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I. INTRODUCTION design objective, optimize the application based on the

previously synthesized linkage. Note that in the second

The traditional design approach for the linkage step, the synthesized linkage is no longer changeable;

mechanism is generally a two-step design procedure: it is the application that is optimized relative to the
First, synthesize a linkage mechanism for the fixed parameters of the already synthesized linkage.

application. Then, secondly, based on some desirable
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The question is whether it is possible to optimize both
the linkage and the application together so that the
linkage as well as the application are optimally
designed together. This article shows how this is done.
Conceptually, such an approach should result in a
better solution than one done in two steps. To be able
to perform such a one-step integrated design process,
one must be able to set up the design problem such that

both the linkage synthesis procedure as well as its

application must be combined into a single formulation.

With such a formulation, changes in the linkage
parameters can affect the application variables, and
vice-versa. This article shows how such a formulation
is carried out for a torsion spring-assisted hood linkage
that results in a minimum external lifting-and-
lowering force, in the presence of coulomb friction at

the linkage joints.

II. PRIOR WORK

The following articles introduce traditional two or
more steps in the design and optimization approaches
of linkage systems. Yao et. al. [1] introduced a dual
torsional spring-supported underactuated robotic
finger mechanism analysis and optimal design. In this
study, the robotic finger mechanism is designed. Then,
based on some optimality criteria such as link lengths,
link configurations and spring stiffness and damping, a
multi-objective optimization is then applied at the
second step. Quaglia and Yin [2], in their spring-
supported planar articulated robots design for static
balancing article, static balancing of their robot was
also carried out in two steps. First, they performed a
dynamic analysis of a given robot. In the second step,
they then performed an optimization of the springs
and links based on dynamic requirements of the
robot. A

balanced planar spring mechanisms computational

articulated spring-supported statically
design is presented by Takahashi et al. [3] wherein, the
mechanism is defined in the first step, and then, a
reduction and optimization of the mechanism is

performed in the final step. Unfortunately, the

solution through their multistep approach did not
guarantee a statically balanced mechanism. A planar
parallel cable-driven mechanism based on spring-
loaded four-bar linkages for static balancing is
investigated by Perreault et al. [4]. In the article, a
nonlinear cable tension profile is first optimized, and
then, the desired four-bar linkage input-output
The

perspective of this study is to have minimum cable

relationship is determined. optimization
tension subjected to a nonlinear spring-torque. In the
optimum design of a parallel robot for medical 3D-
Ultrasound imagining by Lessard et al. [5,6], three
different static balancing approaches are introduced,
such as, using a tension/compression spring, a torsion
spring or a counterweight. After designing the
mechanism in the first step, an input torque
minimization is then carried out in the second step. In
a study on static balancing of parallel robots by Russo
et al. [7], a counterweight is used and the design
process is also carried out in two steps. First, design the
six-degree-of-freedom parallel robot and then,
optimize the robot in the second step. Lamers et al. [8]
designed a statically balanced fully compliant surgical
grasper. In the first step, the latter is designed and then,
optimized to improve behaviour of the design in the

second step.

In a prior investigation, a one-step solution has been
applied to the design of a tension-spring-assisted hood
linkage [9,10]. In this present article, the one-step
procedure is applied to the same system but using
torsion-springs instead. Two cases resulting in a total
of thirty different scenarios are investigated and the

results will be presented and discussed.

III. PROBLEM DESCRIPTION

The primary aim of this study is to show the procedure
to synthesize an optimum torsion spring-assisted
automotive engine hood four-bar linkage mechanism
for static balancing, in the presence of joint friction,

and perform that procedure in one-step. What follows
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is the process of formulating the problem so that it is
amenable to the synthesis of the linkage as well as the
optimization of the application, so that both are

designed together.

A torsion spring-assisted four-bar linkage mechanism
for the automotive engine hood is shown in Figs. la
and 1b. All of the joints, the torsion springs, and rigid
The
specifications of the automotive hood are known:
Hood weight (W =11.68N) , hood length (I, =
1.2m)and fully-closed and fully-opened positions of

links are assumed massless. following

the engine hood are the only specifications needed for

the procedure.

