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Abstract

Monolithic mechanism is a potential mechanism for used in precision machining applications. However, it exhibits the limited
problems of the resonant frequency and the capacity of load. This paper proposes a design optimization for a new monolithic
mechanism. This mechanism is built in a symmetric configuration to generate a translation movement along the vertical axis.
Basically, there is a complex relationship among the performances of the mechanism and its geometrical factors. Firstly, a
mechanical model of the proposed MM was built, and the numerical data are collected through the finite element simulations.
Next, the intelligent surrogate model based on the adaptive-network-based fuzzy inference system with three Genfis types
is built to form the fitness function for both the resonant frequency and the force. The modeling results indicated that the
Genfis2 and Genfis3 are the best modeler for the resonant frequency and the force, respectively. Lastly, the bonobo optimizer
is utilized to maximize the resonant frequency and the force. For case study 1, the results found that the optimal frequency is
found about 1013 Hz. For case study 2, the optimal force is found approximately 202.0154 N. Lastly, the errors between the
predicted and verified values for two case studies are lower than 4%. The proposed method is a potential optimizer for other
monolithic mechanisms and related engineering designs.

Keywords Computational optimization - Intelligent surrogate model - Monolithic mechanism - Bonobo optimization
algorithm

1 Introduction and CNC machines are usually limited. For instance, CNC

machine was applied for bone grinding where it requires
For polishing robots and computer numerically controlled  a high accuracy with a smooth movement of end-effector
machine (CNC), the workspace of commercialized robots [1-3]. However, such these machines need extra actuators
and sensors to be integrated with accurate controller during
operation process. In addition, the kinematic joints are often
used to combine different rigid counterparts, which possess
undesirable gaps and clearances. Therefore, they exhibit the
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become more flexible and economic than conventional coun-
terparts.

Nowadays, the monolithic mechanisms have been
designed via using the concept of compliant mechanism
or flexure-based mechanism. The monolithic mechanisms
have widely achieved in many engineering applications.
For example, a tip-tilt-piston stage was designed via the
concept of monolithic mechanism. In this study, the stiff-
ness of the stage was analyzed using compliance matrix
[9]. The stage was monolithically manufactured through
CNC milling process. The rotation and displacement were
experimentally tested. Another monolithic mechanism was
proposed for used in microelectronic-device packaging [10].
This mechanism used two stroke amplifiers of bridge and
parallelogram mechanisms. In this paper, they conducted
the static and dynamic behaviors of the mechanism via
the pseudo-rigid-body model and Lagrange procedure. The
prototype was fabricated using the wire electro discharge
machining and the experiments were investigated to compare
with the predicted values. A monolithic parallel micromanip-
ulator was proposed for nanopositioning application [11].
Kinematic modeling of the micromanipulator was investi-
gated and the Acrylonitrile Butadiene Styrene prototype was
fabricated via 3D printing. This mechanism could give a
large stroke and high frequency bandwidth. A monolithic
constant-force mechanism was designed for force device
[12]. They analyzed performances of the mechanism using
pseudo-rigid-body model. In this article, the output force
was optimized via genetic algorithm. A design method for
monolithic spatial mechanism was suggested to provide a
translational motion [13]. The configurations of mechanisms
were discussed. A three degrees of freedom monolithic
mechanism was analyzed via analytical method and the
results were verified by finite element analysis and experi-
ments [14]. A monolithic stage embedded with displacement
sensor was designed for positioning application [15]. A
prismatic-spherical-spherical parallel mechanism was mono-
lithically designed to achieve a large stroke and high accuracy
[16]. It was employed for adjusting the optical elements.
More recent years, a 3-DOF rotation micromanipulator was
designed [17]. The rotation angle of this micromanipulator
could achieve up to 10.28 mrad. Then, a constant-force mod-
ule was proposed via using z-shape and bistable structure
[18]. The output constant force was found about 8.5 N. In
20,121, a spatial constant force end-effector was designed for
the polishing process [19]. The mathematical models were
formed by pseudo-rigid-body model, and then the particle
swarm optimizer was applied to search the optimum struc-
ture. Besides, a 2-DOF nanomanipulator was designed and
analyzed for positioning stage [20]. A XYZ positioner was
developed, and the statics was modeled using compliance
matrix [21].
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In the few recent decades, there have been many efforts
on developing the modeling methods for monolithic mech-
anisms. A monolithic tuning mechanism was designed, and
then it was modeled via the Euler—Bernoulli beam theory
[22]. Its geometries were optimized through COMSOL soft-
ware. An optimization strategy for a monolithic hexapod
was studied to achieve a large stroke of 100 mm [23]. A
monolithic mechanism with three degrees of freedom was
designed for micropositioning [24]. The stiffness was ana-
lyzed and the whole mechanism was analyzed via using finite
element method in ANSYS software. A monolithic hinge was
analyzed via using the empirical method coupled with finite
element analysis [25]. A few enhanced theoretical models
were built though the Euler—Bernoulli theory for monolithic
displacement amplifiers [26]. A compliance matrix method
was applied to analyze a some monolithic mechanisms [27].
Pseudo-rigid-body model was employed for modeling the
three degrees of freedom monolithic positioner [28]. How-
ever, the pseudo-rigid-body model is difficult to analyze for
complex mechanisms with many flexure joints and rigid
links. A polynomial curvature method was proposed for
design optimization of a XY positioner [29]. Considering
the optimization problem, the structural optimization was
employed to design a monolithic mechanism to achieve the
good statics and dynamics [30]. A combination of finite
element analysis and multi-objective genetic algorithm was
applied to optimize the tilt micromanipulator [31]. A XY6
mask alignment stage was optimized using the grey relational
analysis [32].

