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UDC 517.95+518.517 In this paper, based on the R-functions theory, methods have been developed
and equations have been constructed for the 3D printing of hex-head screws
MATHEMATICAL AND with Bristol, Pentalobe, Polydrive and other types of screw slots. Such screws

are used both in personal computers and other high-end equipment. The
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Bristol slot has four or six radial grooved beams. The advantage of the de-

OF HEX HEAD CREWS sign of this slot is the correct perpendicular, rather than tangential, vector of
FOR IMPLEMENTATION force application when the slot is rotated by a tool, which minimizes the risk

of stripping out the slot. For this reason, the Bristol slot is used in soft metal

ON A 3D PRINTER screws. Compared to the internal hex, the Bristol slot allows a noticeably
. higher torque, only slightly higher than that of the Torx slot. This type of slot
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ORCID: 0000-0003-3295-5998 equipment. Variations with a pin in the center are found in game consoles to

prevent the use of a flat-blade screwdriver as an improvised key. The Penta-
) lobe slot is a five-point slot designed by Apple and used in its products to
m-sh@ipmach.kharkov.ua limit unauthorized disassembly. It was first used in mid 2009 to mount
ORCID: 0000-0002-7064-2442 MacBook Pro batteries. Its miniature version was used in the iPhone 4 and
1 A. Pidhornyi Institute later models, in the MacBook Air (available since late 2010 models), and the
MacBook Pro with Retina screens. The Polydrive slot is a starlike slot with
rounded star points, used in the automotive industry for applications requir-
. . ing high tightening torque. The Torg-set slot is a cross slot for fasteners re-
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Phillips Screw Company owns the trademark and manufactures fasteners
with this type of slot. The slot design standards are National Aerospace Stan-
dard NASM 3781 and NASM 4191 for the ribbed version. The resulting
equations for the surfaces of screws were checked during the modeling of the
screws before 3D printing. The 3D printing technology allows us to reduce
the cost and labor intensity of manufacturing products, including complex
slot screws. The analytical recording of designed objects makes it possible to
use alphabetic geometric parameters, complex superposition of functions,
which, in turn, allows us to quickly change their design elements. The positiv-
ity property of the constructed functions at the internal points of an object is
very convenient for the implementation of 3D printing.
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Introduction

One of the new technologies that has been gaining popularity in recent years is 3D printing. It allows
us to create volumetric models of any objects using special equipment — a 3D printer. Advantages of using
modern 3D printers are reducing the cost of manufacturing products and the timing of their emergence on the
market, modeling objects of any shape and complexity, speed and high precision of manufacturing, the ability
to use various materials. However, there is a problem with specifying the printing information. In the process of
preparing products for 3D printing, it is necessary to create a 3D computer model of the desired object. In stud-
ies on the computer modeling of solid bodies, carried out in the works of A. G. Requicha [1-3], eight main
presentation schemes have been identified: 1) engineering drawings; 2) wire frame representation; 3) represen-
tation with primitives; 4) voxel presentation; 5) discrete models; 6) Constructive Solid Geometry; 7) schematic
sweep representation; 8) boundary representation (Brep). The analysis of the above classical representations
showed that their practical application is limited, or requires significant efforts in constructing models of com-
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plex-shaped objects. From the point of view of universality, one of the most promising is the functional repre-
sentation, which is based on the use of the language of implicit mathematical functions with the constructive
capabilities of the R-functions theory developed by academician V. L. Rvachev [4].

The aim of this paper is to develop techniques, based on the R-functions theory, and construct
equations for the surfaces of various types of slotted screws to be subsequently 3D printed.

Fastener slots are recesses in the heads of threaded fasteners for transferring torque from the tool to the
slots. The slots can be straight, cross, square, multi- square, inner hexagonal, five-pointed, star-shaped, combined,
etc. In addition to the common, widely used types, there are less common ones used as anti-vandal or designed to
prevent unauthorized access. Slots are anti-vandal if their task is both to complicate unauthorized access in public
places and complicate the self-opening and repair of electronic devices. Anti-vandalism is often based on the fact
that screwdrivers for the required slot are not available in standard tool sets, and it is rather difficult to find them
on the market. In some cases, the manufacturer can replace a rare but standardized type of slot with its own, pro-
prietary, patent-protected, which enables not only to make unauthorized untwisting as difficult as possible, but
also prosecute any independent screwdriver manufacturer that does not have a manufacturing license from the
patent holder. Examples of proprietary slots include T-Groove, Slot-Lok, Pentagon, Tork-Nut, T-Slope.

