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Abstract. In this paper, we focus on the measuring rod of the gun barrel bore detecting system. 
The topology optimization model of the measuring rod is set up based on the variable density 
continuum structural topology optimization method. In order to minimize the static flexibility and 
to maximize the low vibration frequency simultaneously, the compromise programming approach 
is employed to optimize multi-objective topology. Optimization results show that an ideal 
distribution of material is acquired, which enhances the natural frequency of structure and reduces 
the structure quality, thus a synchronized multi-objective optimization is achieved. We validate 
the ultimate optimized topology with statics and dynamics analysis. The results show that both 
global stiffness and low frequency of the optimized measuring rod have been improved 
significantly which verify the rationality of the design. 
Keywords: gun barrel bore, measuring rod, multi-objective, topology optimization. 

1. Introduction 

The accurate and effective test on the ablation condition of gun barrel bore is the basis for 
quality assessment of the gun barrel. In the detecting process, a measuring rod drives the 
measuring head into the gun barrel and then keeps the precise reciprocating motion of it. The 
precision of the measuring rod will directly restricts the accuracy of the detection. It is of great 
significance to optimize the structure of the measuring rod to improve the accuracy and absorb 
shock for the gun barrel bore detecting system.  

In the process of traditional design, analogy method is often used for such parts. Although the 
strength is enhanced, the parts tend to be heavy and the material is also wasted. A low first order 
natural frequency may be generated due to the unreasonable design which will lead a larger 
vibration amplitude of the measuring rod at work. The traditional single-objective optimization 
approach can only solve some of the issues, and the requirements of deflection and vibration 
cannot be meet simultaneously. In our work, we set up a topology optimization model of the 
measuring rod and use the compromise programming approach for multi-objective topology 
optimization. A new measuring rod topology which minimizes the static flexibility and maximizes 
the low vibration frequency is built. The static and dynamic performance of the system and modal 
characteristics are examined to verify the rationality of the design. 

2. Topology optimization model 

2.1. Model of the measuring rod 

The basic structure of the gun barrel bore detecting system is shown in Fig. 1 and the working 
principle is as follows. First, the stepper motor drives the driving shaft to rotate the gear which 
will actuate the rack. Then the rack pushes the measuring rod into the designated position of gun 
barrel to be measured. When the measurement is completed, the motor will start again to promote 
the measuring rod to the next position until the detection is finished. The ultimate data will be 
transferred to the computer synchronously. The acquisition, transmission, observation and storage 
courses for the data are all achieved.  
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Regarding that the ratio of length to diameter of the gun barrel is out of range and the inner 
diameter is too small, the measuring rod of the gun barrel bore detecting system is usually designed 
with a cantilever beam to drive the measuring head into the barrel. The structure of the measuring 
rod is shown in Fig. 2. As the hanging part of the measuring rod is becoming increasingly long 
during the process of working, the deflection of the measuring rod is growing constantly with 
vibration. As a result, the measuring error is inevitable. 

Measuring head

Rack Mounted bearings Gear Straight motorMeasuring rodBack-up block

 
Fig. 1. Gun barrel bore detecting system 

Measuring bar

Back-up block

Cantilever structure

 
Fig. 2. Structure of measuring rod 

2.2. Topology optimization mathematical model 

Continuum topology optimization searches for the optimal distribution of material and the best 
power relay route with a given constraint function. Homogenization method, variable density 
approach, thickness-varying method and progressive optimization level set method are the typical 
topology optimization methods. And homogenization method and variable density approach are 
most commonly used. Our topology optimization for measuring rod is based on the variable 
density approach provided by Optistruct Software. 

A hypothetical material whose relative density ranges from 0 to 1 is introduced in the variable 
density approach. It is assumed that the relationship between the macro elastic modulus and the 
density of the design material is nonlinear. The material density is regarded as the design variables 
in the process of topology optimization. In this way, the structural topology optimization is 
converted into the optimal distribution problem of the material. 

