated thread subregions and summing the surface area of
each of the separated thread subregions to determine the
surface area of the thread region.

5. The method as recited in claim 4, wherein the fastener tip
subregion includes a location where a thread root diameter
and crest diameter are increasing.

6. The method as recited in claim 4, wherein the shank
subregion includes a location where a thread root diameter
and crest diameter are constant or substantially constant.

7. The method as recited in claim 4, wherein the mating
subregion includes a location where a root diameter is con-
stant and a crest diameter is decreasing.
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8. The method as recited in claim 4, wherein the thread
region comprises a thread surface, the thread surface includ-
ing an upper thread surface, and a lower thread surface, and
step (C) further comprises determining the surface area for
the upper and lower thread surfaces of the thread regions.

9. The method as recited in claim 4, wherein the thread
region comprises a root surface, and step (C) further com-
prises determining the surface area for the root surface of the
thread regions.

10. The method as recited in claim 4, wherein the thread
region comprises a flat crest surface, and step (C) further
comprises determining the surface area for the flat crest sur-
face of the thread regions.

11. A method for determining the surface area of a fastener,
the steps comprising:

(A) acquiring a photographic image of the fastener with a
data acquisition system and measuring parameters of the
fastener on the image;

(B) separating the image of the fastener into a plurality of
regions having a known pixel length;

(C) determining a corresponding surface area for each of
the regions based on the measured parameters; and

(D) summing the surface area over the plurality of regions.

12. The method as recited in claim 11, further comprising
applying the following equations to each of the regions:

n
A= Z artA
i=1

where A is the corresponding surface area, r, is the radius of
the i region, and A is the calibrated length of the one pixel of
camera apparatus.
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13. An apparatus for determining the surface area of a
threaded fastener, comprising:
a camera configured to capture an image of an illuminated
fastener that is resting on a support structure; and

software running on a pc, the software configured to
receive the captured image of the fastener from the cam-
era, separate the fastener into at least two regions, deter-
mine the surface area of each region, then sum the sur-
face area of each region to determine the surface area of
the threaded fastener.

14. The apparatus as recited in claim 13, wherein the image
of the fastener is separated into three regions including a
thread region, a root region, and a body surface.

15. The apparatus as recited in claim 13, wherein the thread
region is separated into three subregions including a fastener
tip subregion, a threaded shank subregion, and a mating sub-
region, and the surface area of each of the separated thread
subregions is determined and summed to determine the sur-
face area of the thread region.

16. The apparatus as recited in claim 13, further comprising
the support structure, wherein the support structure defines a
mounting location for the fastener, the mounting location
being positioned in the field of view of the camera.

17.The apparatus as recited in claim 13, further comprising
the light source, wherein the light source is configured to
direct light at the fastener.

18. The apparatus as recited in claim 17, further comprising
a support structure configured to support the fastener in a field
of view of the camera.

19. The apparatus as recited in claim 13, further comprising
auser interface configured to identify locations of interest on
the received image of the fastener, wherein the locations of
interest divide the received image of the fastener into the at
least two regions.



