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Multi-objective optimization design of lens barrel
for the carbon dioxide detector
Liang Biao'?, Liu Wei', Chen Cheng'?

(1. Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China;
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Abstract: To meet lens barrel’s requirements for high stiffness, lightweight and good thermal environment
adaptability, multi-objective optimization that combines the compliance and first-order natural frequency
under multiple load cases was studied. Firstly, based on the SIMP (Solid Isotropic Materials with
Penalization) method, weight sum method and target-vector approach were adopted to define objective
function of multi-objective topology optimization. Then lens barrel was optimized. The optimization
procedure consisted of two main steps of topology optimization and thickness optimization. During
topology optimization, with stiffness and maximum first—order natural frequency as the objective function,
a creative frame layout was obtained. After approximating the result of topology optimization as a thin-
walled structure, a new lens barrel 3-D model was established. The approximated thickness of lens barrel
were optimized to minimize its mass. The stiffness and natural frequency obtained by topology
optimization were set as design constraints for this thickness optimization. The optimization results show
that the mass of final lens barrel decreases to 12.46 kg from 18.63 kg, the maxim deformation subjected
to gravity load decrease to 0.001 9 mm from 0.013 mm, the maximum deformation caused by thermal
load decreases to 0.062 mm from 0.098 mm, and the first-order natural frequency increases to 189.83 Hz
from 65.6 Hz. With this optimization method, the design period is effectively shortened, and the
performance of lens barrel is enhanced, which shows that optimized lens barrel can meet the system
design requirements.
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0.098 mm

12.46 kg
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0 Introduction

Carbon dioxide detector is wused to monitor
carbon dioxide globally from space, to ensure that its
performance and structure have enough strength and
stiffness to bear the complicated dynamics load and
impacting load. Because of the special working
environments and stringent requirements, development
of high

stiffness, lightweight and dimensional stability in the

of structure components with features
wide temperature range has become a significant task
for space applications . Lens barrel is the supporter
of various optical components, which determines their
axial and radial position. In the traditional lens barrel
design, its structural form is largely based upon a
benchmark design or on previous designs, then it’s
checked and modified. One of the biggest
disadvantages of this design is that when changes
occur in the testing phase, it's very hard and costly to
modify the design model. What can do is just local
adjustments ™. The root causes of this problem are in
conceptual design stage. The material layout of
structure is mainly based on designer’ s experience.
Besides, lens barrel is a thermal-structure coupling
system, because of the multi-physical coupling, the
optimal topology for lens barrel is very far different
from the experience and intuition. Experienced
designer can estimate approximately the topology of
optimal structure under single physical field, but in
multi-physical field, the experiences always do not

work. Continuum topology optimization can solve the

0.013 mm
65.6 Hz

[e]

0.001 9 mm
189.83 Hz .,

deficiencies of traditional design method, and provide

designer with a better structure layout at the
conceptual design stage. Since topology optimization is
usually invoked in the conceptual design stage, it

becomes a rational method for innovative structural

designs.
Continuum  structural ~ topology  optimization
nowadays is mainly concentrated on the single

objective optimization " Some papers about lens
barrel design and optimization are on its limitations™.

Firstly, single objective optimization can’t always
make the structure optimal in practical engineering
applications. Secondly, in the previously design, the
thermal analysis is mostly made in the later stages of
design to check whether it satisfies the requirements,
the thermal deformation and stress is seldom
considered in the early design stage and taken as a
design variables, consequently, not only it wastes time,
but also a optimal structure may not be got. Based on
the above problems, in this paper, multi-objective
topology optimization that combines total compliance
and first-order natural frequency of lens barrel for
carbon dioxide detector subjected to thermal load and
gravity load is discussed and analyzed by using the
Altair  OptiStruct  software.

During the topology

optimization, a creative lens barrel layout with
stiffness and first-order natural frequency maximization
is obtained, then the thickness optimization is found to
have a minimum lens barrel mass without affecting

the performances obtained from topology optimization.
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1 Fundamental concepts about topology

optimization

Topology optimization is a mathematical technique

that produces an optimized shape and material
distribution for a structure within a given package
space, with a view to get optimum performance
with the least amount of material. The basic method
of continuum structure is to discretize the domain into
a finite element mesh and calculate material properties
for each element. Then, based on certain algorithm,
parts area of the design domain are deleted. The
based topology