In the literature review [17-33], the popularly analytical
methods were proposed to analyze the output performances
of compliant mechanisms, e.g., Euler-Bernoulli theory,
pseudo-rigid-body model, compliance matrix, and so on.
Although the performances of monolithic mechanisms were
analyzed via analytical methods but the complexity of meth-
ods are still limitations in desiging types of more complex
shaped mechanisms, there is a lack of general technique
in improving the performances of almost monolithic mech-
anisms in the earlier phase of design. Hence, this paper
proposes a new combination of intelligent surrogate model
and intelligent bonobo optimizer [34] for optimal design of a
monolithic mechanism. As discussed above, there have been
many different methods in designing, analyzing, and opti-
mizing the monolithic mechanisms. Those methods are still
valid but their usages are relatively complicated. In order to
overcome the limitations of analytical methods, this study
proposes an alternative optimizer by combining the intel-
ligent surrogate model and intelligent bonobo optimization
algorithm [34].

This main contribution of this article is to propose a new
design optimization for a monolithic mechanism. This paper
includes the following sections. An adaptive-network-based
fuzzy inference system with three Genfis types are inves-
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tigated and selected to form the fitness functions for the
bonobo optimizer. The numerical data are collected, and the
cost functions are built. They are then optimized by bonobo
optimizer. The optimal solutions are verified through finite
element analysis.

2 Proposed design and research
methodology

2.1 Problem statement of monolithic mechanism

A monolithic mechanism (MM) is potentially used in pre-
cision industry. It can be a positioner which determine a few
accurate locations in the range of micrometers scale. The pro-
posed MM can be also employed as a manipulator to bring an
end effector in fine machining. As illustrated in Fig. 1a, the
MM consists of rigid parts and thin beams. The entire mech-
anism is mounted on a station by using fixed screws. When
a load is exerted to the input port, the output port creates an
output displacement. The input displacement is transferred
to the output one through the thin beams which are called
as flexure beams. There are three basic geometries of the
flexure beams that contribute strongly to the entire displace-
ment, including thickness 7’1, thickness 7>, and thickness 7'3.
The thickness of the whole mechanism is 12 mm, as given
in Fig. 1b. The total dimension of the proposed mechanism
is about 87 * 110 * 12 mm?>. For current precision machining
platforms for real-time applications, the MM can be used to
drive the machining tool with a quasi-stable output force,
such as polishing, surface machining, etc.

In the field of precision machining and positioning appli-
cations, the proposed MM is required to provide a fast
response and a large capacity of acting force. A fast response
can be achieved when the first natural frequency of the mech-
anism is high. Meanwhile, a large capacity of load means that
the MM can subject a wide range of various loads, which can
be suitable for many different positioners. Meanwhile, the
high resonant frequency can avoid the vibration resonance
from actuators, motors, and others.

In order to reach the better performances, the frequency
and the capacity of load are optimized in this work. Two case
studies are described as follows.

Case 1 Optimization of the frequency.

