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Abstract

Techniques of robust sensitivity design optimization involving nonlinear in-
terior point algorithms and/or second derivatives are utilized in concert with
recently developed generalized robust systems-based theoretical kinematic in-
verse/regular wedge cam procedures for producing self-centering motion ap-
plicable to three-point clamping device design about cylindrical workpieces
that vary within a prescribed size range. With the use of the FindMinimum
function in Wolfram Mathematica for exploring the specific optimization ap-
plication to associated product designs in conjunction with computer-aided
engineering validation efforts, significantly novel results are revealed related
to improving force convergence and stabilization between grippers across the
full diametral surface range (on the order of 15 to 10 times respectively) which
is highly beneficial for clamping force and contact stress as well as dynamic
characteristics including vibration among others. Essentially, the utilized sys-
tems-based quantitative model for inverse/regular wedge cam design coupled
with robust sensitivity design optimization automatically develops and locates
the perfect cam in connection to the overall mechanism system design layout
within context of the desired self-centering function.

Keywords
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Programming, Concurrent Engineering

1. Introduction

In the development of self-centering devices which clamp around cylindrical
workpieces, there are several different existing kinematic design configurations
which attempt to embed robustness and various optimization characteristics as
well as produce the type of desired functionality in relation to the intended appli-
cation set forth by the designer. The various practical configurations of such de-
vices usually include anywhere from two to four points of contact. As a related
example, self-centering steady rest products/utility patents used for gripping cy-
lindrical workpieces involved in CNC lathe machining processes revolve around
three-point contact clamping devices [1]-[19]. Another similar clamping device
design includes a patented oil & gas wrench involving similar, but different, three-
point contact self-centering motion serving as a method for gripping and posi-
tioning thin-walled cylinders [20]. Other comparable clamping device designs in-
clude a two-point pipe clamping chuck design in addition to a two-arm holding
self-centering pipeline clamping device among others [21] [22].

In connection, and regarding diverse applicability of related gripping mecha-
nisms, Afandiyev and Nuriyev discuss the occurrence of clamping devices being
widely used in various industries with constantly increasing needs, especially in
relation to processing accuracy and the forces acting on the clamped part. The
reliability of such devices in terms of their use on thin-walled cylinders, in partic-
ular drill pipes, is highlighted due to plastic deformations being highly prevalent
in clamping zones as a result of current clamping devices creating uneven loading
arrangements with associated contact pressure distributions/compressive stresses
exceeding the pipe material yield strength. In an effort to remedy these issues in-
volving the state of the pipe and holding capacity of the clamping device, a concept
of a pipe clamping chuck design with basic design detail is provided [21].

Additionally, Haixia, Liquan, Shiging, and Xianchao discuss multifunctional
pipeline repair machinery being used in the deep-sea arena along with the diffi-
culty of gripping pipelines while ensuring their concentricity between cutter heads
and the pipeline during operation. In view of this, a new design involving a two-
arm holding self-centering pipeline clamping device is proposed which involves
two groups of parallelogram double-rocker and cranking block mechanisms. The
recommended design is extensive in presentment with schematic representations
along with 3D modeling as well as detailed calculations coupled to CAE simula-
tion along with being accompanied by the real clamping device prototype with
satisfactory testing results [22].

Furthermore, Mhamane, Bavadekar, Dhokale, Hogade, Patil, and Survase
among others discuss the use of a self-centering steady rest for eliminating prob-

lems involving vibration and deflection on workpieces while machining. They also
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describe its facilitation regarding an increase in productivity by reducing cycle
time along with being able to obtain higher accuracy and good surface finish. Con-
sequently, a regular wedge cam design within the context of a self-centering steady
rest is discussed for improving these characteristics with design aspects being pre-
sented based on a graphical incremental angle approach within the computer-
aided design environment [23]-[25]. Moreover, and expanding on self-centering
steady rests and their inherent cam design due to the proposed optimization-
based research being centered around similar three-point clamping device design,
previous existing related theory explores analytical approaches to the develop-
ment of the regular wedge cam path involving parametric equation formulation
through trigonometric and velocity techniques as well as approximating the cam
contour using regression analysis and first-order iterative solver approximation
procedures [26]-[35].

