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APPENDIX A
A.1 BOLT PARAMETRIC EQUATIONS

1. Positive Flank Radius
R, = (b, —%crrb) —K(6+6,,)
0.0000<6<05959 6, =1.0955
P =R, cos(d)i +R,, sin(d)j

|

T = K aos(6) - o —50m,) ~K(O+6,)5n(O)
2 0

O O

- Ksin(g) + @bmax ~a,) - K(9+am)§cos(e)§

|

2. Positive Root Fillet Radius

R = (0, +11,) _\/rrbz - E\/grrb -L(@ _gini)a

0.5959<6<1.1400 6, =0.5959
P =R, cos(0)i + R, sin)]

O
E_ LE\/;rrb -L(@ _eini)E:os(e) O
T=0 —gbmm+rrb)—\/rrb2—E£rrb—L(0—
2
D\/ 2 E\/é g 0
O,[rry — rr, —L(@-6,,;)
& 2

N
O )g —5in(®)
[

0

E‘ '—EJ;% -L(6 —Qm)%n(e) 0

E + gbmm +rr,) —\/rrb2 —E@rrb -~ L(H—Hmi)g
U

D\/rrb2 -E@rrb - L(H—Hmi)g 0
g 2

3. Root Radius
Rr = DByin
1.14003<6<1.9853 6, =1.14003
P=b,_ cos(8)i +b_ . sin(@)j
T =-b_ sin8)i +b_, cos(6)]
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4. Negative Root Fillet Radius
e = (B +11,) —/rr2 = L2(6-6,)°
1.9853<6<25294 @ =1.9853
P =R cos(d)i + R sin(8)]

B, ELZ(Q 8. )cos(8) T A=)

T= 2 o b/~ » —L g_gini 6
Q\m’b L2(0 0|n|) [( oo 1 ) \/rr ( ) ]S'n( )E
E L*(6- e.n.)snw)

a\/rrb LZ (9 |n|

5. Negative Flank Radius
= (b +5TT) K (E-6,)

[(bmin + rrb) _\/rrb2 - L2 (9 |n|) ]COS(B)D
H

25204<0<42209 6, =25294
P=R. cos(d)i + R, sin(d)j

T = 0K cost0) - o, + ;1) + KO- 0,) @)
@mﬁ(e) + @b +2m,) +K(6-6, )Ecos(e)g

6. Negative Crest Fillet Radius

R =(b,, —cCrry) +\/C”b2 - E\/chrrb -L(@- ml)g

42209<6<44929 6. =4.2209
P =R cos(8)i + R sin()j

E‘/;crrb -L@- 6’”“)%08(6’) 0
%bmax —crr,) +\/crrb2 - E\/Z—gcrrb -L(6- Hml)g
D\/crrb E£crrb -L(@- Hm,)a O

Eicrrb—ue e.n.)Esnw) .
+gbmax—crrb)+\/crrb2—EJ§crrb—L(0 Hm,)g 0s(6)
D\/crrb E£crrb—L(9 Hml)a a

Qo OO

in(@)

DI:I!FIII

| |
MO0 Oo0 oomoo
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7. Crest Radius
RC = bmax
4.4929 < @ < 4.9156 6, =4.4929

P=b_, cos(d)i +b_, sin6)]
T =-b_, sin(d)i +b,_, cos(8)]
8. Positive Crest Fillet Radius

R.ce = (o —cCrry) + \/Crrb2 -L%(6-6,)°
49156 < 8 <5.1877 6, =4.9156
P =R, cos(@)i + R sn(B)]
— 2 —
= % L"(6-6,,)cos(6) —[(bmax —crr,) +4forr2 - Lz(g_@mf]gn(g)%
BJorr - L2(6-6,,)° H

% - L*(6-6,,)sin(6) + [(bmax ~crm,) + ey - (8- 6, )ZJCOS(H)%
@\/Cfrbz - LZ(H—Hmi)Z :

_T_

9. Positive Flank Radius
Rye = (O =) = K(0-6),)

5.1877<0<6.2832 6. =51877
P =R, cos(d)i + R,, sin(d)j

K co5(6) ~ oy, =5 - K(e—am)gsin(eﬁ

|

T=

O O

- Ksin(g) + @bmax ~a,) - K(e—4s'im)§cos(e)é+

|

68



A.2 PARAMETRIC EQUATIONS—-NUT

1. Negative Flank Radius
R: =(n

- min

+am,) +K(6+8,)

0.0000<6<1.0520 6, =0.63%4
P =R cos(d)i + R, sin(d)j

T = K cost6) - s, + 5 om) +K(0+6,) (@)

