
  

Materials 2019, 12, 3788; doi:10.3390/ma12223788 www.mdpi.com/journal/materials 

Article 

Effect of Elastic Modulus on the Accuracy of the 
Finite Element Method in Simulating  
Precision Glass Molding 
Honghui Yao 1,2,*, Keyi Lv 1, Jiarong Zhang 1, Han Wang 1,*, Xiaozhu Xie 1, Xiangyou Zhu 1,  
Jiannan Deng 1 and Shaomu Zhuo 1 

1 State Key Laboratory of Precision Electronic Manufacturing Technology and Equipment,  
Guangdong University of Technology, Guangzhou 510006, China; lvkeyi123@163.com (K.L.); 
jiarongz0824@163.com (J.Z.); 40032360@qq.com (X.X.); 13631436831@163.com (X.Z.); 1312563551@qq.com 
(J.D.); 2505831671@qq.com (S.Z.) 

2 Union Optech (Zhongshan) Co., Ltd., Zhongshan 528437, China 
* Correspondence: yaohonghui666@163.com (H.Y.); wanghangood@gdut.edu.cn (H.W.);  

Tel.: +86-020-39322415 (H.Y.) 

Received: 20 October 2019; Accepted: 15 November 2019; Published: 18 November 2019 

Abstract: Precision glass molding is a revolutionary technology for achieving high precision and 
efficient manufacturing of glass aspheric lenses. The material properties of glass, including elastic 
modulus and viscosity, are highly dependent on temperature fluctuations. This paper aims to 
investigate the effect of elastic modulus on the high-temperature viscoelasticity of glass and the 
accuracy of the finite element simulation of the molding process for glass aspheric lenses. The high-
temperature elastic modulus of D-ZK3L glass is experimentally measured and combined with the 
glass cylinder compression creep curve to calculate the high temperature viscoelasticity of D-ZK3L. 
Three groups of viscoelastic parameters are obtained. Based on this, the molding process of the 
molded aspheric lens is simulated by the nonlinear finite element method (FEM). The surface curves 
of lenses obtained by simulation and theoretical analyses are consistent. The simulation results 
obtained at different initial elastic modulus values indicate that the elastic modulus has a great 
influence on the precision of the FEM-based molding process of glass aspheric lenses. 

Keywords: precision glass molding; elastic modulus; viscoelasticity; accuracy 
 

1. Introduction 

Aspheric lenses can effectively eliminate spherical aberration, coma aberration, astigmatism, 
and other problems existing in the light path by composition of spherical lens. It can also simplify the 
optical path and reduce the loss of light energy in the propagation of light, thereby achieving a high-
quality image and better optical properties [1]. With the rapid development of optoelectronics and 
information technology, the demand for high-precision glass aspheric lenses has increased 
dramatically in many fields, such as in mobile phones, security surveillance, automobiles, laser 
communication, precision measurement and other optical systems, and so on. 

Because of the long production cycle and poor precision stability, grinding and polishing cannot 
meet the needs of mass production of high-precision aspheric lenses [2]. In the precision glass 
molding process, optical molds with a nanoscale surface roughness and submicron form, would 
accurately be applied to perform one-time die-casting of the glass preform in the glass transition 
temperature range. Thus, it has the advantages of a short product cycle, high output, and more 
environmental protection. However, the precision glass molding process still faces many technical 
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challenges, and it is difficult to ensure the high-precision and high-efficiency manufacturing of high-
quality aspheric lenses. 