Two different cases are investigated: Case 1, shown in
Fig. 2, refers to the design specification that Joint C'and
Joint Dattachment points are not known and are to be
optimally located on the hood while Joint A4 and Joint
E'are fixed on the vehicle body. Figure 3 shows Case 2
wherein; Joint C and Joint D are fixed on the
automotive engine hood while Joint A and Joint £ are
attachment points to be optimally located on the
vehicle body. For both these cases, circular bounds are
assumed for the boundaries so that Joint C'and Joint D
in Case 1, and Joint A and Joint £ in Case 2, can be

located anywhere inside of the circular bound.

¥y — axis
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Torsion Spring
Torsion Spring

Revolute Joint

7/ Revolute Joint

X — axis

Figure 1a: The four-bar linkage mechanism for the

engine hood with the two torsion springs
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Figure 2b: The parameters of the four-bar linkage

mechanism for the engine hood
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Figure 2: The Case 1: Joint A and Joint E fixed on the
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Figure 3: The Case 2: Joint C and Joint D fixed on the

engine hood
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Two torsion springs may be attached to the four-bar
mechanism at the ground joints. The torsion springs
can be either different or identical. In addition,
different joint torque specifications can also be
specified at the various linkage joints, resulting in five

different scenarios for each case. These scenarios are:

e Scenario I: Assumed only Joint A has the friction
torque.

e Scenario 2 Assumed only Joint Chas the friction
torque.

e  Scenario 3. Assumed only Joint D has the friction
torque.

e  Scenario 4 Assumed only Joint £has the friction
torque.

e  Scenario 5. Assumed all of the joints (Joints A4, C,
Dand E) have the friction torque equally.

Figure 4 shows the cases and their related scenarios. As

seen in Fig. 4, thirty different scenarios are investigated

in this study totally.

Torsion Spring
Application

Casel
{Joints A and E Fixed)

One Spring
Application

Case 2
{Joints C and D Fixed)
Two Springs
Applications

Ditferent Springs|
Application

Two Springs
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One Spring
Application
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Figure 4: The torsion spring and joint friction

scenarios

The same four-bar linkage mechanism for the
hood has
investigated and presented in [9,10]. The only

automotive engine been previously
difference is that torsion springs are incorporated at
the ground joints instead of having a tension spring
driving the drive link [AC]. All formulations are shown
here in this article to illustrate the setup of the

optimization problem.

A. Two-Position Kinematic Synthesis

A derivation of the equations for two-position
kinematic synthesis of a four-bar linkage is first needed.
All of the labels, vectors, and left and right-side dyads
for two-position kinematic synthesis of the mechanism
is shown in Fig. 5 below.

In Fig. 5, the four-bar is indicated by the four Joints A,
C, Dand E. Point Pis a coupler point fixed on the link
[CD] so that the vectors 7{ and Z actually have the
same length, and so is the lengths |Z;|=|Z5|.

Based on the Fig. 5, [ED] and [AC] dyads can be written
as:

For the left-side dyad:

2el+@) _ . pi8 _ pot

(1)

welfo =

1—etbs

Figure 5: Two-position left and right-side dyads
For the right-side dyad:

Sel(cr+a) _ plzela — selo

1— el

)

ueld)o =

where parameter 6 refers to the angle of WI (link
[AC]); 64, the angular difference between link [AC;]
and link [AC,]; o, the angle of S_)l(link [DyP;], first
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position of link [DP]); a, the angular differences
between two positions of link [CP]; ¥, angle of Z (link
[C1P1]); g, the angle of E) (link [ED;]); ¢4, the
angular difference between two positions of link [ED];
6, angle of Pis respectively. Parameter s refers to the
length of the S; and S, (|§|z|§|, rigid link [DP]); z,
the length of the Z,and Z, (|Z;|=|Z|, rigid link [CP]);
u, the length of the Uy and U, (|Uy|=|U3), rigid link
[ED]); p12, the length of the Py, (|R;|) respectively. In

the two-position kinematic synthesis, there is a total of
six free-choices [15] and these are assigned as design

variables in the optimization procedure.