Find design variables: x = [T, T2, T3]

Min (D
S1(x)
S.t.
129 <T1 <1.58
090 <7, <1.10, (unit: mm) 2

0.72 < T3 <0.88

Table 1 Numerical data

No Variables (mm) Performances
T T> T3 Frequency (Hz) Fore (N)

1 1.44 1.00 0.80 956.4611 164.3921
2 1.29 1.00 0.80 952.3178 150.6745
3 1.58 1.00 0.80 961.174 173.1388
4 1.44 0.90 0.80 939.1996 164.5961
5 1.44 1.10 0.80 973.274 158.3286
6 1.44 1.00 0.72 947.9733 140.0328
7 1.44 1.00 0.88 0 185.6603
8 1.29 0.90 0.72 924.1665 130.9446
9 1.58 0.90 0.72 933.45 153.3700
10 1.29 1.10 0.72 957.8062 130.9269
11 1.58 1.10 0.72 969.4772 157.7542
12 1.29 0.90 0.88 942.3822 202.0161
13 1.58 0.90 0.88 950.9278 198.4094
14 1.29 1.10 0.88 978.7434 201.9168
15 1.58 1.10 0.88 987.9054 197.1520
Case 2 Optimization of the load capacity

Find design variables: x = [T7, T2, T3]
Min 3

f2(x)

S.t.

1.29 < T) <1.58

090 <7, <1.10, (unit: mm) )

0.72 < T3 <0.88

where f1(x) and f»(x) are the frequency and the capacity of
load. The thicknesses T'1, T2, and T3 are the geometrical
variables of the proposed mechanism.

3 Research method

The key aim of this study is to focus on the optimal devel-
opment for the mentioned-above monolithic mechanism.
As discussed above, because of limitations of analytical
methods, the intelligent surrogate model based on adap-
tive neuro-fuzzy inference system is a potential alternative
for establishing the fitness functions for the proposed MM.
Besides, the bonobo optimization algorithm (BO) is adopted
to find the optimal performances for the mechanism. The
BO is an optimizer based on the bonobo’s social behavior
and its reproductive strategy [34]. This optimizer has been
applied successfully for many engineering fields but it has not
extended for the proposed monolithic mechanism. Figure 2a
illustrates the optimization procedure. Figure 2b describes
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Fig. 1 Monolithic mechanism:
a 2D and b 3D scheme (unit:
mm)

o Initialize an initial design of the proposed MM.
e Do finite element simulation. The Box—-Behnken design

1\22\

Fixed screw

~
o
—e
‘ 110 |
[ 1
(a) (b)
Fig.2 Flowchart of research
Start Start
method: a procedure, b bonobo
optimization algorithm — - — -
| Initial design of a monolithic mechanism |'— | Generate bonobos and parameters |
| Do finite element simulation | | Evaluate fitness value of entire bonobos |
! I
‘ Collect dataset: training and testing ‘ | Determine alpha bonobo |
Establish the intelligent surrogate
model based on Genfis types
1
| Select the best surrogate models | Select a bonobo via fission-fusion
Il society strategy
| Evaluate performance metrics ‘ !
1 Is a random bonobo number less than
| Form fitness functions | or equal P,?
{
{ 1
Create new bonobo by Create new bonobo by
promiscuous or restrictive consortship or extra-group
mating strategy mating strategy
| Optimize the fitness functions using BO algorithm I | I |
Are the optimal - Evaluate fitness value of entire bonobos
solutions satisfied? - Check acceptance criteria
: - Identify alpha bonobo
Yes
Update the parameters
(@) (b)
the flowchart of the bonobo optimization algorithm. The opti- e Formulate the fitness function for the frequency and the
mization procedure is conducted as follows: force.

e Optimize the frequency and the force using BO.

e Check the optimal solutions. If the results are satisfied, the
optimization process is ended. Otherwise, it returns the
design phase.

(BBD) is utilized to establish the numerical experimenta-

tions.

e Collect dataset with training and testing.
e Establish the intelligent surrogate model based on the
ANFIS with three Genfis types, i.e., Genfisl, Genfis2, and

Genfis3 [35].