Currently, the finite element method (FEM) simulation-based study on the precision glass 
molding process has gradually replaced traditional trial-and-error methods, thereby greatly reducing 
the times and costs of trials and shortening the development cycle of high-performance lenses. In the 
early study by Yi et al. [3,4], the glass was treated as a Newtonian, viscous fluid, and the generalized 
Maxwell model was applied to describe the viscoelasticity of glass under a high temperature. The 
temperature-dependent Young's modulus values of BK7 and SK5 glasses were measured by a 
Brillouin scattering experiment [5]. Zhou et al. [6,7] used three kinds of viscoelastic constitutive 
models to fit the strain and stress of lenses, and they found that the fitting results of strain using the 
Burgers model were in good agreement with the experimental results in the creep process. Differently, 
the most accurate fitting result in the stress relaxation process could be obtained by the Maxwell 
model. Scott [8], Fotheringham [9], Badrinarayanan [10], and others researched the structural 
relaxation characteristics of glass. The specific heat capacity Cp of glass was measured by a 
differential scanning calorimeter (DSC), and the structural relaxation parameters of the glass were 
obtained by fitting with the Tool–Narayanaswamy–Moynihan equation (TNM) [11–13]. 
Ananthasayanam et al. [14] studied the effect of the friction coefficient between the lens and mold on 
the forming accuracy of the lens during the glass molding process by carrying out ring compression 
tests using a shear friction model. Zhou et al. [15] combined stress relaxation, structural relaxation, 
and shear friction models to simulate the molding process. They predicted the geometry and 
refractive index of the lens based on the residual stress and geometry of the lens, and they 
compensated the shape of the mold based on the simulation results. Su et al. [16,17] studied the effect 
of the thermal expansion coefficient on the predicted refractive index changes of the lens. They 
measured the liquid expansion coefficient of BK7 glass, then simulated the change of the refractive 
index with different thermal expansion coefficients. The simulation results indicated that the liquid 
thermal expansion coefficient had a great influence on the predicted refractive index change of the 
lens and the residual stress distribution. Tao [18] clarified that the annealing process significantly 
affects the refractive index, residual stress distribution, and shape of the lens. Pallicity et al. [19] used 
the photoelasticity of the glass to measure the residual birefringence of the formed lens by a six-step 
phase shift method after considering the stress relaxation, structural relaxation characteristics, and 
friction characteristics. The experimental results were obtained at different cooling rates. Liu et al. 
[20] optimized the process parameters by combining numerical optimization and simulation 
analyses. The residual stress of the lens was controlled by optimizing the thermal history parameters 
in the cooling stage, and the change of lens profile was compensated by optimizing the mold surface. 
After simulation analysis using the optimized parameters, the residual stress was controlled within 
2 MPa, and the form error was controlled within 1 μm. 

The material properties of glass, including the elastic modulus, are highly dependent on 
temperature. However, in the calculation of glass stress relaxation, past literature has mainly adopted 
the relationship between stress relaxation and elastic modulus at room temperature to describe the 
glass properties. The effect of high temperatures inducing change in the elastic modulus on the 
accuracy of the FEM molding process simulation is still ignored. In this paper, the elastic modulus 
test and cylinder compression test of glass materials at high temperatures are carried out to calculate 
the stress relaxation parameters under different elastic modulus values. The FEM-based results reveal 
the influence of the elastic modulus on the internal residual stress of the lens and the prediction 
accuracy of the profile error at different temperatures. 

2. Theoretical Models and Method 

According to the viscoelastic theory, the stress σሺ𝑡ሻ  and the strain 𝜀(𝑡)  are, respectively, 
expressed by the following convolution integrals: σ(t) = න 𝐸(𝑡 − 𝜉)𝜀ሶ(𝜉)𝑑𝜉 + 𝐸(𝑡)𝜀(0)௧

଴ , (1) 
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ε(t) = න 𝐽(𝑡 − 𝜉)𝜎ሶ(𝜉)𝑑𝜉 + 𝐽(𝑡)𝜎(0)௧
଴ , (2) 

where t is the time, and 𝐸(t) = σ(t)/𝜀଴ is the time-dependent stress relaxation modulus at a constant 

strain 𝜀଴. 𝐽(t) = ε(t)/𝜎଴ is the time-dependent creep compliance at a constant stress 𝜎଴. 
The complex convolutional form can be transformed into a simple algebraic operation by 

Laplace transform, so the Laplace transform of the above formula can be obtained as follows: 𝜎ത(𝑠) = 𝑠𝐸ഥ(𝑠)𝜀ത(𝑠), (3) 𝜀ത(𝑠) = 𝑠𝐽̅(𝑠)𝜎ത(𝑠), (4) 

The simplified stress relaxation modulus function 𝐸ഥ(𝑠) has the following relationship with the 
creep compliance function 𝐽̅(𝑠): 𝐸ഥ(𝑠) = 1𝑆2𝐽̅(𝑠) (5) 

Equation (5) shows that the stress relaxation modulus 𝐸ഥ(𝑠) can be obtained by creep compliance 𝐽̅(𝑠), and then E(t) is obtained by the inverse Laplace transform. 