B. Virtual Work

For static balancing, the virtual work formulation
requires that the latter vanishes. The two torsion
springs-assisted four-bar engine hood mechanism is
shown in Fig. 1b. The angle y (angle between the links
[CD]and [CP]) is constant and specified as 0.279 radian
(16°) as shown in Fig. 1b. There are some differences
between the tension spring-assisted and the torsion
hood

mechanism: First, while tension spring-assisted hood

spring-assisted  four-bar engine linkage
mechanism requires spring attachment points on
automotive body and link, the torsion spring-assisted
hood mechanism does not require additional
attachment points either on automotive body or link
because the spring is attached at the joints. Secondly,
the potential energy for torsion and tension springs are
different from each other.

In this torsion spring-assisted four-bar engine hood
linkage mechanism, coulomb friction is assumed in
only four revolute joints (Joints A, C, Dand E). When
the hood is closed and opened, the coulomb friction at
joints creates a resistance force to the engine hood
motion and hence, it is crucial to correctly determine
the direction of the joint friction torques. In the case
of the hood opening, the links [ED] and [AC] move
clock-wise, and the link [CD] moves counter-clock-
wise directions. Friction at joints applies resisting

torques to these links’ motions; hence, the directions

of the friction should be an inverse of the re/ative link
rotations. Based on this knowledge, Joint 4 and Joint £
friction directions should be in a counter-clockwise
direction because of the links [AC] and [DE] have
clockwise direction motions when the hood opens. On
the other hand, Joint C'and Joint D friction directions
cannot be determined a priori based on hood and links
motion directions because relative velocities are
required to determine the friction directions in these
joints. Previously, the kinematic analysis of the same
mechanism motion was investigated and a clockwise
friction direction at Joint C and a counter-clockwise
friction direction at Joint D are found [9-13]. In this
study, the counter-clockwise of friction direction is
assumed as negative and the clockwise friction
direction is assumed as a positive direction. In the same
manner as the hood opening motion, the mechanism
link motions and friction directions can be investigated.

Following is the virtual work for the entire linkage:

Ay, oV Vy
=p £ __=-__ "+
W=Fagy %6 a0 £ 14
FTe(Fy— 1) 3)

+ To(Fp = Fy) £ TeFy
where 6W refers to virtual work, P, refers to applied
force to engine hood, and ayp refers to vertical virtual
displacement of the point P (force applied point on the
engine hood). Parameter dVj is conservative potential
of the torsion spring and parameter 0V}, is conservative
potential of automobile engine hood. Parameters
Ty, T, Tp, and Ty are coulomb dry frictions at Joints A,

C, D, and E'respectively.

C. Optimization

The aim of optimization in this hood application is to
minimize the magnitude of an externally applied force
P. to open or to close it. The quartic [(P,)*d6 form of
objective function is chosen as the multi-objective
function in this optimization setup. The reasons for
this choice are given in [9].

The engine hood closing and opening forces are

different in the presence of joint friction. Therefore,
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there are two objective functions one for opening (F,,)
and the other for closing (F, ) the hood. Based on the
quartic multi-objective function form, a multi-

objective as:
minimize : f = n; f(Pao)4d9

+ 1, f (P, d6

where 7, and 7, refer function weights in the
optimization multi-objective function. F,_and F, are
the vertical forces to close and open the automobile
hood respectively. Since the functions are quartic, they
are always positive. The parameter 6 is the angle of the
engine hood relative to the horizontal axis and
11 = 1 = 1 so that the closing and opening forces are

weighted equally.

