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Mechanical designers often make mistakes that result in unwanted over-constraints, causing
difficulty in assembly operations and residual stress due to interference among parts. This study
is concerned with detection and elimination of over-constraints. Screw theory is a general method
that is used for constraint analysis of an assembly and motion analysis of a mechanism.
Mechanical assemblies with plane-plane, pin-hole, and pin-slot constraint pairs are analyzed
using screw theory to illustrate its utility. As a real-world problem, a ball valve design is analyzed
using the same method, and several unwanted over-constraints are detected. Elimination
measures are proposed. Nominal dimensions of some parts are adjusted, and dimensions and
tolerances of the pins and holes are modified using the virtual condition boundary concept. The
revised design is free of over-constraints. General procedure for applying screw theory to
constraint analysis is established and demonstrated; it will contribute to improving quality of
assembly designs.

KEYWORDS: Over-Constraint (2} 2f), Assembly design (Z2/47), Screw theory (LtAtO]Z), Tolerance design (SAHIA),
Ball valve (2 2)

7184d9H oy, Oy, ®7 = Rotational velocities in X, Y, Z directions
U = Union
T = Twist vector or matrix N = Intersection
W = Wrench vector or matrix
fv fr, fz= Reaction forces in X, Y, Z directions 1. ME
my, my, my= Reaction moments in X, Y, Z directions
Vy, Vr, vz = Linear velocities in X, Y, Z directions A2 T AxFAES 2HFY 4 A4S
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Fig. 1 Schematic diagrams illustrating: (a) Under-

Constraint, (b) Proper constraint
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Fig. 2 Schematic diagrams illustrating cases of over-

constraint: (a) Part in in-line fit with constraints,
(b) Part with play, (c) Part in interference with
constraints
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Fig. 4 Example problem of two-plate assembly
two pins and two holes(cpl: Plane-Plane,
Pin-Hole (Left), cp3: Pin-Hole (Right))
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Fig. 5 Example problem of two-plate assembly with
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cp2: Pin-Hole, cp3: Pin-Slot)

3.3.2 oA 2

SO = Fig. 59 Bl npe} o] F s #A
Szt @ B3E (Part Bl 3 e 7 &
MY &£%& 2e 33 H5 (Part A)°] ZHHE
TAE nEsY, T e FAHL XFH % 3 SHA|
AR, FEY EXY A D E£59 HJ?‘% ==

o] A MW Holl ALgH A (1) Fd-
B9, ) A-&, ) ﬂ-%%ﬂtﬁ zzto] EQAEE
21(19) - *4(21)9% 2ok 2199 220) dA 12
}\1(13) =] )\](14)9,], EO]*&}U:] (21)__ AEFE z
oFgol wy, wz, vy, vz8 AFTEE 7HAE ov gt

1000
7=[0 001 00 (19)
000010

T, = (20)

0100 0 5
F |00 1250 1
10001 0 0

0000 0 1]

ol ESXE ™S At w9
Aletal A& A8 4(22) - Al dHE o
=t AE)EFE o] wACME F o Abo] €]
T AEIE A GEe 4 7 AT B
7M1 A8ste] 423)3 HeaHE sk

Operator
Flange

) A

‘_/ Stem Cover
[

M-

=SSN

Seat
Retainer Ball
1 ‘S 7
Fl —

Flange Body

Ball l
Support

Fig. 6 Assembly drawing of the ball valve

1,,; = empty matrix (22)
Wpy=[0 0 0 1 0 0] (23)
Vo -7, {0 0010 0} 24
000O0OT1O0
4. M| &3 . EdE

BENL 499 f2E K ¥ @aE
90°3] 1 A] A ’(r)l‘iﬂg] 5 7H-4]o]—“ ]:F— ]tq 1
BEEF NFHQ F2E Fig 69 £HE0] e
Lol

Fig. 62] 2%l (Stem)< (¢ Holx] 22)
710182 (Gear Box)oll Al HAets EAE BHo| A
osle] WHE e AJEgHo|l]  (Seat
Retainer)o] 58 7]%5& o] 3 sl Hold®

23 452 % AeiA FA7F 2 e AA
RS s slonh 23} AR Aol
A& Fu (Insert)

?, Eohed Aae Q)
Z

al
£ S8 ol FoAY, Al meet

ME
g2 1A §f



=g USS3(X M 33 ¢ H 8= pp.669-681

August 2016 / 675

27F Z3EY] Qe Afde JAME flo] 5%
7 JEFel dojurE: gtk BEXXE (Bal
Support)i= #°] 9l ofefel Ztzt g WA glofA
o] At e 9%y IAAFS AAH F=
A& sty 183l vk (Body), Z#¥A| (Flange),
2HAW (Stem Cover), 23| o]E{Z WA (Operator
Flange)= &, AEZH Y, BXXE, ~y& 7}
A s BEEEA Tl Yus AW
&R APe AR F FEES B3
= 9gs s
42 S¥=29 =8 EM(EIIHA)