2.1. Calculation of Creep Compliance 

A constant axial load F is applied to the lower mold, stress σ(t) = 𝐹/𝐴, where A is the cross-
sectional area of the sample, and it can be treated as a constant value. Hence, the creep compliance 
can be calculated by the equation (t) = ε(t)/𝜎(𝑡). In the cylindrical compression test, since the cross-
sectional area of A of the glass cylinder continuously increases as the compression increases, the axial 
stress is continuously reduced, so the creep compliance cannot be directly calculated according to the 
definition. 

By discretizing the creep compliance 𝐽௜ in time, the true strain 𝜀௜ and the true stress σ௜ meet 
the following relationship: 

𝐽𝑖 = 𝜀𝑖𝜎0 − 1𝜎0 ෍𝐽𝑖−𝑘 ቀ𝜎𝑘 − 𝜎𝑘−1Δ𝑡 ቁ Δ𝑡,𝑖
𝑘=1  (6) 

where 𝜀௜  is the true stress of glass. The strain 𝜀(𝑡) = 𝑙𝑛ሾ(𝑙(𝑡)/𝑙଴)ሿ; 𝑙(𝑡) represents the difference 
between the initial length of the sample and the length change, 𝑙(𝑡) = 𝑙଴ − Δ𝑙. Then, the true stress 𝜎(𝑡) = ி஺(௧) = 𝜎଴𝑒𝑥𝑝ሾ𝜀(𝑡)ሿ. The illustration of parameters is shown in Figure 1. 

 
Figure 1. Illustration of creep compression. 

The creep compliance function is usually characterized by the Kelvin–Voigt model, in which a 
series of springs and damper units are connected in parallel and connected in series, as shown in 
Figure 2. The function expression is as follows: 

𝐽(t) = 1𝐸଴ −෍ 1𝐸௜௡
௜ୀଵ ൬1− exp ൬− 𝑡𝜆௜൰൰, (7) 

𝐿଴
𝐹

Δ𝐿𝐴଴ 𝐿(𝑡)
𝐴(𝑡)

Upper Mold

Lower Mold
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where E0 is the initial elastic modulus, Ei is the elastic relaxation constant of the spring unit I, 𝜆𝑖 is 
the stress relaxation time in the Kelvin–Voigt model, 𝜂𝑖 is viscosity, and 𝜆𝑖 = 𝜂𝑖/𝐸𝑖. 

 
Figure 2. Kelvin–Voigt model. 

2.2. Calculation of Shear Relaxation Modulus 

The Laplace transform of the creep compliance formula can be written as follows: 

𝐽̅(𝑠) = 1𝑠𝐸0 + ෍ 1𝑠𝐸𝑖(1 + 𝑠𝜆𝑖)𝑛
𝑖=1 . (8) 

The Laplace transform of the stress relaxation modulus 𝐸ഥ(𝑠)  can be obtained according to 
Equation (5), and the stress relaxation modulus E(t) in the time domain is obtained by the inverse 
Laplace transform. In this case, the Poisson's ratio μ is known, and the shear stress relaxation modulus 
can be obtained by G(t)=E(t)/[2(1+μ)]. Generalized Maxwell is the most commonly used mechanical 
analogy model for characterizing the glass stress relaxation behavior. It consists of a series of springs 
and damping elements connected in series and then in parallel. As shown in Figure 3, the shear stress 
relaxation modulus is expressed as follows: 

(𝑡) = 𝐺ஶ + ෍𝐺௜𝑒𝑥𝑝 (− 𝑡𝜏௜)௡
௜ୀଵ  (9) 

where 𝐺∞ is the shear modulus when the time tends to infinity, Gi is the shear relaxation constant of 
the spring unit, τi is the stress relaxation time and satisfies τ𝑖 = 𝜂𝑖/𝐺𝑖, and 𝜂𝑖 is the viscosity of the 

damping unit. 

 
Figure 3. Generalized Maxwell model. 

The shear relaxation modulus calculated by the above process from different creep compliance 
formulas is shown in Figure 8. 