The two-position kinematic synthesis has a total of six-
free choices [14]. Four of these free choices (64,9, o
and ¢;) can be set as design parameters in the
optimization. The parameters zandsare other free-
choices in the two-position synthesis formulation but
they are assigned as initially known parameters in
optimization and the parameter « in the two-position
synthesis formulation can then be set as a design
variable. The optimization in this study deals with
linkage mechanism positioning based on a given
linkage and hood dimensions; hence, parameters z and
s are assigned as initially known parameters instead of
optimization design variables. Because of two torsion
springs, the optimization has 4 more design variables:
Torsion spring constant and initial rotation angle in
Joint A (ky4, 65) and torsion spring constant and initial
rotation angle in Joint £ (kg, ¢5). With the unknown
joint friction design parameters (T, T¢, Tp, and Tg),
the multi-objective optimization has between 8 and 13
design variables based on the scenario.

Based on the mechanism practical usage and geometry
of the torsion spring-assisted four-bar engine hood
mechanism, boundaries for the design variables are

specified. The details of these specifications are

[9-10]. The
boundaries for the design variables are shown in Table
1.

The Joint A and Joint £ are specified and are fixed

presented previously optimization

locations on the car body in Case 1. The attachment
coordinates for Joint C'(x., V) and Joint D (xp,yp) on
the engine hood are to be determined from the
optimization process. In Case 2, Joints C and D are
specified locations fixed on the hood while the
attachment point coordinates (X4, y,), (Xg, Yg) of Joint
A and Joint E'respectively are assumed unknown but
constrained to a circular bounded region on the vehicle
body.

TABLE 1
BOUNDARY LIMITS FOR THE OPTIMIZATION
FORMULATION
Design Lower Upper
Variables Boundary Boundary
k,(Nm/rad) 0.1 10°
kr(Nm/rad) 0.1 10°
6, (rad) 0.3491 0.6981
0 (rad) 0 6.266
a (rad) —-1.309 —0.9599
Y (rad) 0.7854 1.1345
¢4 (rad) 0.4363 0.6109
¢ (rad) 0 0.6266
o (rad) 0.7854 1.1345
T, (Nm) 0.1 10°
Te (Nm) 0.1 10°
Ty (Nm) 0.1 105
Tz (Nm) 0.1 10°
TABLE 2

OPTIMIZATION CONSTRAINTS FOR CASE 1 AND CASE 2

Case 1 ‘
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minimize f=m f(Pao)4d6 + 13 f(Pac)4d9
subjectto | (x, — xCi)Z + (ye — J/ci)z <r?
(o —xp)" + (7o — ¥,)” <72
Case 2
minimize f=m f(pao)4d0 +1, f(Pac)4d9
subjectto | (y, — xAi)Z +(ya — }’Ai)z <r?
(g —x5)" + (e = ¥g)" <77

The setup of the multi-objective problem with
constraints (including Cases 1 and 2 boundary
constraints) is summarized in Table 2 above. For Case
1, Joints C'and D on the hood are unspecified, but are
constrained to lie inside of some circular bounds. The
coordinates (X¢, Y¢), (xp,yp) refer to the respective
centers of the circular bounds on the locations of Joints
C and D while (x¢;, y¢,) and (xp,, yp,) refer to the
actual coordinates of these joints that are constrained
to be within the prescribed circular boundaries as set
by the inequality constraints shown in Table 2. On the
other hand, for Case 2, the ground joints A and E'of the
hood linkage are unspecified. Similarly, coordinates
(x4, V4) and (xg, yg) refer to the respective centers of
the circular bounds wherein the locations of Joints A
and £ can be located. The coordinates (x,;, y4,) and
(xg;» Yg;) refer to the actual coordinates of ground
joints that are constrained to be inside of the respective
circular boundaries.

For the boundaries of unknown joint locations in Cases
1 and 2, a perfect circle boundary is assumed to
represent where each joint can be located. The radius
of the perfect circle (r) boundary is set at 0.1.m so that
a circle centered at (m, n) with radius r is given by
(x —m)? + (y —n)? =r?[15].

The formulation of the optimization problem is
in Table 2. This

optimization problem is then solved using a Sequential

summarized multi-objective

Quadratic Programming (SQP) algorithm [16].