The equivalent elastic modulus of materials which is based on the variable density method can 
be expressed as: ܧሺݔሻ = ୫୧୬ܧ + ଴ܧ௜௣ሺݔ − ,୫୧୬ሻܧ (1)

where ܧሺݔሻ is the elastic modulus of materials after interpolation, Δܧ = ሺܧ଴ −  ୫୧୬ሻ representsܧ
the difference of elastic modulus between solid and hollow materials, ݔ௜  denotes the relative 
density of the unit and ݌ is the penalty factor. In order to improve the stability of the numerical 
solution, we usually let ܧ୫୧୬ = ௠௜௡ܧ ଴/1000. Whenܧ  is much smaller than ܧ଴ ୫୧୬ܧ ,  can be 
ignored, on this occasion, the above formula can be simplified as: ܧሺݔሻ = ଴. (2)ܧ௜௣ݔ

The stiffness matrix and flexibility matrix of the model are as follows: 
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ሻݔሺܭ = ෍ሾܧ୫୧୬ + ሿேܧ௜௣Δݔ
௜ୀଵ ,௜ሻݔሺܭ (3)

ሻݔሺܥ = ෍ሾܧ୫୧୬ + ሿேܧ௜௣Δݔ
௜ୀଵ ሼ ௜ܷሽ்ሾܭ௜ሿሼ ௜ܷሽ. (4)

2.3. Dynamic vibration frequency model 

The dynamic vibration frequency of topology optimization aims to maximize some critical 
derivatives of the low order frequency by using the structural volume as a constraint function. The 
frequencies will be switched if the optimization goal is set to be a low specific frequency of the 
structure. The eigenvalues of the higher order frequency which are close to the optimization 
frequency are likely to be decreased and frequency switching may be occurred. The frequency 
switching phenomenon will influence the error sensitivity, and may do harm to the judgment of 
convergence of the model. In order to avoid this kind of phenomenon, the mean frequency 
formulation is used to define the objective function of inherent frequency topology optimization: 

max௫ୀሼ௫భ,௫మ,⋯,௫೙ሽΛሺߩሻ = ଴ߣ + ݏ ቌ෍ ௜ߣ௜ݓ − ଴ߣ
௙

௜ୀଵ ቍିଵ, (5)

where Λሺߩሻ is the mean frequency, ߣ௜ represents the ݅ order characteristic frequency, ߣ଴ and ݏ are 
the given parameters, ݓ௜ is the weight coefficient of the ݅ order characteristic frequency and ݂ is 
the low frequency which needs to be optimized. 

The mean frequency formulation defines a smooth objective function. As the low-order modals 
have been considered in the formula, the curve of this objective function remains smooth even if 
several low-order modals have been exchanged. 

3. Multi-objective topology optimization methods 

3.1. Compromise programming approach  

The ߝ -constraint approach is a multi-objective topology optimization method which 
transforms multi-objective problems into single-objective ones. By using the method to optimize 
the objective functions, constraint functions are usually beyond the scope constraint conditions. 
Not all the Pareto optimal solutions can be acquired by using the linear weighted method to deal 
with the non-convex optimization problems. 

The compromise programming approach aims to compromise each goals according to the 
design requirements to find an ideal solution. Different sub-goals are linked together through 
regularizing sub-objective function, and the weight of each target is set according to the 
importance of them. 

The mathematical model of compromise programming approach is: 

۔ۖەۖ
ሻݔሺܨminۓ = ൝෍ ܽ௜௡ ቤ ௜݂ − ௜݂௡௜݂,୫ୟ୶ − ௜݂௡ቤ௦௡

௜ୀଵ ൡଵ/௦ ,
s.t.    ൝݃ሺݔሻ ≤ 0,ℎሺݔሻ = ݔ,0 ∈ ܺ,

 (6)

where ݃ሺݔሻ  and ℎሺݔሻ  are variable functions, ௜݂  denotes the worst value of the sub-objective 
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function, ௜݂,୫ୟ୶ represents the optimal value of the sub-objective function and ܽ௜ is the weight of 
each sub-target. 

3.2. Multi-objective topology optimization 

In the process of single-objective topology optimization, a decrease of compliance may cause 
a decline of the low frequency and when the low frequency are increased, the compliance are 
probably to be improved at the same time. Thus we must consider reducing the compliance and 
improving the inherent low frequency in the design phase to improve the performance of the 
measuring rod, and reduce the static deflection and dynamic vibration as well. 