As previously discussed, there is an increasing need for reliability involving
clamping accuracy, force transmission, vibration minimization, material defor-
mation, productivity, and more. Improving these characteristics is not a trivial
exercise due to manufacturing, quality, and engineering considerations whereby
the design and analysis variables are rather numerous and complex therefore mak-
ing it difficult for combining and directing toward optimizing characteristics
through typical manual type adjustments in a computer-aided design environ-
ment or by analytical presentments that are lacking in robustness from an opti-
mization perspective [36]. Consequently, this can be better achieved through the
application of robust design/robust design optimization methods to a recently de-
veloped generalized and rigorous systems-based theoretical engineering model to-
ward achieving world-class engineering and design intent [37].

Therefore, the research entailed herein presents an optimization technique
based on nonlinear interior point algorithms and/or second derivatives that in-
herently leads to minimization of clamping force variation in conjunction with
force convergence and stabilization effects for designing optimal three-point self-
centering mechanisms about a variable workpiece diameter of both the inverse
and regular wedge cam types. This is useful for extending the usage of such toward
the design and development of devices similar to existing practical application
within the manufacturing industry regarding self-centering steady rests in addi-
tion to the oil & gas industry involving pipe handling and/or pipeline repair ma-
chinery as well as finding its way into other industries such as aerospace, con-
struction equipment, and many other potential industry applications whereby the
efficiency and utility of such vigorously engineered and optimized product de-
signs resulting from this applied theoretical optimization model may be beneficial.

Contained within, a theoretical inverse/regular wedge cam theory is utilized in
context of a product design concept with a discussion on applying advanced ro-
bust design optimization techniques revealing significantly novel results related
to improving force convergence and stabilization between grippers across the full

diametral surface range for substantiating the usefulness and practical application
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of the selected systems-based quantitative model for advancing/developing new
and improved devices of the associated diametral self-centering type. Addition-
ally, conclusory commentary related to this research along with potential limita-
tions in conjunction with future research involving computer-aided engineering
and feasibility robust design optimization integration in connection with concur-

rent engineering is reflected upon.

2. Methodology

Regarding the use of a recently developed inverse/regular wedge cam theory
[37], the specific generalized robust systems-based quantitative model and as-
sociated framework, as shown in Figure 1, allows for the application of state-
of-the-art robust design optimization techniques for improving product de-
signs to meet the required high-quality demands in alignment with industry

needs of today.
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/ Gripper Path

Cam Arm / Follower
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Figure 1. The kinematic self-centering motion layout (a) Inverse wedge cam, (b) Regular

wedge cam.

In connection, and as previously discussed, unequal clamping forces around

cylindrical workpieces may create issues in terms of contact stresses regarding
material deformations related to “pipe crushing” as well as create dynamic is-
sues concerning vibrations among having other related issues in context of var-

iable range self-centering robotic grippers utilized for machining or other pur-
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poses. Consequently, and extending the task of robust design optimization to
this innovative systems-based framework, characteristics of clamping stability
in relation to the equalization of clamping force distributions on the workpiece
are first examined through engineering judgment and then through the use of
sensitivity analysis involving an objective function and associated constraints
while employing interior point algorithms and second derivatives optimization
procedures for obtaining an optimal solution in context of the various equa-
tions obtained from [37].

As such, several calculated/driven fixed analysis variable equations are pro-

vided below where R r, C., @, %X, ¥, X ,and y, are speci-

fied/driving analysis variables respectively denoted as the maximum actual
workpiece radius, gripper roller radius, horizontal clearance, initial contact angle,
horizontal and vertical coordinates from points O, to O,, and horizontal and

vertical coordinates from points O, to D.