The stress relaxation of viscoelastic materials is heavily dependent on temperature and has a 
thermal rheology simple (TRS) behavior. The stress relaxation curves at different temperatures can 
be aligned with the reference curve after translation on the logarithmic time axis. The translation 
factor is defined as: 

…

…

…

…
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𝛼𝑇 = 𝜏(𝑇)𝜏(𝑇𝑅), (10) 

where τ(𝑇ோ) is the relaxation time at a selected reference temperature, and the relaxation time τ(T) 
at other temperatures can be obtained by the translation factor αT. The temperature effect of the 
translation factor is often described by the William–Landel–Ferry (WLF) equation: lg𝛼் = −𝐶ଵ(𝑇 − 𝑇ோ)𝐶ଶ + (𝑇 − 𝑇ோ), (11) 

where TR is the selected reference temperature, and C1 as well as C2 are constant values. 

2.3. Structure Relaxation 

When the glass suddenly changes to temperature T2 after reaching a state of equilibrium at a 
certain temperature T1, which is in the transition region, the equilibrium state will be broken, then 
the volume of glass will change and slowly approach a new equilibrium state. This phenomenon is 
called structural relaxation. The relaxation response function is defined by: 𝑀𝑣(𝑡) = 𝑉(𝑇2, 𝑡) − 𝑉(𝑇2,∞)𝑉(𝑇2, 0) − 𝑉(𝑇2,∞) = 𝑇𝑓(𝑡) − 𝑇2𝑇1 − 𝑇2 . (12) 

In Equation (12), 𝑉(𝑇ଶ, 𝑡) is the volume of glass at temperature 𝑇2 and time t, 𝑉(𝑇ଶ,∞) is the 
volume of glass at temperature 𝑇2  and infinite time, 𝑉(𝑇ଶ, 0)  is the initial volume of glass at 
temperature T2, and the fictive temperature 𝑇𝑓  describes the degree of deviation of the internal 
structure from an equilibrium state. In most cases, the response function M(t) can be expressed by 
the Kohlrausch function and rewritten by summing n simple exponential functions: 

𝑀𝑣(𝑡) = 𝑒𝑥𝑝 ቈ−( 𝑡𝜏𝑣)𝛽቉ = ෍𝜔𝑖exp (− 𝑡𝜏𝑣𝑖)𝑛
𝑖=1 , (13) 

෍𝜔𝑖𝑛
𝑖=1 ≈ 1, (14) 

where β is the nonexponential parameter between 0 and 1, 𝜏𝑣 is the structure relaxation time, and 𝜔௜ is the weight of the structural subrelaxation time 𝜏𝑣𝑖. In this way, some 𝜏𝑣𝑖 values are smaller 
than 𝜏𝑣, which models experimental cases of the fast kinetics of relaxation functions for short time 
periods, and some 𝜏𝑣𝑖  values are larger than 𝜏𝑣, explaining the slow kinetics of the relaxation for long 
time periods. The TNM model is commonly used to describe the structural relaxation process, where 
the structural relaxation time 𝜏𝑣 is defined as a function of temperature T and fictive temperature

 𝑇𝑓: 𝜏𝑣 = 𝜏𝑣,𝑟𝑒𝑓𝑒𝑥𝑝 ቊΔ𝐻𝑅 ቈ− 1𝑇𝑟𝑒𝑓 + 𝑥𝑇 + (1 − 𝑥)𝑇𝑓 ቉ቋ, (15) 

where τv,ref is the structure relaxation time at the selected reference temperature Tref; 𝛥𝐻/𝑅 is the ratio 
of activation energy to ideal gas constant, and x is a nonlinear parameter that satisfies 0 < x < 1. 

3. Experiment and Simulation 

3.1. Composition Analysis of D-ZK3L Glass 

The optical glass for precision glass molding had a low softening point. In this research, the glass 
D-ZK3L produced by CDGM (CDGM Glass CO., LTD, Chengdu, China) was used in experiments 
and simulations. The element composition and energy-dispersive X-ray (EDX) spectrum of D-ZK3L 
were measured by an electron microscope SU3800 (HITACHI, Tokyo, Japan), in an area of 0.4 × 0.4 
mm, and are shown in Table 1 and Figure 4. 
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Table 1. Element composition of D-ZK3L glass. 

Element 
Composition 

Weight 
Percentage 

Atomic 
Percent 

O K 63.58 80.69 
Al K 2.80 2.11 
Si K 18.81 13.60 
Ca K 3.20 1.62 
Zn K 1.68 0.52 
Ba L 9.92 1.47 
Total 100.00  

 
Figure 4. Energy-dispersive X-ray (EDX) spectrum of D-ZK3L. 