Main Part
When constructing mathematical models by the R-functions method, both the simplest R-operations

XAgYEX+Yy—y x> +y°
XVyy=x+ y++x*+y*> and R-operations XV, y=x+ y+\/x2 +y° +§—R2(SR+|SR|) will be used to
- p

X=-x _
X=-x SR=p* —x*—y?

XA, y=x+y—\/x2+y2+;TR2(SR+|SR|)

smooth sharp edges and corners, where p is the radius of rounded corners.

When constructing equations corresponding to geometric objects with a cyclic point symmetry, the
results of the following theorem [5] will be used to reduce the number of R-operations.
Theorem. Let the translation domain X, = [00 (x,y)=> O] be symmetrical about the abscissa axis, and let

it be possible for the domain X, = [00 (x— Tos y)> 0] to be placed inside the sector — <6<, O<a< T The
n
domains X, = lcso (r cos(0— 27‘% )— 1y, rsin(0— 2mk n))z OJ k=0,1,...,n—1 have been obtained as a result of

rotating the domain X, = [(50 (x— Ty, y)= 0] around the origin by angles 275% (k=0,1,...,n—1). Then the equa-

n—1

tion of the boundary dQ of the domain Q = U Y, has the form o(x, y)= o, (rcosp(8,n)— Ty, Fsin u(6,n))=0,

k=0
sin{(Zk —1)”9}
k1 2

[r =x*+y%, 9=arctgl} , where u(ne):iZ(—l
X

4 (k-1
For chamfering, we use the equation of a conical surface, for which the guide is described by the
equation o(x,y)=0, and the vertex is at a point A(xy,Y0,2y) - As a result, the equation o(x,y)=0 of the

X=X,
X &< xo - ZO
conical surface is obtained by changing the variables 7% iy the equation (x,y)=0,
Y=Y
Y<=Yo~Zo T
- ZO

namely co[xo -2 7% » Yo~ 2 y_—yoj =0 [5].
Z_ZO Z_ZO
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Let us build a mathematical model of a 6-32 (UTS) cross-slotted hex head screw used in personal
computers

sin[(Zk -1) ”Oe}
k+1 2

B

2 2 Y 8
=4x"+y ; 0=arctg—; u=—->» (-1
P Y gx H noTl:Zk:( ) (Zk—l)2
fl=3—-pcospu; fpl=3.7—pcosu; x0=0; y0=0; z0=4; no=6; rr=1; r1=1.8;
x—x0 y—y0
: vk=y0-z0
z—20 Y=Y z—2z20
F2=(f1n, (1=22)12) Ay 0k 205 f4=(26"=x*=12)I52A, 20620

£5=16-22 =y )8 ny (~1-2)13+ Ay 1201 h=1; ri=16:

xk =x0-z20

s Wk =16—xk> —yk> Ag z+120;

4h o sm{(zk_l)(f_g)} ) s s
m:¥;(—1) T D ff3=04"—(p-1.6) —p® 20; fi=ri* —p*20;
kk = (fing 3)A (F1-2)6+2)20;
11=(0.252-x2)70.5; 12=(0.25% - y2)/0.5;
{fSlztlvp 12>0; p=1; f3=131A, (4—x2—y2)/420; fsl=f2A,—f320; )

f$52=fs1n,—f420; fs=fs2v, f520;
res = (((fi ng=13) ng (- 1=2)6+2))) v, f520.

Fig. 1 shows a hex washer head screw constructed by the formula (( f2v, f 5)/\O ﬁ)vo kk>0. A
rod with an external thread is attached to the screw head according to the formula
(( f2vo f 5)/\O f 4)\/0 kk 20 (Fig. 2), the equation of which can be constructed according to the results of
work [6]. Substituting the formula for the cross slot (1), we finally get the screw model 6-32 (UTS) (Fig. 3).

Fig. 1. Hex washer head screw Fig. 2. Screw with an external threaded rod  Fig. 3. Screw model 6-32 (UTS)

Replacing (1) with

2 2.2 2 2
=PSB _PCS s, =08
0.25 2
we get a Torx hex head screw (Fig. 4).