IV. RESULTS

The results of this study present a total of thirty
different scenarios; fifteen for each case. These are
summarized in Tables 3, 4 and 5 along with Figs. 6 and
7. In each of these tables, results for Cases 1 and 2 are
listed side-by-side, for ease of comparison. Table 3
shows the resulting linkage design with a single torsion
spring attached at Joint A, while Table 4 shows the
resulting design with two different optimized torsion
springs at the ground Joints A and E. In contrast to
Table 4, Table 5 shows the optimum results at the
ground joints where torsion springs are constrained to
be identical. All numerical results are rounded to three
decimal place and N/A means the design variable is not
part of the optimization in that Scenario. In these
tables, S1, S, S3, S+ and Ss refer Scenarios 1 through 5
respectively. Figures 6 and 7 show the applied force to
the hood for Scenario 3 in Cases 1 and 2 respectively.
In the all these figures, the applied force to close and
to open the hood in the presence of friction and

without, are shown.

A. Case 1

Case 1 examines the situation when the Joint D and
Joint C'on the hood are unspecified but constrained to
within a circular region for the optimization to
determine. From Table 3, the lowest torsion spring
constant required occurs in Scenario 2 (friction torque
only at Joint C) while the highest spring constant
occurs in Scenario 4 (with friction torque only at Joint
E). However, the lowest friction torque required
occurs in Scenario 5 (wherein all joints are applied the
same friction torque) while the largest friction torque
required occurs if it is only applied at Joint A (Scenario
1). The optimum results of the angles 6;, ¢, o and Y
are the same in all five scenarios. Interestingly, the
results in Table 3 show that the torsion spring does not
require initial preload for Case 1.

Tables 4 and 5 show that the mechanism has either two
identical or two different torsion springs, the spring
constant has lower than a torsion spring assisted hood

mechanism. Table 4 shows that the lowest spring
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constant is required when Joint £ has friction only
(Scenario 4). Table 5 shows that the Scenario 2 gives
the lowest torsion spring constant optimum result.
Scenario 5 gives the lowest friction torque results in
both Tables 4 and 5. This means that if friction torques
are specified in all four joints, the torques required at

each joint is minimum.

Figure 6 shows applied force for Case 1 in the presence
of a single torsion spring with only joint friction at
Joint D (Scenario 3). As seen in Fig 6, the required force
to close and to open engine hood is always negative and
positive, respectively. In the absence of joint friction,
force applied is always positive (upward direction) to
open and to close except at around the fully-open
position. At the fully-open position a negative force
(downward direction) is needed to keep the hood in
equilibrium. This maximum required force value to
close and to open the hood is between 5 and -5 N.

Case 1 - Scenario 3 (T, = 0.787)

— Pa (no friction)
8r — Pam (with friction) |

—.Pac (with friction) |

-
5__—'——

\ A\

- \
- ~
2F \.5-_-—-—- \5\

Force (Newton)

-10 L L 1 L 1 1
-0.4 -02 0 0.2 0.4 0.6 0.8 1

Angle of the Hood (Radian)
Figure 6: Applied force to hood with a single torsion
spring-attached at Joint D

However, it should be noted that in the presence of
joint friction, the hood will remain in equilibrium
though its entire range of open positions. The dashed
lines in this figure show the force needed to move the
hood in one direction or other from its equilibrium

condition.

B. Case 2

Case 2 examines the situation wherein the joints at the
hood are specified, while those at the ground are
constrained to within a circular region. The results
when only a single torsion spring is attached are
summarized in Table 3.

Table 3 shows that the lowest torsion spring constant
result occurs in Scenario 3 wherein only Joint D has a
friction torque of 0.847 Nm. No initial pre-load in the
torsion spring is needed (65 = 0), similar to Case 1
above. The lowest friction torque is required when all
of the joints have the same friction (Scenario 5), again
similar to Case 1. The optimum results for angles 6,
¢1, 0 and Y are the same across all five scenarios for
both Cases 1 and 2.

Tables 4 and 5 summarize the situations when two
torsion springs are applied at the ground joints: Joint A
and Joint £. The torsion springs in the scenarios when
both springs are identical, do not require an initial pre-
load. Again, as in the single torsion spring design, the
lowest friction torque occurs in Scenario 5 (friction is
applied to all joints) and the same friction torque is
applied within each scenario. Interestingly the same
lowest friction torque is applied irrespective of
whether two identical or two different torsion springs
are used in the design. Furthermore, angles ¢, and o
have the same optimum results across all scenarios in
Case 2.