3.2. Elastic Modulus Measurements of Glass Material 

Using the measuring device GrindoSonic® MK7 (GrindoSonic®, Leuven, Belgium) [21], the high-
temperature elastic modulus of the glass material D-ZK3L between 150 and 550 °C is measured by 
vibration pulse excitation according to ASTM-1259 [22], and a diagram of the measurement is shown 
in Figure 5a. During the measurement, the test sample was struck to excite the vibration. Then, the 
vibration frequency information is collected by the vibration or acoustic sensor. The elastic modulus 
E of the sample is calculated according to the following formula [23,24]: 𝐸 = 0.9465(𝑀𝑓௙ଶ/𝑏)(𝐿ଷ/𝑑ଷ)𝑇ଵ (16) 

where M is the sample quality; b is the sample width; L is the sample length; d is the sample thickness; 
ff is the vibration frequency; and T1 is the basic bending mode correction factor after considering the 
sample thickness: 𝑇1 = 1 + 6.585(1 + 0.0752𝜇 + 0.8109𝜇2)(𝑑/𝐿)4− ቈ 8.34(1 + 0.2023𝜇 + 2.173𝜇2)(𝑑/𝐿)41 + 6.338(1 + 0.1408𝜇 + 1.536𝜇2)(𝑑/𝐿)4቉ (17) 

where μ is Poisson's ratio. The measured results of the elastic modulus of D-ZK3L glass are shown in 
Figure 5b. 
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Figure 5. Measurement of elastic modulus: (a) illustration of the measurement setup; (b) diagram of 
the elastic modulus of D-ZK3L at high temperatures. 

3.3. Cylinder Compression Experiment 

Cylinder compression experiments were performed on cylindrical glass samples (D-ZK3L, φ 18 
× 6 mm) with a molding machine GMP-211V (Toshiba Machine, Numazu, Japan) and planar tungsten 
carbide (J05) cores coated with diamond-like (DLC) film. The setup is shown in Figure 6, and the 
thermal and mechanical properties of the experimental materials are shown in Table 1. After heating 
to the molding temperature (three different molding temperatures were employed in this experiment: 
546, 556, and 566 °C), the glass was soaked for 200 s in order to ensure a uniform temperature 
distribution. Subsequently, a constant force of 500 N was applied to cause the glass sample to 
generate a creep behavior. The displacement variation of the lower mold was recorded and could be 
assumed to be equal to the thickness variation of the lens in the molding stage. At the end of molding, 
the glass sample and the core were cooled by nitrogen convection. The specific temperature, 
displacement of the lower mold, and load change at a molding temperature of 546 °C are shown in 
Figures 7 and 8. 

 
Figure 6. Setup of glass molding. 

 

Figure 7. Process parameters for glass molding. 
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Figure 8. Calculated values for different temperatures: (a) thickness variations of the lens; (b) load; (c) 
strain; (d) creep compliance. 

The measured elastic modulus values at three temperatures were selected as the initial elastic 
modulus E0 in the Kelvin–Voigt model to fit the creep compliance curve according to Formulas (6) 
and (7). Curve fitting was done using the software 1stOpt (7D-Soft, Beijing, China), and the numerical 
fitting results and root-mean-square error (RMSE) are shown in Table 1. This indicates that, when n 
= 3, the RMSE of the fitted curve is small enough. Therefore, the third-order Prony series was selected 
for calculation. 

Table 2. The numerical fitting results of the creep compliance. 

Test 
Temperature (°C) E0 (MPa) E1 (MPa) E2 (MPa) E3 (MPa) λ1 (s) λ2 (s) λ3 (s) RMSE 

25 97450 2.664 1.592 581.230 6905.020 6906.303 14.150 5.31 × 10−5 
465 86510 1.184 1.875 566.589 9531.571 9531.510 14.600 5.32 × 10−5 
550 73670 1.465 1.437 567.162 9539.017 9539.131 14.619 5.34 × 10−5 

The reference temperature TR was selected as 556 °C, and the parameters of the WLF equation 
were solved by the shear relaxation modulus curve in Figure 8 according to Formula (11). The stress 
relaxation and the TRS behaviors of D-ZK3L glass at the reference temperature TR = 556 °C are shown 
in Table 2. 

 

Figure 9. Diagram of the shear relaxation: (a) Test 1 (E0 = 97450 MPa); (b) Test 2 (E0 = 86510 MPa); (c) 
Test 3 (E0 = 73670 MPa). 
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Table 3. Viscoelastic Parameters. 