methods for continuum can be broadly classified into

numerical  analysis optimization
two categories: macroscopic approaches and microscopic
approaches. The former one includes bubble method
and recently developed level set method. The latter
one includes varied thickness method, homogenization
method, evolutionary structural optimization method,
and SIMP method. The SIMP method is adopted in
the paper. In the SIMP formulation, the material
density for each element is taken as a design variable,

which

represents the state of void and solid respectively, and

varying continuously between O and 1,

the stiffness of the material is assumed to be linearly
dependent on the density. In general, the optimal

solution of problems, using both formulations

mentioned above, involves large gray areas of

intermediate densities in the structural domain. Such
solutions are not meaningful when the topology of a
given material is looked for. Therefore, techniques are
needed to be introduced to penalize intermediate

densities and to force the final design to be

represented by densities of 0 or 1 for each element.
The wused penalization technique is "power law
representation of elasticity properties”, which can be
expressed for any solid 3-D or 2-D element as
follows":

k.=(x.)%k, (D

where p=2 is the penalty factor, k. and k, represents
penalized and the real stiffness matrix of an element,
the element

SIMP method is

X, 18 density. Compared with other

approaches, more general and
requires less design variables, so it improves the

calculation process and solution efficiency.

2 Mathematical model of topology

optimization

2.1 Formation of topology optimization for stiffness
In the structure design, conventionally, the design
goal is to increase the stiffness. The relationship
between stiffness and compliance can be expressed as™"
C=U'F=U'KU (2)
where C is the compliance of the structure, K is the
global stiffness matrix, U is vector of nodal
displacement. With the compliance minimum as the
objective function, volume as constraint, it can be
expressed as
Find:
X={x1,X2,X3,°°",x.}, e=1,2,---N
Min .
N
CX)=UKU= Y. x,u k. u, (3)

e=1
Subjected to: V(X)=£V,
0<SXun<X, Sxm=1
where C(X)represents the total compliance, x, is the density

of e-th element, u, is the elemental displacement vector,

0
k, is the stiffness matrix of the e-th element when it

is made of the solid material, N is the total number of
elements, V is the material volume, V, is the design
domain volume, f, is the prescribed volume fraction.
In order to avoid numerical difficulties caused by non-
positive definite stiffness matrix, a lower-bound limit
Xmn>0 is imposed on the material density.
2.2 Formulation of topology optimization for
first-order natural frequency
When structure is in vibration, the amplitude of

higher modes is smaller compared with lower modes,
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so lower modes indicate the dynamic characteristics of

structure """, Taking the first order natural frequency
maximum as the objective function, volume as
constraint, it can be expressed as
Find: X={x,,x5,x3,"-",x.}, e=1,2,---)N
Max :
T
wxy=-0 Ko )
6 Mo

Subjected to:  (K—W M)#=0

N
M=), m,

e=1
O0<S XSSt =1
where M is global mass matrix, W is the first mode

frequency, € is the eigenvector, m , is the element
matrix.
2.3 Definition and formulation of multi-objective
topology optimization
Multi-objective optimization is also called multi-
criteria optimization or vector optimization, the basic

mathematical model is as follows™"

F(X)=min(F\(X),F»(X),F3(X)---) ()
Subjected to: X={xy,x5,x3,"--,x.}, e=1,2,---N
a<x;<b
g(X)<0
H(X)=0

There are many methods to solve the multi-

objective optimization, like weight sum method,

vector evaluated genetic algorithm, lexicographic
ordering, target-vector approach and so on. Weight
sum approach is often used. Its essence is to construct
a function, known as merit function, which can turn n
number of sub-objective functions into a single
objective function, and the merit function will be
optimized as follows:

minF(X)=a, fi(X)+a,fo(X)+---+a,f(X) (6)
where F(X) denotes the merit function, f,(X) is the
sub-objective function, a, is the weighted index,
which presents the relative importance of different
Another method is

sub-objectives. target-vector

approach. It sets each sub-objective an expected value,

then make the deviation from the desired value as

small as possible, the merit function can be

represented as
2

FX0~f )

F(X)= Z

(N

e

where f, (X) denotes the sub-objection function, ff is

the ideal value of corresponding sub-objective. The

merit function is ideally zero when f, (X) matches the

ideal value.