—-x?=y?20; f31=lv,1220; fsl=f2A,-f3120,
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Replacing (1) with

o sin[(Zk -1)
)
nolm ;( ) (2k—1)
£31=0.8> —(rocospul —1.3)> = (rosinpul)’; f3=f31v,1.3% —x* —y> 20,
we get a Pentalobe hex head screw (Fig. 5), which is used by Apple and Meizu in personal computers.

Replacing (1) with f31=-0.6"+(rocosu—2) +(rosinp)’ 20; f3=f317,2° —x*—y* >0, we
get a Polydrive hex head screw (Fig. 6).

nol@}

nol=5; pul=

Fig. 4. Torx screw Fig. 5. Pentalobe hex head screw Fig. 6. Polydrive hex head screw

A Bristol hex head screw (Fig. 7) can be obtained by replacing (1) with
£31=(0.5" = (rosinp)?) Ao (2* —(rocos u)z —(rosin u)z )((rocos u)z +(rosin u)z -1.5%)>0;
f3=—f317,2"—x>-y>20,

and a Torg-set hex head screw (Fig. 8), with
dl=3B-x)(x+0.7) A, (0.7-y)y=0; d2=(x+0.7)(—=x) A, (3-y)y=0;

d3=(x+3)0.7-x) Ay (0.7+y)(=y)20; d4=(0.7—x)x A, (0.7-y)3+y)>0;
f31=((d1vyd2)v,d3)v,d4>0; f3=f31A,2> —x*—y*>0.

Fig. 7. Bristol hex head screw  Fig. 8. Torg-set hex head screw

Thus, having built a model of the screw base in the form of a hex washer head with external threaded
rod, and then, by including in the formula of the main screw block only the logical formula of the required
slot, we obtain the desired result. At the same time, construction and manufacturing costs are minimized.

Fig. 9 shows the results of the 3D printing of some of the constructed screw models.
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Fig. 9. Results of the 3D-printing of screw models

Conclusions

Building a mathematical model is a central stage in studying or designing any system. All the subse-
quent analysis of the object depends on the quality of the model. The model must be sufficiently accurate,
adequate, and easy to use.

Summing up, it should be said that in this work, for the first time, thanks to the R-functions theory,
methods have been developed and equations have been constructed for various hex head slotted screws, which
are used both in personal computers and in other high-class equipment, for the implementation on a 3D printer.
The analytical recording of the designed objects makes it possible to use alphabetic geometric parameters,
complex superposition of functions, which, in turn, allows us to quickly change their structural elements.

The proposed method for specifying the shape of products, using a limited number of parameters,
can significantly reduce the complexity of work in cases where we need to view a large number of design
options in search of an optimal solution. With parametric assignment, the change in the computational do-
mains is carried out almost instantly.

With the help of R-functions, an algorithm for the step-by-step construction of the equations of
screws has been developed and implemented, which allows us to check and make adjustments to the model
at each stage of its construction.

The reliability of the results obtained, their adequacy to the designed objects is confirmed by visuali-
zation both in the operating conditions of the RFPreview program and by implementation on a 3D printer.
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MareMaTH4YHe Ta KOMII'I0TepPHE MO/IEJTIOBAHHSI TBUHTIB 3 IECTUTPAHHOIO TOJIiIBKOIO
IJis1 peattizanii Ha 3D-npuHTepi

'T. I. Ileiiko, “*K. B. Makcumenko-Ileiiko

'TacTutyT npo6itemM MammHOGY AyBanHs iM. A. M. Ilinroproro HAH Vkpaimuy,
61046, Ykpaina, M. Xapkis, By:1. [Toxxapcekoro, 2/10

? XapkiBchKuii HanjioHanbHui yHiBepeuTeT iMeni B. H. Kapasiua,
61022, Ykpaina, M. XapkiB, Maiizan Cobomu, 4