 Test1 (25 °C) Test 2 (460 °C) Test 3 (550 °C) 

E∞ (MPa) 0.403 0.294 0.294 

E1 (MPa) 39469.438 35,034.378 29827.586 

E2 (MPa) 48.708 47.542 47.490 

E3 (MPa) 3.269 × 10−9 2.811 × 10−12 1.049 × 10−11 

τ1(s) 0.038 0.044 0.051 

τ2(s) 25.975 26.814 26.826 

τ3(s) 6905.505 9531.535 9539.074 

C1 10.224 9.420 9.532 

C2 322.624 296.158 299.347 

TR (℃) 556 556 556 

The parameters of the TNM model were calculated by measuring the specific heat capacity Cp 
of the glass in a uniform heating process with a differential scanning calorimeter DSC 204F1 
(NETZSCH, Selb, Germany). The details of the calculation process are described in reference [14], 
and the calculation results are shown in Table 3: 

Table 4. Structural relaxation properties of D-ZK3L. 

Structural Relaxation Term ωi τvi 

1 0.026459604 0.937219635 

2 0.016604869 2.633717853 

3 0.017164272 16.05333599 

4 0.144221017 64.99216181 

5 0.300269552 814.6405395 

6 0.495280686 962.7238416 

Activation energy/gas constant, H/R 23099 

Fraction parameter, x 0.46258 

Reference temperature, Tref (℃) 526 

3.4. FEM Simulation of the Cylinder Compression Process 

A two-dimensional FEM model of the precise glass molding process was established using 
nonlinear FEM simulation software, MSC.MARC, as shown in Figures 9 and 10. The molds were set 
as an elastic body, and the glass cylinder was set as a viscoelastic body. Then, the upper mold was 
subjected to a displacement constraint, and the lower mold surface was subjected to a force boundary 
condition along the positive direction of the y-axis. Since the sample was soaked for 200 s before 
molding, the temperature distribution in the sample was assumed to be uniform. Therefore, the glass 
and the molds were set to a uniform temperature distribution in the FEM simulation model. The 
characteristic parameters of the material used in the simulations are shown in Tables 2–5. 
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Figure 10. 2D finite element method (FEM) simulation model of the glass cylinder compress. 

Table 5. Thermodynamic characteristics of glass and mold. 

Thermo-Mechanical Property Glass Cylinder (D-ZK3L) Mold (J05) 

Elastic modulus (GPa) 97.45 650 

Poisson’s ratio 0.233 0.2 

Density (kg/m3) 2840 14640 

Coefficient of thermal expansion of a solid (K−1) 9.81 × 10−6 4.6E-6 

Coefficient of thermal expansion of a liquid (K−1) 1.04 × 10−4  

Figure 11 compares the thickness variations of the lens from the simulation and the experiment 
in GMP-211V. The residual stress distribution of the glass cylinders is shown in Figure 12. The 
experimental results show that the thickness variation curve of the lens also changed when the elastic 
modulus at different temperatures was selected as the initial elastic modulus E0 for the viscoelastic 
calculation. The predicted value of the lens thickness variation in Test 1 was the largest. However, 
compared to tests 2 and 3, the temperature difference was not large enough, and the predicted values 
were very close. At the same time, the residual stress prediction value of test 1 was the smallest, and 
test 3 was the largest, as shown in Figure 12. 
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Figure 11. Compression displacement contrast between the simulation and experiment: (a) 546 °C; (b) 
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4. Conclusions 

In this paper, the influence of elastic modulus on the high-temperature viscoelasticity of glass 
and the accuracy of the FEM in simulating the precision glass molding process were investigated. By 
measuring the elastic modulus and creep curve of D-ZK3L glass at high temperatures, three groups 
of different viscoelastic parameters were obtained. Based on the viscoelastic models, an FEM 
simulation of the precision glass molding process was carried out. The predicted surface shape and 
the theoretical surface shape of the lens showed good consistencies, indicating the feasibility of 
calculating the viscoelasticity in the cylindrical creep compression experiment. The conclusions of 
this study can be drawn as follows. 
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(3) Optimization of the calculation method of the structure relaxation model. 
(4) Effect of local, small-size mechanical properties on the prediction of the lens form error. 
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