Figure 7 shows applied force for Case 2 in the presence
of two torsion springs (identical and otherwise) with
only joint friction at Joint D (Scenario 3). The required
force value to close and to open the hood is between 4
and -4 N. Other scenarios for two-spring attached
mechanisms have the similar results. Similar with Fig.
6, the engine hood requires upward direction force
(positive) for opening and downward direction force
(negative) for closing. However, it should be noted that
if left at any given position in its range, the hood is

statically balance.
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Case 2 - Scenario 3 (T = 0.847) Figure 7: Applied force to hood with identical
10 : :
o torsion springs-attached at Joint C and Joint D
— -an (with friction)
5 i The hood only requires upward and downward forces
£ . . . .
g S _—— = - during the motion. On the other hand, in the absence
[ . . . .
Z o0 e I =~~,  of friction, a force is needed to keep the hood in
3 '~ - L e .. . .
§ g s RN equilibrium except for three metastable points.
5
-10 1 I
-0.5 0 0.5 1

Angle of the Hood (Radian)

TABLE 3
OPTIMUM RESULTS — SINGLE TORSION SPRING LINKAGE
Design CASE 1 (Joint A and Joint E Specified) CASE 2 (Joint C and Joint D Specified)
Variables St S2 S3 Sy Ss S1 Sz S3 Sy Ss
k 54.633 | 45.101 | 49.541 | 58.809 | 53.244 | 32441 | 31433 | 32.123 | 34.844 | 32.239
6, 0.709 0.704 0.701 0.705 0.704 0.709 0.702 0.705 0.701 0.709
a -1.204 | —1.209 | —-1.201 | —1.205 | —1.204 | —1.309 | -1.302 | —1.304 | —-1.305 | -1.301
P 1.109 1.101 1.108 1.104 1.106 1.102 1.105 1.105 1.101 1.106
o 0.406 0.405 0.401 0.403 0.404 0.409 0.408 0.404 0.401 0.409
o 1.041 1.044 1.010 1.044 1.011 1.041 1.042 1.019 1.009 1.044
0 0.001 0.009 0.044 0.011 0.005 0.032 0.002 0.004 0.002 0.050
T, 1.939 N/A N/A N/A 0.244 1.444 N/A N/A N/A 0.240
T, N/A 0.544 N/A N/A 0.238 N/A 0.725 N/A N/A 0.229
T, N/A N/A 0.787 N/A 0.239 N/A N/A 0.644 N/A 0.212
Ty N/A N/A N/A 1.811 0.209 N/A N/A N/A 0914 0.239
TABLE 4
OPTIMUM RESULTS — DIFFERENT TORSION SPRINGS AT THE TWO GROUND JOINT A AND JOINT E
Different Springs at Joint A and Joint E
Design CASE 1 (Joint A and Joint E Specified) CASE 2 (Joint C and Joint D Specified)
Variables S1 S» S3 Sy Ss St S» S3 Sy Ss
ks 14.231 | 7.202 | 19.101 | 28.243 | 25341 | 0.102 0.323 0.944 0.144 0.543
kg 40.242 | 26.844 | 10.604 | 19.405 | 15.139 | 30.201 29.2 28.344 | 30.404 | 28.802
6, 0.705 0.704 0.609 0.609 0.601 0.709 0.703 0.706 0.705 0.702
a -1.203 | -1.209 | —1.201 | —1.208 | —1.205 | —1.203 | —1.206 | —1.201 | —1.204 | —1.205
P 1.101 1.023 1.039 1.044 1.012 1.102 1.003 1.100 1.102 1.104
@, 0.609 0.604 0.609 0.609 0.604 0.401 0.402 0.404 0.405 0.409
o 1.029 0.903 0.903 0.908 0.905 1.039 1.001 1.041 1.009 1.029
0, 0.004 0.109 0.011 0.002 0.001 0.305 1.105 1.109 0.109 1.101
& 0.104 0.104 0.109 0.020 0.009 1.107 1.109 1.108 1.108 1.105
T, 1.240 N/A N/A N/A 0.144 2.444 N/A N/A N/A 0.343
T, N/A 0.641 N/A N/A 0.139 N/A 1.101 N/A N/A 0.341
T, N/A N/A 0.134 N/A 0.124 N/A N/A 0.847 N/A 0.339
Ty N/A N/A N/A 0.222 0.108 N/A N/A N/A 1.644 0.301
TABLES5