R, .+C, +r

Rtwmax = wmax | Ty r (1)

Cos @,
5= (5= (R +7)5050, )+ (3544 (Rop +7)5in0, ) (2)
L :\/(xz—x1)2+(y2—y1)2 (3)

\/ +yl (4)

n:__tan—l xl (Rtwmax )COS(DO (5)
yl +(Rmmax )Sin wo
L= tan’l% (6)
1

Additionally, parametric inverse/regular wedge cam equations based on the
transformation method are defined as follows where () is a variable coor-
dinate point, € is an independent cam rotation variable, and subscripts i and

r are used to distinguish between the inverse and regular cam equation types.
y5 (6) = y2 _(Rtwmax _Rtw (6))
=y, - (Rtwmax - (—r + (L§ —2x,c080(x, —(r+R,,,,, )cos,)

-i—(x1 —(r+RtwmaX)cos o, )2 +2y (xl —(r +R,wmw()cos goo)sinﬁ (7)
_Zyl C056<y1 +(r+Rtwmar)Sin %)_2)‘1 Sing(yl +(F+Rm'max)5in(00)

+(y1+(r+mew( sing, )))
x, (0)=(x,—x)—(x, —x,)cos O+ (y5(6) -y, )sin @ (8)
v, (0)=(y,-»)- (xz—xl)sine—(y5(0)—yl)c056 9)
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x, (0)=x —x, +(x,—x)cos @ +(y, —y )sin@ (10)

V. (0)==(x,—x,)sin@+(y, -y )cos0—y;(0) (11)

Furthermore, the maximum cam rotation equation is defined for establish-

ing the proper termination of cam path point(s).

-1 le + Lg - (V + mein )2

12
2LL, (12)

emax :n_ﬂ_cos

With having the cam path(s) defined, the associated statics diagram of the
self-centering mechanism is provided further below within Figure 2. The fol-
lowing related equations include the contact angle ¢, the cam path slope m_,

pressure angle ¢,as well as momentarms [, and d, for defining the force

equations.
13 (‘9)
p(0)=tan” ——=
( ) x3(9) (13)
i —(x, — (R +7)cOS (po)sint9+(y, + (R, e +7)sI0 (po)COSH
- X, = (% = (R +7) €089, ) €05 0= (3, + (R, +7)sing, )sin 0
a(0)=n-p-0 (14)
1//(6’)=Tt—(g0(6’)+,5+a(6’)) (15)
) ) o)
dx, do(x,) do(x,)
p.(0)= |tan’1 m, (9)|—6’ (17)
pr(6’)2|tan’l m, (9)| (18)
Q(9)%—;7(9) (19)
(0)=|0(0)—tan' —=_T 20
4,(0)=|Q(0)~ tan 0 (20)
4,(0)=|Q(0)—tan™" :(0) =%
)%( )_yl 21)
_ Q(H)—tan’l X, +(x2 —)cl)c.os¢9+(y2 —yl)siné?—x1 |
Y —(x, —x,)sin0+(y, -y, )cos@—y,|
L, (49) = \/(xl - X; )2 +(y5 (6’)—y1 )2 (22)
L, (0)=L, (23)
L, (0)cosp(0)
d,( )_—sinQ(H) +3,(0)cotQ(0)+x, (24)
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Figure 2. Free-body diagrams for force transmission. (a) Inverse wedge cam, (b) Regular
wedge cam.

Prior to defining the force equations, the spatial derivatives of the in-
verse/regular cam path(s) and associated equations that determine the cam

path slope(s) are defined as:

a, (0)=,(0)+y, =3 =Ry —7 (25)

bl,- =X, —X (26)

ay =2, (X, =(R,0 +7)c0590,) (27)

by =2x, (%, =R, +7)c0s 0, ) (28)

a, =29, (X, = (R, +7)c0590,) (29)

b, =2x,(x,~ (R0 +7)cos @, ) (30)

ay =25, (3 +(R,0 +7)sin 0, ) (31)

by, =23, (3 + Ry +7)sin0,) (32)
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¢, (0)=a, (6)cos+b, sin@ (33)
C,, =y COS 0+b, sin6 (34)