In engineering practice, for some structures, when
its natural frequency is maximum, the stiffness may
not or when the stiffness is maximum, the natural
frequency may not. In order to solve this problem, for
a structure which needs stiffness and first-order natural
frequency as maximum as possible under all working
conditions, a multi-objective function as a merit
function based on weight sum method and target-
vector approach can be expressed as™™!

minf(X)=
172

{ [ 2 Wk Ckn(lf)_Ck ] +{WA Amax (X)_A(X) (8)

min

k=1 Ck _Ck

where C:m and A, are the initial value of compliance

min

and first natural frequency, C,

and A are the ideal
value of compliance and first-order natural frequency,

k denotes the number of working conditions, w, and
w, are the weight index. Apparently, when f(X) is zero,

the stiffness and first-order frequency are maximization.

3 New lens layout design by topology

optimization

Carbon dioxide detector is used to measure
carbon dioxide in the three visible and near-infrared
spectral ranges. It consists of a telescope and three
spectrometer optical systems. One of the spectrometer
optical systems is shown in Fig.1. Based on the
characteristic of the optical system, the original model
of lens barrel is designed as in Fig.2. As the original

model is rational to some extent, topology optimization
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based on this model would be more intuitive and
reasonable considering the manufacturing, assembling
and so on. Gravity load and thermal load are the

main loads for lens barrel on earth and in space

Fig.2 Original model of the lens barrel

environment respectively. In order to make the

deformation minimum and dynamic characteristic
better, the stiffness and first natural frequency should
be as maximum as possible. The original model is
analyzed by using the FE methods, the results show
that the maximum deformation is 0.013 2 mm
subjected to gravity load; the first mode frequency is
66.02 Hz, as shown in Fig.3; the maximum location
defection between the collimator and grating derived
from the 10 C thermal load is 0.064 mm. To assure
detector’s performance, the maximum tilt between the
optical elements is required to be less than 10", which
is equivalent to the defection difference

10" %890

— - =0.043 mm (9)
57.32x3 600

-

Fig.3 First-order natural frequency mode of lens barrel

The first-order natural frequency is required to be
above 150 Hz. Apparently the original model can’t
meet these specifications, so it must be optimized. In
this paper, lens barrel optimization consists of two
main steps: topology optimization and thickness
optimization. For topology optimization, the objective
is to increase the stiffness and first-order natural
frequency by identifying the locations for ribs in the
design domain. After approximating the result of
topology optimization as a thin-walled structure, the
approximated thicknesses of lens barrel are optimized
to minimize its mass. Figure 4 illustrates the proposed

procedure of the optimizations.

hicanon e

Wftopology optimiz

s of thickness

Verify the requirements by analysis |

Fig.4 A design procedure for lens barrel optimization

As discussed before, for a structure whose stiffness
is maximum, its first-order natural frequency may not.
To verify this, Fig.5(a) and (b) shows the optimized
topology when only the stiffness and the first-order
natural frequency is considered as the objective
function respectively. Regions that need reinforcement
tend towards a density of 1, areas that don’t need

reinforcement tend towards a density of 0. From the
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(a) Plot of element density only considering the first-order

natural frequency

(b) Plot of element density only considering the stiffness
subjected to multiple loads

Fig.5 Topology optimization results with different objective function

two figures, the locations where the ribs should be
added are very different. It indicates that for a
structure when there are many sub-objectives, it’s
very necessary to construct a multi-objective function.
Based on this, using the Eq.(8), both the stiffness and
the first natural frequency are considered f or the
design objective. The result is shown in Fig.6. In
comparison with the stiffness maximized results in
Fig.5(b), the stiffness

increased mainly by reinforcing the elements in the

and frequency is greatly

constraint and connection parts. Figure 7 shows the
iteration history of multi-objective optimization. Based
on the optimization result in Fig.6, the location where
should be added ribs can be got. Considering the
manufacturing and aesthetic property, a post-processed

lens barrel is shown in Fig.8. There are some

Fig.6 Topology optimization of lens barrel when considering both

the stiffness and first-order natural frequency

0.4k

i H Multi-objective function
S |
=02H
o \ |
5t o\ =
- | —_— e
(1] | i ¥ WNE— -
0 20 40 6Bl 80
Iteration number N
Fig.7 Iteration history of multi-objective function
Rib group 3

Rib group 2

Rib group |

Rib group 3

Fig.8 Post-processed lens barrel from Fig.6
problems. Topology optimization only gives where the
ribs should be added, but the ribs’ form, height and
space between them are not known. It’s unavoidable
that some extra ribs would be added to the lens
barrel. To avoid this and make the structure more
optimized, a second topology optimization is
necessary. The design domain are rib group 1, rib
group 2 and rib group 3 as shown in Fig.8, the
objective function still uses the Eq.(8), with volume
as constraint. Figure 9 is the optimization result with
density threshold above 0.25. The transparent parts in
would be removed.