OPTIMUM RESULTS — IDENTICAL TORSION SPRINGS AT THE TwWO GROUND JOINT A AND JOINT E

Identical Springs at Joint A and Joint E
Design CASE 1 (Joint A and Joint E Specified) CASE 2 (Joint C and Joint D Specified)
Variables S1 S2 S3 Sa Ss S1 S2 S3 S4 Ss
A 13.844 | 8.641 9.141 7722 | 10244 | 21932 | 21.403 | 21.202 | 22.609 | 21.804
kg 13.844 | 8.641 9.141 7.722 | 10244 | 21.932 | 21.403 | 21.202 | 22.609 | 21.804
0, 0.704 0.701 0.609 0.603 0.604 0.602 0.709 0.708 0.704 0.702
a -1.201 | -1.204 | -1.202 | —-1.209 | —-1.204 | —-1.207 | —1.201 | —-1.209 | —1.204 | —1.201
Y 1.044 1.001 1.022 1.021 1.043 1.101 1.102 1.104 1.102 1.106
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[ 0.601 0.609 0.603 0.604 0.605 0.403 0.402 0.404 0.405 0.394
o 0.903 0.901 0.909 0.902 0.904 1.032 1.022 1.001 1.006 1.022
0 0.003 0.011 0.010 0.020 0.033 0.002 0.006 0.010 0.031 0.005
s 0.141 0.004 0.709 0.303 0.101 1.101 1.109 1.104 1.101 1.104
Ty 1.003 N/A N/A N/A 0.105 2.440 N/A N/A N/A 0.340
Tc N/A 0.704 N/A N/A 0.104 N/A 1.109 N/A N/A 0.311
Tp N/A N/A 0.102 N/A 0.109 N/A N/A 0.941 N/A 0.302
Ty N/A N/A N/A 0.205 0.103 N/A N/A N/A 1.609 0.305

V. DISCUSSION

The results summarized in Figs. 6 and 7, show that the
applied force fluctuation is minimal for closing and
opening the automotive engine hood whether it is in
the presence of joint friction or frictionless joints. In all
of the scenarios, the hood is in a statically balanced
position without any external force required, due to
the presence of joint friction. Optimum designs results
for single or double (identical or different) torsion
springs across the different scenarios show only slight
differences in the optimum parameters. This means
that both of these designs can be chosen in whichever

way that fits the practical application.

The optimum results of the design variables always
tend to have values on bounds in given boundary
conditions. Because of that, some optimum results of
the angle 6, are vanishing. This means that the torsion

springs in these scenarios are not pre-loaded.

This article investigated designs for the two-position
synthesis of the hood linkage. However, this integrated
one-step procedure is not limited to the four-bar
linkage mechanism two-position kinematic synthesis.
Increasing the number of positions will only reduce

the number of design variables.

VI. CONCLUSION

In this study, a four-bar automotive engine hood
linkage mechanism is synthesized, analysed and
optimized in only one-step. The procedure integrates

the four-bar-synthesis to the optimization of the rest

of the parameters of all the other elements governing
the static balance of the hood. Totally, thirty different
scenarios are investigated and the optimum results are
presented. The results show that the force curve
fluctuation is small in the torsion spring-supported
mechanism in the presence of joint friction. The
torsion spring-assisted mechanism problem is simpler
than that for the extension spring which requires
additional parameters relating to the attachment
locations of the tension spring. The force requirement
to close or to open the automotive engine hood, with
the torsion spring attached in the presence of joint

friction, is low.
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