Cyp (6)=-b, cosO+a, (0)sin@ (35)
Cy, (0)= a, cosf+b sind (36)
¢,, =@, Cos 0+b, sind (37)

de (0 C,, +C, sin @
G (9) —c, (0) ( d i ) _ (38)
do i 2y, (9)
dv (0 c,, +¢,. cosd
yci( )=Cw(,. (9)—( i -,) _ (39)
dg 2y,(0)
dx_ (0
p,( ):(yz_yl)cosﬁ—(xz—xl)sine (40)
do
o, (0) _ e (0)se,
T_—(x2—xl)cosﬁ—(yz—yl)sme—T@ (41)

The translational and rotational gripper forces are given below in sequence

where forces F,, and F,, areexternal reaction forces along the workpiece

wpy
axes. Further information regarding the determination of these reaction forces
is provided within [37].
£ (0)= o
L, (0)cos¢(6)sinp(6)+ L siny (6)sinQ(0)

x(F,L, (6)cos¢(0)sinp(0) (42)

-1 sinl//(ﬁ)(F sinQ(@) +F,, U cosQ(@) tan go(H)))

wpy,

1
51 @jeos g (@)sinp(0)+ L siny ()00

X(Lm (6)cos ¢(9)(Fa +F,, +F, tan go(ﬁ)) (43)

wp,,

+F,, L secp(6) sint//(e)(sinQ(H) -4, cosQ(Q)))

Moving further, and corresponding to exercising engineering judgment re-
garding three-point self-centering diametral surface contact, it is beneficial for
the angles between each contact force to be equal at 120° apart from each other.
Accordingly, the initial contact angle ¢, from the horizon is defined at 30°.
This aids in reducing design variables and associated variation as part of ap-
plying robust design intent prior to incorporating more advanced design opti-
mization techniques.

In connection, and regarding a symmetrical loading assumption, sensitivity
robustness is then invoked for reducing further variation between contact
forces and across the entire design range. For accomplishing this, minimization

of a suitable proxy as per the standard deviation of the force differences be-
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tween F, and F, over thefull cam rotation design range occurs through the
following equation, where index n is the specified number of clamping force

differences with the angle increment of cam rotation being 6,=6, /n.

v(0)=F,(0)-F,(0) (44)

n n 2

O ()= ﬁ(;vwnmﬁ(;vwmj} (45)
In conjunction with the objective function provided regarding the minimi-
zation of Equation 45, design space and clamping force range constraints are

imposed on the optimization problem and corresponding example designs.
For limiting the lower and upper clamping force boundaries in accordance
with suitable clamping force fluctuations within the prescribed design range,
various constraints are presented through the following equations. To note, the
specific equations regarding clamping force range constraints cannot be com-
pletely generalized and may need to be modified to specified design require-

ments using practical engineering judgment.

<D T07) Fi(9) <2 (46)

min F, (6)

£ <F,(0) (47)

4

1} < Fy(0) (48)
F . F
4“ <minF, (9) < 2“ (49)
F F
Tﬂg max F, () 37" (50)
%SminFB(G)S% (51)
%SmaxFB(H)S% (52)

Prior to the presentment of various example designs and associated optimi-
zation results, the following analysis equations are defined for determining av-
erage force convergence effects f,, ~as well as average slope proxies, m,
and my, with associated average clamping force flattening effects f,, for
use in conjunction with optimization results. Additionally, the standard devi-
ation/maximum force variance improvement ratio o, uprr 1S Presented for
examining the results achieved through utilization of the design optimization
procedure as previously provided. To note, subscripts o and f appearing
within the following equations indicate before (original) and after (final) opti-

mization respectively.
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Os1po (”)

Osrp mpry = oy (n)

3. Results with Results Discussion

(maxFB (6)—min F (6’)),, J
(maxFB (6)—min F (‘9))/

(53)

(54)

(55)

(56)

(57)

For demonstrating the novelty in having a systems-based framework in com-

bination with advanced design optimization, three (before optimization) self-

centering inverse and regular wedge cam designs as per Table 1 below are con-

structed from the theoretical models developed in accordance with [37] in

preparation for performing sensitivity robust design optimization.