§<s'n(e) = + ) +K(O+ .n.)%cos(e)u

2. Negative Root Fillet Radius

R—RF = (nmax - rrn) +\/rrn2 - E\/errn - L(H _Hini)g

1.0520<6<1.3241 6, =1.0520
P=R  cos(8)i + R 4 sin(d)j

E£rr -L@@-6,)0s0) [
gnmax -rr,) +\/rrn2 - E@rrn -L(6- Gml)g

D\/ E£rr —L(8- e,m)g b

ELE?HH - L(H—Hmi)%n(e) 0
5 +3nmax—rrn)+\/rrn2—E§rrn—L(H—Hmi)g

E\\/rrn2 - E@ rr, —L(6- Hmi)g 0
H 2

3. Root Radius
RR = rlmax
1.3241<6<1.7467 6, =1.3241
P=n_ cos(@)i +n_,sin6)]

T =-n,, sn(@)i +n,,, cos(6)]

69

in(6)

I:II:LFI:I

0 O



4. Positive Root Fillet Radius
Rpe = (Na = 11,) 4117 = L2(0-6,,)°
1.7467<6<20188 6, =1.7467
P = R,q COS(B)i +R.¢ SiN(B)]

2
T= E L'(6 ~6) cos(O) [(nmax —rr,) +4frr2 - 120 -6,,) ]sm(@)%
A - (0-6,)° :
2
E L (6 ml)Sln(g) [(nmax _ rrn) +\/rrn2 _ L2(0 _eini )2]003(9)%
ngr -L*(0-6,) B
5. Positive Flank Radius
R =(N —%rrn) -K(@-6,)
2.0188<6<3.7102 6, =20188
P =R, cos(d)i +R,, sin(d)j
0 [+
T = + K cos(6) — ——rr) K(@- .n.)Hsm(@)D
O
0 . 1
o K sin(8) + énmax ~Zrr) - K(H—Hmi)H:os(H)D
0 2 O
6. Positive Crest Fillet Radius
R+CF :( min T CI'T )_\/C” _E\/chrrn _L(e_eini)g
37102<6<4.2543 @, =3.7102
P= Ricr COS(H)iA + R Sin(g)j
O 3 O
D crr, —L(6-6,,)Fos@) 2 O é
D —3 i FCIT )—\/crr —E£crr -L(@- H,n,)g%n(ﬁ)ﬂ
0 2 0
O O
crr? - crrn -L(@ _9‘”‘)§ O
E B
O 3 .
O LE£crr -L@- a,m)%n(e) 0 0 .
5 2 , V3 £
B +g orarr )= Jerr? - 2err, - L(O-6,,) BCOS(H)D
O 3 0 2 O O
crr? - cr, -L(B-6,,) §
g 2 B
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7. Crest Radius
RC = rlmin
42543<6<5099%6 6, =4.2543
|5 = nmin COS(H),I\ + rlmin Sln(e)]

T = _nmin Sln(g),l\ + nmin COS(Q)]
8. Negative Crest Fillet Radius
R = (Mo —CrT,) —forr2 =L (6-6,,)?
50096<0<56438 6, =5.0996
P =R cos(d)i + R sin(8)]
B L*(0 - 6,,) cos(6)
g\/crr -1%(6-6,,)°
E L*(6-6,,)sin(6)
g\/crr -L*6-6,,)°

_T_

—[( O o = L2(0-6,,) ]snw)%
g

+[( N +Crr ) \/C” _Lz(e |n|) ]COS(B)D
B

9. Negative Flank Radius
R =(n

= min

+;crr )+K(0-6,,)

56438<0<6.2832 6, =56438
P =R cos(d)i + R, sin(d)j

T= é(cos(e) - gnmin +%crrn) +K(@ - ,n,)asm(e)ﬂ

§<s'n(e) = + ) +K(O- .n.)%cos(e)u
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APPENDIX B

B.1 Contact Pair Line Segment Endpoints
When a contact occurs between the bolt and nut, there will be alist of contact

pairs returned by RAPID, which are defined as one triangle each of the bolt and nut. The
determination of the line segment created by this intersection is required to isolate the

contact point location. Four types of contact pairs have the potential to occur:

/ A\

TYPEI TYPEII TYPE 11 TYPEIV

FigureB.1. 1
The ordered pairs of points, which define the endpoints of the line segment, arelisted in a
table for each type of contact pair. For more information, please reference chapter 3

section 3.6.
TYPE |
B0 00 0, 9,2
(N2, bet, Ne3, be2) T 0 0 0
(nc31 bcl, Ne2, bcz) 0 TT 0 0
(N2, be2, N3, bea) 0 0 T 0
(Nez, be2, Ne2, bea) 0 0 0 T
TableB.1.1
TYPE Il
601 902 611 912
(be1, Ne2, N3, be2) 0 0 0 0
(b2, Ne2, N3, Bea) 0 0 0 0
(b2, N3, Ne2, bea) 0 0 0 0
(be1, N3, Ne2, be2) 0 0 0 0
TableB.1.2
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TYPE |11