The performance of the surrogate model is evaluated by

e Choose the best surrogate model. the following metrics.
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Fig. 3 Deformation simulation
of monolithic mechanism:

a mesh, b deformation
configuration

Mean squared error (MSE):

n

1
MSE =~ 3" (yi = i) )
i=1

Root mean squared error (RMSE):

(6)
Coefficient of determination (R2):
Yy (i = i)
R?=1- 2= 0 (7
Y i =)
Standard deviation (Std):
(3)

where y; is the measured value,y is the predicted value,y is
the average value, and 7 is number of samples.

4 Results and discussion
4.1 Analysis of monolithic mechanism

The proposed monolithic mechanism is simulated to collect
the resonant frequency and the force (F). Figure 3 describes
the deformation of the proposed MM. The thin beams/hinges
are meshed by BEAM 188 while the rigid parts are meshed via
SOLID186, as depicted in Fig. 3a. When an input displace-
ment (D;y,) acts to the mechanism, the output displacement

Deformed

Undeformed

(b)

is noted as D,,,;. From the Fig. 3b, the deformable and unde-
formed configurations of the mechanism are illustrated. The
steel material A-36 is used for the mechanism. It has a yield
stress of 250 MPa.

The simulated datasets are collected, including the reso-
nant frequency and the force, as shown in Table 1.

4.2 Formulation of intelligent surrogate model

By using the dataset from Table 1, the ANFIS-based surro-
gate model is established. The outcomes of ANFIS are the
frequency and the force. Figure 4a shows a good agreement
among the predicted frequency and simulated one. Besides,
the correlation coefficients (R) for the training, testing, and
all data are approximately one, as seen in Fig. 4b. More-
over, the establishment of the testing and training data are
well-formulated in Fig. 4c and d, respectively. The evalua-
tion metrics for modeling the frequency are given in Fig. 4.

The nonlinear relationship among the frequency and thick-
ness (T'1, T2, and T'3) are illustrated in Fig. 5a and b. The high
nonlinear relationship may be restricted by using the tradi-
tionally analytical methods. This is a motivation in building
the intelligent surrogate techniques in this work.

Through many simulations for modeling the frequency
with three Genfis types, the results determined that the Gen-
fis2 type is the best candidate for formulating the fitness
function of the frequency. The results of evaluation indexes
of this surrogate model are very well, as given in Table 2. It
determined that the radius of cluster is well-found about 0.1.

Additionally, the dataset from Table 1 is employed to for-
mulate the fitness function for the force. The ANFIS-based
surrogate model with three Genfis types is established. Fig-
ure 6a depicts a good closeness between the predicted and
simulated force. The resultindicated that the correlation coef-
ficients (R) for the training, testing, and all data are very well,
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Fig. 4 Modeling of the frequency: a All data, b correlation, c test data, d train data
Table 2 Modeling indexes of - >
the frequency Frequency modeling based on Genfis2 model MSE RMSE Std R
Training 3.74e—08 1.93e—04 5.76e—05 1
Testing 3.49 1.86 0.93 0.94

Radius of cluster: 0.1

as shown in Fig. 6b. Furthermore, the modeling of the testing
and training data are well-established, as described in Fig. 6¢
and d, respectively. The evaluation metrics for modeling the
force are given in Fig. 6.

Figures 7a and 5b show a nonlinear relationship among
the force and the thickness (T';, T, and T'3). Such a relation
can be well-established via using the proposed intelligent
surrogates.
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By doing many simulations for modeling the force with
three Genfis types, the results found that the Genfis3 type is
the best surrogate model for formulating the fitness function
of the force with good evaluation indexes, as shown in Table
3. It determined that the number of optimal clusters is 5.
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Table 3 Modeling indexes of - 3
the frequency Frequency modeling based on Genfis3 model MSE RMSE Std R
Training 8.88e—08 2.98e—04 3.04e—04 1
Testing 8.50 291 3.61 0.98

Number of clusters: 5

4.3 Optimal results and verifications

The two case studies in Egs. (2-3) are conducted by a couple
of the Genfis2 with the BO algorithm. The basic parameters
of BO are setup in MATLAB R2019b, including number of
bonobos populations of 30, max iterations of 400, sharing
coefficient for alpha bonobo of 1.25, sharing coefficient for
selected bonobo of 1.3, rate of change in phase probability
of 0.0035, and max value of temporary sub-group size factor
of 0.05. The results found that the optimal thickness values
for the frequency are determined as 7y = 1.58 mm, T, =
1.1 mm, and 73 = 0.80 mm. The optimal frequency is found
about 1013 Hz. Subsequently, the Genfis3 is embedded into
the BO to find the optimal solution for the force. The results
indicated that the optimal thickness values for the force are
determined as 71 = 1.29 mm, 7> = 0.90 mm, and T3 =
0.88 mm. The optimal force is approximately 202.0154 N, as
shown in Table 4. The convergence histories for the frequency
and the force are described in Fig. 8a and b, respectively. It
can be seen that the convergent speeds for the both the cost
functions are relatively rapid.