Table 1. Specified analysis variables for use when optimizing the self-centering inverse and regular wedge cam designs.

Variables

Example 1

Example 2

Example 3

R

wmax
wmin
r

C

Inx
P,
X
Y
X
Y2

X,

ycg

F

a
WPy

wpy

4.0000 in. (0.1016 m)
0.5000 in. (0.0127 m)
2.5000 in. (0.0635 m)
0.1250 in. (0.0032 m)
14.07 deg (0.2456 rad)
4.6875 in. (0.1191 m)
7.6898 in. (0.1953 m)
6.6250 in. (0.1683 m)
13.2798 in. (0.3373 m)

1 in. (0.0127 m)

1 in. (0.0127 m)

1000 Ib. (4.448 kN)
0 1b. (0 kN)

0 Ib. (0 kN)

4.0000 in. (0.1016 m)
1.5000 in. (0.0381 m)
2.0000 in. (0.0506 m)
0.5000 in. (0.0127 m)
30.00 deg (0.5236 rad)
4.6875 in. (0.1191 m)
8.3656 in. (0.2125 m)
6.5000 in. (0.1651 m)
13.9556 in. (0.3545 m)

1 in. (0.0127 m)

1 in. (0.0127 m)

1000 1b. (4.448 kN)
0 1b. (0 kN)

0 Ib. (0 kN)

4.0000 in. (0.1016 m)
2.0000 in. (0.0506 m)
2.0000 in. (0.0506 m)
0.2500 in. (0.0064 m)
30.00 deg (0.5236 rad)
4.6875 in. (0.1191 m)
8.0769 in. (0.2052 m)
6.2500 in. (0.1588 m)
13.6669 in. (0.3471 m)

1 in. (0.0127 m)

1 in. (0.0127 m)

1000 1b. (4.448 kN)
0 1b. (0 kN)

0 Ib. (0 kN)
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Furthermore, and with using the Wolfram Mathematica FindMinimum
function which implements numerical local optimization relying on nonlinear
interior point algorithms and/or second derivatives due to nonlinearities in-
volved within the example designs, the associated clamping force graphs per-
taining to before and after optimization with related aspects regarding force
convergence and stabilization effects (over the entire cam rotation range)

among others are shown within Figure 3 below.

Example Design 1 Example Design 2 Example Design 3 Example Design 1 Example Design 2 Example Design 3

Before Optimization Before Optimization Before Optimization Before Optimization Before Optimization Before Optimization

Fon F o) FoN FQN) FON) FN)
2000 2000 2000 2000/
1500 1500
1500 1500 1500 1500
1000 1000
1000 1000
—F, 1000 o FL Fu 1000 —F —F
300 — Fs 500 Fs 500, » S0 — Fp 500 — Fp 500 — s
oo 6 (rad) > 6 (rad) 8 (rad)
o1 02 03 od (0 o1 02 03 03 (™9 o1 oz o3 (9 01 02 o5 o4 td 01 02 03 04 o1 02 03
After Optimization After Optimization After Optimization After Optimization After Optimization After Optimization
Fo) FN) F(N) FN) FN) FN)
1500 poeeee————— 1500 e 1500 1500 feeee—————— 1500 1500
1000 1000 1000 1000 1000 1000
—Fa — — — Fa —F, —
00 500 Fa 500 Fa 500/ 500 4 500 Fa
— Fp — Fs — Fa — Fs — Fp — Fp
ittt @ (rad) 0 (rad 6 (rad) L 6 (rad 6 (rad)
005 0.10 0.15 0.20 0.25 (rady e eI o ooy ¢ mad) (rad) (rad)