TYPE IV

B0 00> 0, 0,2
(N2, be1, bez, Ne3) 1 0 I 0
(N2, b2, be1, Ne3) 0 T 0 T
(Nes, b2, be1, Ne2) 0 i 0 T
(Nes, bet, bez, Ne2) 11 0 T[ 0

TableB.1. 3

B0 00> 0, 0,2
(N2, Ne3, be, beo) T 0 0 T
(Nc2, N3, beo, be1) T 0 0 T
(Nez, N2, bz, bea) 0 i T 0
(nc31 Ne2, bcl, bcz) 0 Tt Tt 0

TableB.1.4
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APPENDIX C
Cl

Pivot Direction Algorithm

After the bolt obtains the second contact, it will pivot about an axis defined by the

two contact points. The direction of rotation is influenced by several factors defined as:
* The quadrant location of CPy and CP,

The slope of the Xp-axis (positive or negative).

Where the Xp-axis intersects the X -axis (positive or negative)

All of these parameters are measured with respect to the fixed reference frame. The
entire set of possibilities are shown below:

Xp axis DIR of

CPo lintersets| S0P | CP1 | poop
Q1 +Xg |Negative| Q2 | Negative
Q4 Positive

Positive Q3 Positive

Q4 Positive

-Xg | Negative| IMP
Positive Q2 | Negative
Q3 | Negative
TableC.1. 1

Xp axis DIR of

CPo lintersets| S0P | CP1 | poop
Q2 +Xg |Negative| Q1 Positive
Q4 Positive

Positive | IMP

-Xg  |Negative| Q3 |Negative

Q4 | Negative

Positive Q1 Positive

Q2 & Q3| Negative

TableC.1.2
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Xp axis DIR of
CFo intzorsects Slope S ROT
Q3 +Xg |Negative| IMP

Positive Q1 | Negative
Q4 | Negative

-Xg  |Negative| Q2 Positive
Q3 & Q4| Negative

Positive Q1 Positive

Q2 Positive

TableC.1.3

Xp axis DIR of

CFo intzorsects Slope S ROT
Q4 +Xg |Negative| Q1 |Negative
Q2 | Negative
Positive Q1 | Negative

Q3 & Q4| Positive

-Xg | Negative Q2 Positive

Q3 Positive

Positive | IMP
TableC.1.4
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APPENDIX D

D.1 RAPID Callision Detection Library Commands

Each facet of atessellated surface is read from the binary (STL) file and stored in
aRAPID model. RAPID accepts only one complete facet per loop iteration; therefore,
one execution of the input command consists of three vertices and an identification
number. The identification number is the only way one can keep track of its position in
space, and it is used extensively in the program to extract vertex information from

memory. The following defines the entire set of Rapid commands utilized in the

program:
RAPID_model *model name defines the name of the model
model hame - BeginModel () informs Rapid library that facets will be
stored.
model hame - AddTri(p0, p1, p2, id) adds three verticesto the library labeled p0, p1, and
p2 along with the facets identification number.
model name — EndModel () informs the library that facet input is complete

RAPID_Collide(R1, T1, 1% model name, R2, T2, 2™ model name, contact command)
This command calls the contact detection algorithm
in the Rapid library with the model name, the rotation
matrix, R, and trandation vector, T, for the both
models. The contact command has two settings
shown below.

RAPID_FIRST_CONTACT This contact command instructs the library to return
just the first facet it detects.

RAPID_ALL_CONTACTS This contact command instructs the library to return
all the facetsin contact.

RAPID_num_contacts This variable from the library contains the total
number of contact pairs.

RAPID_contact[contact #].id# This command extracts the facet id number
associated with the contact number, where the
contact # ranges from zero to RAPID_num_contacts
(or total number of contact pairs). Theid# identifies
which model number to parse. For model #1, theid
number would beidl.

RAPID only provides the facet identification numbers when returning a contact pair. The

vertices of the triangles in contact are then retrieved from the multi-dimensional

76



permanent storage array. Thefirst column of this array contains the identification
number, while the next nine contain the X, Y, and Z coordinates of the three vertices.
For further information about collision detection libraries as well as afull instruction
manual, the reader is encouraged to contact the following web site:
http://www.cs.unc.edu/~geom/collide_packages.html

D.2 Coallision Detection Program of a #1/4-20 UNC Assembly

This section provides the code that cal culates multiple contact points and the respective
common normals during the initial phase of a#1/4-20 UNC threaded assembly. For
more information concerning the program structure, please reference the comments

throughout the code.
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