oF HollA Argh npel o], Ho] FAol=
| = 319+ fFAI7E FAHA FES st Aol
WE AAA - F83lth ol E fBiAE B
EWA] Abolo A A|EFH oYt B3] HEES
AeFHA FAL FAFof R, B3 WA AL
ol¢] $1X #A} Ttk mEkA AT A=
o] Ax #AE EUE AAY F8E5AF (Key
Characteristic, KC)©o.&2 A As}ar, o] KcCol ok
DFC (Datum Flow Chain)E #/dsto 2 F-3& Alo]
o] A& AloF BAE et

olE 3 WA wir], TWA, EXAXE, E A}

e o

2

=
olo] ¢ WAE ek a9 o s XHSHA Fig 7
oAk 27183A M =, Fig. 7914 A2 A58
© wu-gd, Bge dA E
Al s Aoz Hof Y
sy Ay BE, 9 WA/ = 44 ﬁéﬂd-ié
s AR ﬂ"WOE nho b 29 H o,
% il

olx] 7]gk KCE 91g =+¥He] DFCE ~1¥
W Fig. 87 %t} o714 DFCY #AHL, AHEE
Aofste FFOEHE AFE7t AgHE FEo
2 AR E a9, olu AofHE A= e
£ 23 ool BAEE o R W3dn! Fig 82

|

¥

Sviuw, wielsh 39 EFAA ] 4GRS Aloks,

A9 FAATL 4o BATES AFEE Ay,

ik BAXETL 29 x}%gg Alekets dw e
xHo® FHol 9l&e & F Urk 7 FEE 9l
FAE AR N T ézﬂiL 65 Z3ah= 3
dAekel A, 2 UAtelB& AHgste] AR Al
ofal e & FolBE oAM= 6o® HAEAT

BOdY'/BaIL Support

Flange -—— RRrer

Left
Ball Support

265

“Flange

ubper Left
Flange
Right Ball Suppart
pre i Lower
Ball Support - - piry

Lower

Fig. 7 Assembly joints among parts of the ball valve

Left

Ball Support
Lower

Fig. 8 DFC of the ball valve

Fig. 894 Eo]d A& Asf BAFET} Ho
AFEE AFEA R, BATE AfE F Fh}
7} 9A] Bl 93] AgHTE Aot} o)== ¥

NN BAEES & Afold Fugoz gzl F
7H91 sPAEERE o4 NDP o ApAlE] A st
W, BAXES Jr WA 2 S5 F;A
3 27} s A= Alefo]l HA|uk o] & 579 A
frE=e 54 o}ﬂi(ﬂr“ﬂl"k) o] 3] sprhe] A
© (w7t Fob dar ojzle] el o3 Aok =
1o]t}. Mantripragada’l] 2|3t DFCollA] =%
(Loop)E 3 &HA gomz A0 7= DFCE
2mv ol AAS gdst=d A ok 2y
ATolAE DFCE AMEdo=zn AHojm &
HEE Abolo] =HBAE WA Fetdd 5

|

Lo

f

>M

¥ (T rjw

£% DFC7F & zdstA Xate EAXE
B Abolo] AfE AoAlors A= A3
stRE, B Ao E EWBHY XYHETA
ol mag gt WA Fig. 9@t ol vt

ZWA7F £HEE TAHES Assembly
1olg} 3t 2 AR WEoXE AHojaly
(Subassembly)E 3}L}o] H-Fo = IH35lo] Part 1
olg} gt} thS 0 & Fig. 9(byoll E upe} o),

{

o



=g USS3(X M 33 ¢ H 8= pp.669-681

August 2016 / 676

~ Assembly 1 (Part 1)

Flange
Left

Flange
Right

(a) Assembly 1 (cpg;.i: Plane-Plane, cpg;.,: Pin-Hole
(Upper), cpr;.3: Pin-Hole (Lower))

- Assembly 2 (Part 2)
CPsu1 O

CPeu-2 )
CPsu-3

Support
Upper
Part 1

OcpﬁL-T
OBst> Support
N SPst 3 Lower

OCPSL.a. .

(b) Assembly 2 (cpsp.: Plane-Plane (Left), cpgy.,: Pin-
Hole (Left), cpsy.3: Plane-Plane (Right), cpgy.4: Pin-
Hole (Right))

r Assembly 3

P10

Part 2 Ball

(c) Assembly 3 (cpp.i: Plane-Plane (Upper), cpp,: Pin-
Hole (Upper), cpp.;: Plane-Plane (Lower), cpp.4: Pin-
Hole (Lower))
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Table 1 Results of motion and constraint analyses
before and after design change of the ball valve

Parts Before After
Flange - -
Motion | Ball support wy wy
Ball wyz wz
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Over- | _ Bz];liasnuieport Jx/rfz (mymz) | (my,mz)
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Bal_liélslpl) O s (mmy) | (mymy)

Table 2 Comparison of Monte Carlo assembly simulation
failures between original and modified designs

Design No.simulations | No. assembly failures
Original 10000 2504
Modified 10000 4

Table 3 Interferences detected in tolerance simulation of
the original over-constrained design

Parts assembled | Constraint pair | No. interferences
Flange left Pin-Hole 1399
- Body Plane-Plane 2649
Flange right Pin-Hole 1104
- Body Plane-Plane 1878
Ball Pin-Hole 1
- Ball supports Plane-Plane 6713
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