0.05 0.10 0.15 0.20

005 010 015 020

005 0.10 0.15 020

005 010 015 020

Goal to Minimize Force Variation
and Flatten Forces

Goal to Minimize Force Variation,

Flatten Forces + Eliminate Collision

Goal to Minimize Force Variation
and Flatten Forces

Goal to Minimize Force Variation
and Flatten Forces

Goal to Minimize Force Variation,

Flatten Forces + Eliminate Collision

Goal to Minimize Force Variation
and Flatten Forces

Before: Vynqx = 875 N; a5 =281 N
ARer: Vg = 752 N; Ogp =232 N

Before: Vg =828 N; dsrp =258 N
ARer: Vg, = 57.5 N; 0 = 17.7N

Before: Vypq, =822 N; ogrp =249 N
After: Vingy = 36.8N; agpp = 113N

Before: Vyngy =876 N; dsrp =276 N
ARG Vg = 752N 07p = 232N

Before: Vg = 1033 N; ogrp = 307 N
ARer: Vpgx = ST.SN; 0grp = 17.7N

Before: Vmay =851 N; 0rp =250 N
After: Vinax = 36.8N; gsrp = 113N

Feuy = 2335 fr,,, = 14.13

Foug = 2318 f,, = 1249

Feug = 2339 fr,,, = 13.00

Feng = 13:07; f7,,, = 791

Fong = 17143 f7,,, =924

Fomg = 22:14; f7,,, = 1231

Istp imprv = 12.08 Istp mpry = 14.57 7 impry = 21.98 Istp mpry = 11.91 Istp imprv = 17.36 Istp mpry = 22.14

(@ (b

Figure 3. Before and after optimization clamping force graphs and associated results. (a) Inverse wedge cam, (b) Regular wedge cam.

While it is a known challenge to design three-point diametral self-centering
devices with the function of maintaining the same force amount between grip-
pers over the entire gripping range, strong positive changes in force variance
reduction and flattening effects (on the order of an average of approximately
15 and 10 times respectively) ensue across all design cases for both inverse and
regular wedge cam types. The presented contribution is highlighted due to this
problem typically requiring an operator or some other method of modifying
the actuator’s input pressure as the gripper moves throughout the range of
workpiece diameters (or cam rotation range), which is inefficient, leaves room
for operator error, and can potentially cause workpiece damage thereby leading
to possible safety issues.

For further discussion of results while emphasizing the third inverse/regular
design case(s), it is seen in Figure 3—Example Design 3 that gripper forces
start at about 1500 N and diverge to about 1200 N and 2050 N respectively
(Vyaro =850 N) for the original design case, which poses an engineering issue.
Moreover, and after optimization, gripper forces start and end at about 1500 N

with very little divergence (v,

max,

= 37 N) over the full cam rotation range,

which will generally be negligible from an engineering application context.
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Consequently, and as substantiated herein, the derived generalized systems-
based quantitative model coupled with sensitivity robust design optimization
automatically develops and locates the perfect cam and overall mechanism sys-
tem design layout within context of the desired self-centering function.

To validate the design optimization results shown in Figure 3, computer-
aided force simulations pertaining to regular wedge cam designs (before and
after optimization) are performed for comparing against theoretically obtained
results. For accomplishing this, and due to simulation difficulties occurring
with the use of an activation force of F, = 1000 Ib. (4448 N), the following
CAE simulation figures are constructed based on an activation force of F, =
100 1b. (445 N) with the numerical simulation results being scaled by a multiple
of 10 via force similitude analysis to match the value used for prior theoretical
optimization results. The before and after optimization results are shown in
Figures 4~17 below.

Regular Wedge Cam Design Concept at Various Angle Increments

(Before Optimization)
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Figure 4. Computer-aided symmetrical force simulation for regular wedge cam example 3 before optimization at §=0°.
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Figure 5. Computer-aided symmetrical force simulation for regular wedge cam example 3 before optimization at §=4".
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Figure 6. Computer-aided symmetrical force simulation for regular wedge cam example 3 before optimization at 0=8".
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Figure 7. Computer-aided symmetrical force simulation for regular wedge cam example 3 before optimization at §=12°.
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Figure 8. Computer-aided symmetrical force simulation for regular wedge cam example 3 before optimization at 8=16".
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Figure 9. Computer-aided symmetrical force simulation for regular wedge cam example 3 before optimization at 8 =20".
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Figure 10. Computer-aided symmetrical force simulation for regular wedge cam example 3 before optimizationat =0, =20.42".