We consider the volume and deflection as constraints, and the stiffness and static frequency as 
the objective functions in the process of multi-objective topology optimization for the measuring 
rod. Combining the compromise programming approach and mean frequency formulation, the 
comprehensive objective function is defined as follows: 

minܨሺߩሻ = ൝ݓଶ ቆܥሺߩሻ − ୫ୟ୶ܥ୫୧୬ܥ − ୫୧୬ቇଶܥ + ሺ1 − ሻଶݓ ቆΛ୫ୟ୶ − ΛሺߩሻΛ୫ୟ୶ − Λ୫୧୬ቇଶൡଵଶ, (7)

where ܨሺߩሻ  represents the comprehensive objective function, ݓ denotes the weight of the 
objective function of the compliance. ܥ୫ୟ୶  and ܥ୫୧୬  are the optimal and worst value of the 
objective function of the compliance, respectively. Simultaneously, Λ୫ୟ୶ is the optimal value of 
the objective function of the frequency and Λ୫୧୬ is the worst. 

4. Experiment 

4.1. Establishment of finite element model 

The 3D entity model of measuring rod is established on the basis of 2D drawings and the actual 
structure by using UG Software. Then, the model is imported to Hyperworks Software to establish 
finite element meshes. As noticed from Fig. 3, the 3D and finite element models of the measuring 
rod are presented, respectively. The measuring rod is made of aluminum alloy. The weight of the 
measuring rod is 2 kg and the length is 500 mm. The material parameters are shown in Table 1. 

 
a) 3D model 

 
b) Finite element model 

Fig. 3. Model of measuring rod 

Table 1. Material parameters 
Material Elasticity modulus / MPa Poisson ratio Density / cm3 

Aluminium alloy 71 0.33 2.81 

4.2. Performance analysis of the measuring rod 

The static performance of the model, such as the compliance and maximum static deflection 
are analyzed. Before this, we need to apply constraints on one side of the model, and apply a rated 
load of 20 N on the other. Of course, the original weight of the measuring rod should also be taken 
into account. The results of static characteristic analysis are shown in Table 2. 
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Then, the dynamic performance of the model is analyzed. The according inherent frequencies 
are shown in Table 3. As can be seen, the first order frequency of the measuring rod is 34.74 Hz. 
The environmental incentives are generally less than 20 Hz, and on this occasion the measuring 
rod is prone to resonate. Thus we need to increase its first order frequency. 

Table 2. Compliance and deflection 
Compliance / (μm·N-1) 6.24 
Deflection / (mm) 3.17 

 

Table 3. Modal frequencies of the measuring rod 
Order 1 2 3 4 5 

Frequency (Hz) 34.74 35.22 35.94 40.81 45.90 

4.3. Optimization results 

Regarding the actual design requirements of the measuring rod, the compliance weight and 
frequency weight are set to 0.4 and 0.6, respectively. Upon the above methods, the measuring rod 
is optimized and the material density distribution is acquired. As is shown in Fig. 4, the value of 
density varies from 0 to 1 progressively as the color of the model changes from blue to red. The 
material of the blue part can be reduced in the process of optimization. The middle part of the side 
which is under pressure can be emptied when improving the structural design of the original 
measuring rod combining with the optimization results. 

The maximum static deflection and first order frequency are improved significantly after 
analyzing the static and dynamic performance of the new model. Fig. 5 describes the curve of the 
maximum static deflection before and after optimization. The maximum static deflection reaches 
2.42 mm after optimization. Analogously, as can be seen in Fig. 6, the value of the first order 
frequency reaches 39.9 Hz after optimization. 

 
Fig. 4. Density distribution of the material 

 
a) Before 

 
b) After 

Fig. 5. Maximum static deflection 

 
a) Before 

 
b) After 

Fig. 6. First order frequency 
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The performance before and after optimization are shown in Table 4. The weight of the 
measuring rod is reduced by 30 % after optimization, the compliance is decreased by 14.56 %, 
and the first order frequency is increased by 14.8 %. Both the dynamic and static performance of 
the measuring rod are improved significantly. 

Table 4. Comparative results before and after optimization 
Optimizing content Before After Optimization

Compliance 6.24 5.32 14.56 % 
Deflection / (mm) 3.17 2.46 23.66 % 

First order frequency 34.74 39.97 14.8 % 

5. Conclusions 

In this paper, a mathematical model of multi-objective topology optimization is established 
based on the compromise programming approach, mean frequency formulation and SIMP density 
interpolation model. The multi-objective topology optimization is achieved which improves the 
overall performance of the measuring rod compared with the single-objective optimization. By 
taking into account the optimization objective from multiple perspectives, the performance 
indexes of the measuring rod such as stiffness, quality, deflection and low frequency have been 
improved effectively. 
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