YV oanitt cmammi na ocnosi meopii R-@pyHKyitl po3podaeno memoouku i NoOYOOSAHO PIBHAHHS Ol MOOEIHOBAHHS
268UHMIB i3 WeCMUSPAHHOI0 2011068K00 ma winiyamu muny Bristol, Pentalobe, Polydrive ma in., sKi 3acmocogyiomucs K 6
NePCOHANIbHUX KOMN Tomepax, max i 6 iHuomy 00Ia0HAHHE BUCOKO20 KIACY, 05 IXHbO2O NOOAIbW020 OpyKy Ha 3D-npunmepi.
LIniy muny Bristol mae yvomupu abo wicmo padianvHux npomenis-3aznubnenv. Ilepesacoro KoHcmpykyii danozo wiya €
NpAaGUILHULL NEPREHOUKYNSAPHUL, d He OOMUYHULL BEKMOP NPUKIAOAHHS CULU NPU 0DEPMAHHI WY THCIMPYMEHMOM, WO Mi-
HiMi3ye Hebesneky tioco 3pugy. Yepes ye winiy Bristol suxopucmogyemobca 6 28unmax 3 m'axux memanie. Ilopienano 3 enym-
pliwnin wecmuepannuxom winiy Bristol donyckae nomimmo 6itbuiutl KpymHuti MOMenm, auuie mpoxu Oiibule makozo, Hijc y
wwniyax Torx. Let mun winiyie 6uKopucmo8yemovcst 8 asiayii, meaeKOMYHIKAyiiHoMy 0OIAOHAHHT BUCOKO20 KAACY, KamMepax,
NOBIMPAHUX 2ATbMAX, CLIbOCNMEXHIYl, ACMPOHOMIYHOMY OOIAOHAMHI ma 3apyOidiCHIll GilicbKoGil mexuiyi. Pisnosudu 3i
wmugmonm 6 yenmpi 3yCmpiuaromsCa 8 i2posux NPUCMABKax, O 3an00ieaHHs BUKOPUCIIAHHIO NIOCKOT Wib080I BUKDYMKU
sk imnposizosanoeo kmoua. Ly Pentalobe — n’smunpomenesuti winiy, pospobnenutl komnarieio Apple i euxopucmosyearuii
Hero 8 C8OIX NPOOYKMAX 05k 0OMENCEHH s HECAHKYIOHO8AH020 po3bupants. Bnepuie euxopucmanuii 6 cepeduni 2009 poky ons
Kpinnennsi akymynsimopa MacBook Pro. Miniamiwopua eepcis suxopucmogyeanacsi 6 iPhone 4 i nodanvwiux modensx, 6
MacBook Air (6 modensx 3 kinys 2010 p.), 6 MacBook Pro 3 expanamu Retina. ILniy Polydrive — 3ipkonodionuti uiniy 3 3a0-
Kpy2neHumy 6epuiuHamu 3ipku. 3acmocosyemovcst 8 a8moMOoOibHIlL RPOMUCIOBOCE Ol 3a0aY, WO SUMALAIOMb BUCOKO20
momenmy samseyeanns. [Lniy Torg-set — xpecmonodiOnuil winiy 0t KpinieHHs 3 BUCOKUM MOMeHmOoM 3amsiicku. Tlazu mpo-
Xu 3MiweHi i He nepemunHaiomscs 6 0Ouil mouyi. Kpinienns 3 0anum 6uoom wiiiya UKOPUCMOBYEMbCA Y GIlICLKOGIL agiayii,
nanpuxnao 8 E-3, P-3, F-16, Airbus, Embraer i Bombardier Inc. Komnanis Phillips Screw Company 8o100ie mopeogoio map-
K010 [ 8Up0OIAE KpinaenHs 3 Oanum euoom winiya. Cmanoapmamu, wo onucyroms Koncmpykyito uiniya, € National Aerospace
Standard NASM 33781 i NASM 14191 ons pebpucmoi séepcii. Ompumani pigHsnHs 015t NOBEPXOHb 28UHMIE O)10 NEPesipeHo 6
X00i MoOemosanusi ocmanHix neped opykom na 3D-npunmepi. Texnonozcis 3D-0pyky do3zeonsec 3uuzumu cobieapmicms i
MpYOOMICIKICIb 8ULOMOBIEHHSL NPOOYKYIL, 8 MOMY YUCTT 28UHMIB 31 CKIAOHUMU winiyamu. AHanimuunuil 3anuc npoeKmosa-
HUX 00'€KMI6 0ae MOJNCIUBICIb BUKOPUCMOBYEAMU OYKBEHI 2eOMEMPUYHI napamempu, CKIAOHI CYRepno3uyii oyHkyit, wo, 6
CBOI0 uepzy, 00360JSIE ONEPAMUBHO 3MIHIOBAMU X KOHCMPYKMUGHI elemenmu. Baacmusicme nosumuenocmi no6yooeanux
@yHKyitl y 6HympiwHix moukax 06'ekma € dyoice 3pyuHor0 0 peanizayii 3D-0pyky.

Knruosi cnosa: R-¢ynxyii, mamemamuuna mooenn, 2unm, winiy, 3D-0pyk.
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