(After Optimization)
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Figure 11. Computer-aided symmetrical force simulation for regular wedge cam example 3 after optimizationat 6=0".
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Figure 12. Computer-aided symmetrical force simulation for regular wedge cam example 3 after optimization at 6 =2°.
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Figure 13. Computer-aided symmetrical force simulation for regular wedge cam example 3 after optimization at 6=4".

In reviewing Figures 4~17, there is only about a 2.5% maximum error across
the entire cam rotation range test points for the before optimization CAE sim-

ulation results (except for at the end points), and there is
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Figure 14. Computer-aided symmetrical force simulation for regular wedge cam example 3 after optimization at 6=6".
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Figure 15. Computer-aided symmetrical force simulation for regular wedge cam example 3 after optimization at 6 =8".
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Figure 16. Computer-aided symmetrical force simulation for regular wedge cam example 3 after optimization at 6 =10".

only about a 1% maximum error across the entire cam rotation range test
points for the after optimization results (other than when getting close to the

very end of the range). The error for all points across the entire workpiece range
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Figure 17. Computer-aided symmetrical force simulation for regular wedge cam example 3 after optimizationat =6, =11.35".
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is reasonable and very low when dealing with mathematical approximation
methods utilized within the CAE simulation engine in connection with various
tuning parameters.

Concisely summarizing Figures 4~17 into Figure 18 below, both before and
after optimization CAE simulation results are shown to be extremely close in
accuracy to the theoretical results across the entire cam rotation range thereby
validating the theoretical robust design optimization results shown earlier

within Figure 3.

Simulation vs. Theoretical Clamping Forces Simulation vs. Theoretical Clamping Forces
(Example 3 Before Optimization) (Example 3 After Optimization)
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() (b

Figure 18. Simulation vs. Theoretical clamping forces for example 3 (a) Before optimization,
(b) After optimization.

4. Conclusions with Limitations

In conclusion, it was found that computer-based design optimization and the
associated optimization algorithms are quite powerful with being able to con-
verge to desired optimum designs for assisting the designer in quantitative de-
sign synthesis in context of sensitivity robust design optimization. For the as-
sociated self-centering cam, good engineering judgement coupled to the sys-
tems-based theoretical framework assisted with preliminary robust design ef-
forts regarding a reduction in the complexity of the model and associated var-
iation prior to utilizing more advanced robust design optimization analyses. In
connection, variation was further reduced from a physical design perspective
for creating better force range convergence and stabilization by employing in-
terior point algorithms and/or second derivatives as per robust design optimi-
zation techniques to the finalized systems design model. In all design cases, and
due in part to the incorporation of the recently developed robust generalized
systems-based wedge cam theory, robustness was seamlessly achieved without
complications thereby demonstrating significantly novel results within context
of the prescribed design goals. Consequently, the design examples presented
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herein illustrate—the power of having a robust systems-based quantitative
framework in conjunction with the application of robust design optimization
procedures.

However, it is important to emphasize potential limitations of the results. To
briefly mention, transmitted variation in concert with the aforementioned op-
timization methods should incorporate nonnormal input distributions, corre-
lated variables, and some other forms of uncertainty. Additionally, the reliance
on specific computational tools and algorithms may limit the general applica-
bility of the findings across different settings or software environments. Fur-
thermore, these methods may lack a concurrent engineering approach which
integrates design with manufacturing and inspection. Worth considering, en-
gineering designs represent a compromise among conflicting objectives and
sometimes qualitative aspects will drive a design in important ways. In connec-
tion, it is just as important to select the best concept for achieving the desired
goal as optimization algorithms do not choose a design concept and only help
optimize a particular concept. Consequently, the utilization of associated math-
ematical theories in conjunction with a systems-based concurrent engineering
approach should be considered for ensuring a design approaches the best de-
sign in relation to achieving true “robustness” as it incorporates a holistic ap-
proach to solving engineering problems.