In order to confirm the robustness and accuracy of the
proposed method, the thickness values (71 = 1.58 mm, T»
= 1.1 mm, and T3 = 0.80 mm) are built for case 1 and
the thickness values (77 = 1.29 mm, 7> = 0.90 mm, and
T3 = 0.88 mm) for case 2. Two prototypes are drawn, and
then they are simulated by ANSYS R19.1. The verification

Table 4 Comparison of the optimal results and simulated verification

Frequency Predicted (Hz) Verified (Hz) Error (%)
Optimal variables 1013.0000 977.3700 3.64
(mm): Ty =1.58, T,
=1.1,T3 =0.80
Force Predicted (N)  Verified (N) Error (%)
Optimal variables (mm): 202.0154 201.8600 0.09

T1=129,T,=0.90,
T3 =0.88

results are given in Table 4. It showed that the errors between
the predicted and verified values for two case studies are less
than 4%. It can conclude that the proposed method is a robust
optimization method for the monolithic mechanism.

The advantages of the presented method are that it is
considered as an efficiently alternative tool in modeling the
behaviors of general monolithic mechanisms and other engi-
neering. Besides, the presented method can be effectively
solved the optimization problems with the fast convergence
and precise results. However, the modeling accuracy still
depends on the experiences and knowledge of an analytics.
There is a need to control the main parameters of the intelli-
gent surrogate in modeling the nonlinear characteristics. For
example, the membership types and values, the training tech-
nique, and others. In the limitations of this paper, the best
parameters were chosen for the surrogates. The presented
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Fig. 6 Modeling of the force: a All data, b correlation, ¢ test data, d train data

method can be extended to apply for engineering modeling
and optimization situations with high nonlinearity.

5 Conclusions

This paper has been proposed a combination of the intelli-
gent surrogate model and bonobo optimization algorithm for
solving the optimization problem of a new monolithic mecha-
nism. The proposed mechanism was symmetrically designed
to reach the translational motion in the vertical direction. The
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suggested MM mechanism comprised the thin beams, so-
called flexure elements, and the rigid links. The movement
of the mechanism was almost based on the deformation of
the flexures while the rigid links were assumed as the ideal
rigid ones.

First of all, the 3D mechanical model of the proposed MM
was built, and the BBD design of experiment was applied
to layout the numerical experimentations. Next, the datasets
were retrieved through the finite element simulations. The
resonant frequency and the force of the MM were collected.
And then, the ANFIS-based intelligent surrogate models
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were established to formulate the fitness function for both
the resonant frequency and the force. Among three popular
Genfis types of ANFIS system, the modeling results deter-
mined that the Genfis2 is the best modeler for the resonant
frequency and the Genfis3 is the best predictor for the force.
Lastly, the BO optimizer was utilized to maximize the reso-
nant frequency and the force.

The optimization results and verifications were drawn as
follows:

e For case study 1, the optimal geometries of the proposed
MM were found with 77 = 1.58 mm, 7> = 1.1 mm, and

T3 = 0.80 mm. The optimal frequency is found about
1013 Hz. It means that the MM has a large bandwidth.

e For case study 2, the optimal values of geometries of the

MM were determined as 77 = 1.29 mm, 75 = 0.90 mm,
and T3 = 0.88 mm. The optimal force is approximately
202.0154 N. This means that the MM has a high capacity
of load.

e The verified implementations showed that the errors

between the predicted and verified values for two case
studies are smaller than 4%.

e The proposed method is a potential optimizer for other

monolithic mechanisms.
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In the future investigations, the real prototypes of the MM
will be fabricated via wire electrical discharged machining.
The static and dynamic tests will be conducted to measure
the force and the resonant frequency of mechanism. The MM
will be integrated into a practical positioner to demonstrate
its applications. Some controllers can be built to precisely
control the output force and position.
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