Fig.9 denote the material

Compared with Fig.8, some ribs are deleted. This
topology

optimization. Figure 10 shows the iteration history.

proves the necessity of the second

\ fl.hllf h =
1 =g Wiy .-'r.".".//fl'
Y s, =
= o=

Fig.9 Result of the second topology optimization
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[teration number N

Fig.10 Iteration history of the second topology optimization

4 Thickness optimization

In Fig.1, 1, 2, 3, 4, 5 and 6 denote the design
variables. The post-processed lens barrel in Figure 11

is reconstructed by using 6 shell members, each of

Fig.11 Post-processed lens barrel from Fig.9

which has its corresponding thickness. The formulation
for present thickness optimization is given as

Find: T={1,,t,,ts,t,,15,t5}

Min:

[§)
A= pA, 1, (10)
k=1
Subjected to: O <=0,

gl(T>=g——1<0

0

(T)=L-—1=0
gT) ¥ =

0
Where ¢, is the thickness of k—th shell of lens barrel,
denoting the area, f(T) is the total mass of lens barrel,
o, is the maximum stress on lens barrel, o, is the

allowable stress, C, and f, represent total compliance

and first-order natural frequency of lens barrel in Fig.11

respectively, so the stiffness and first mode frequency

is at least equal to those post-processed lens barrel
from topology optimization in Fig.11. Thus the goal
of thickness optimization is to reduce the mass of lens
barrel as much as possible without deteriorating the
performance of topology optimization result. Figure 12
is the iteration history of design variables. Figure 13 is
the iteration history of mass. Table 1 is the result of
optimized thickness of lens barrel after the thickness
optimization. Considering the manufacture and cost,
optimized thickness should be adjusted, so the thickness

T={tl’t2’t3’t4¢t57t6}={ 3’3’373a4"4}'

¥ - -
S 4 g — 5 3
] . N\
= e i e
= -— (1) - ——
c ——
] e
g . (2
S .- (3
g - (4
(=] < (5)
- (6)
e |
0 2 i f
Iteration number N
Fig.12 Iteration history of design variables
o
2
Ma
/
¥
L
[teration number N
Fig.13 Iteration history of mass

In order to verify the performance of the final

model in Fig.9 after topology and thickness

optimization, it has been analyzed. The results show

that the maximum deformation is 0.001 9 mm

Tab.1 Optimized thickness of lens barrel (mm)

t ty 1 1 ts 5
Initial thickness 4 4 4 5 5 5
Optimized thickness 2.5 3.1 3 3 4.1 4.2
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subjected to the gravity load; the first-order natural
frequency is 189.83 Hz. The maximum defection
difference is 0.032 mm caused by the thermal load,
all of these are less than specified value. Fig.14-16
are the corresponding plots. Table 2 is a comparison
of the performances of the original model and the

final model.

5 Conclusion

A new lens barrel with increased stiffness and

frequency was designed by applying topology and

thickness

optimization.  Through  multi-objective

topology optimization, a creative layout was obtained

Fig.14 Model analysis of the final model

S A
i
,_

Fig.15 Displacement of the final model with gravity load

Fig.16 Deformation of the final model with 10 T thermal load

Tab.2 Comparison of the performances of the

original model and the final model

Maximum Maximum .

. . .. First natural
deformation deformation with frequenc Mass
with gravity  thermal load (}Hz Y /kg

load/mm /mm
Original model 0.013 0.098 65.6 18.63
Final model 0.0019 0.062 189.83 12.46

as an optimum design to have maximized stiffness and
first-order natural frequency. By applying thickness
optimization, the approximated plate thicknesses from
the result of topology optimization were adjusted to
minimize total mass of the lens barrel without losing
increased stiffness from the topology optimization.
Compared with the original model, the mass of final
lens barrel can decrease to 12.46 kg from 18.63 kg,
the maximum deformation subjected to gravity load
can decrease to 0.001 9 mm from 0.013 mm, the maximum
deformation caused by thermal load can decrease to
0.062 mm from 0.098 mm, and the first-order natural
frequency can increase to 189.83 Hz from 65.6 Hz.
The numerical results indicate that after adopting the
multi-objective topology and size optimization design
method, not only the design period is shortened, but
also the lens barrel weight is enhanced, which shows
barrel can meet the

that lens system design

requirements.
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