Lastly, while real-world product development activities were outside of the
scope and focus of this research manuscript, physical prototypes with experi-
mental testing are crucial for confirming the computer-aided simulations pre-
sented herein thereby demonstrating the effectiveness and robustness of a pro-
posed design in a real-world setting including operating conditions, manufac-
turing tolerances, material properties, and external disturbances. From a per-
tinent business viewpoint, commercialization of such technologies arising from
this research can provide a competitive advantage to organizations and/or serve
a useful requirement to society due to the inherent higher quality and function-
ality that is embedded directly into product designs resulting from the associ-
ated combined systems-based theoretical framework and robust design optimi-

zation application components during the engineering and design process.

5. Future Research

Before expanding upon future research, it is important to emphasize that ro-
bust design/robust design optimization methods are quite mature in terms of
research and reasonable practical industry application. Computer-Aided De-
sign & Engineering (CAD/CAE) packages are now offering optimization soft-
ware as add-on supplementary packages that provide seamless functionality
between design, engineering, and optimization from a product development
standpoint. However, there is still a disconnect between research and practical
industry in terms of specified tolerances by a designer versus achievable man-

ufacturing tolerances as coupled to a cost trade-off model [38]. Additionally,
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various robust methods’ research lacks the connection with functional geomet-
ric dimensioning & tolerancing schemas which make for somewhat subpar op-
timization results.

Moreover, the assortment of robust design methods involving transmitted var-
iation, Taguchi methods, stochastic optimization, etc., are not specifically clear in
their usage from an overall systems procedural approach in terms of knowing
which method is best to use and when, and whether combined methods would
offer even greater insight for creating designs that are more optimally robust.
Other issues such as those related to the method of transmitted variation include
nonnormal distributions, correlated variables, higher order models, and other
forms of uncertainty along with the potential lack of absolute surety in terms of
local vs. global optimization convergence results within the design space. Multi-
objective optimization certainly adds increasing complexity to the mix. Although
correlation and higher order models have been developed, it is unsure as to the
seamless integration between the various methods and their criteria of use. Con-
sequently, there lies potential research in these areas. Exploring optimization
through CAE software may provide more insight into this as companies such as
OptiY/ANSYS have sophisticated optimization strategies for solving various ro-
bust design/robust design optimization problems.

Nevertheless, and although there have been recent advancements in research
related to robust design in terms of Geometric Dimensioning & Tolerancing
(GD&T) and taking a concurrent engineering approach, there still is a disconnect
as to the development of a working systems engineering approach that takes into
account all aspects of the value chain. It is proposed that the Design for Six Sigma
(DFSS/DMADV) methodology is most aptly suited for this which links to robust
design as per statistical tolerancing but with superimposed GD&T methods and
coupled to manufacturing process capability thus closing the gap between design,
manufacturing, and inspection from a functional perspective. Additionally, incor-
porating enterprise data management in conjunction to Artificial Intelligence/
Machine Learning (AI/ML) techniques and the digital twin would further inte-
grate the DFSS process thus facilitating greater robustness from both a joined pro-
cess and product scope in light of Industry 4.0.

Further research into all of these areas in concert may provide way for contri-
butions in the robust design/robust design optimization arena. Notwithstanding,
applicability of these methods, specifically to self-centering kinematic mecha-
nisms design research, along with CAE integration will ensue as complimentary
to the associated wedge cam and sensitivity robust design optimization proce-
dures. Extending upon such, design tolerances linked with manufacturing process
capability in conjunction to statistical tolerancing connected with feasibility ro-
bust design optimization will be incorporated in future research for further bal-
ancing and vibration minimization as well as true physical clamping is concerned.
Following, physical prototypes of baseline concepts vs. optimized concepts along

with experimental testing coupled with studies into the nonlinear dynamic re-
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sponse of these cams subjected to rapid load changes, particularly relevant in ro-
botics applications, in addition to reviewing how dynamic loads affect wear and
longevity in relation to clamping accuracy will commence. In conjunction, this
may be contained within the DFSS framework for taking a holistic systems engi-
neering approach to robust design as it is almost always the case that a system vs.

component view will produce the best design [39].
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