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ABSTRACT 

In this work, the static deflection of internal stepped cantilever beams with two steps was selected to be 

investigated by using Finite Element Method (FEM), Classical Rayleigh Method (CRM) and Modified Rayleigh 

Method (MRM). The static deflection was calculated at two positions, the end of the large thickness part and the 

free end where the load is applied. The results show that the length of the small thickness part, the large diameter 

(DL) and the small diameter (DS) are the main factors that affect the static deflection at free end. While the small 

diameter (DS) has no effect on the static deflection at the point where the inner diameter changes. Finally, the 

ANSYS and CRM results were close to each other at different conditions and the MRM fails to calculate the static 

deflection. 
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INTRODUCTION 

Non- uniform beams are beams with varied geometry and/or material properties along the length. It has practical 

importance in engineering design, and it is used to increase strength and stability of structures as well as to reduce 

weight or volume (i.e. increase the strength / weight ratio). When the cross-section area of the beam changes, the 

static deflection and response of free and forced vibration will change due to the change in second moment of 

inertia. Therefore, non-uniform beams (stepped or tapered beams) have been considered for research by many 

authors. In stepped beams, the change in the cross-sectional areas generates discontinuity in deriving the deflection 

equation. Many studies have introduced singularity or Macaulay functions to handle this discontinuity. The 

singularity or Macaulay functions can be rigorously defined based upon theories of distributions or generalized 

functions [1–3]. Yavari and his colleagues [4, 5] derived the Euler-Bernoulli and the Timoshenko beam bending 

equations due to the change in moment of inertia. They based in analysis on the Schwarz’s distribution theory for 

the distributional derivatives of the Dirac delta function. Biondi and Caddemi [6] used a Heaviside function and 

a Dirac delta to express the variation in moment of inertia to count the discontinuities in beam’s flexibility and 

slope. They determined the intensity of the discontinuity of moment of inertia. Later, Biondi and Caddemi [7] 

extended their method to find the deflections of stepped Euler beams and planar frames with internal hinges and 

rotational springs.  

A special integration equation was employed to compute the product of two Dirac’s deltas at the same location. 

Naguleswaran [8] represented the mode shape of each uniform section of the stepped beam. He used the eigen 

function of an Euler-Bernoulli beam of each step as a uniform beam and he used slope, moment, and shear force 

at the junction of the change in the cross-section to connect the eigen function of one uniform beam with the other. 

He solved the vibration problems of multiple steps beams for various support conditions by extending this method 

[9]. Using similar strategy, the vibration problem of cantilever stepped beams is solved by Mann and his 

colleagues [10, 11]. They used the boundary conditions of the cantilever beam to calculate the mode shapes of a 

uniform section of the beam and they provided Experimental validation in their papers. Popple well and Chang 
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[12] found the eigen solution of a stepped beam using Rayleigh-Ritz method. They represent the eigen functions 

as a static deflection of a uniform beam subjected to a unit force or moment. Lu et al. [13] studied vibration 

problem of multiple-stepped beams using composite element model (CEM). They utilized finite element method 

to developed this method. This method can be viewed as an extension of the Rayleigh-Ritz method [12].  

Dawid Cekus [14] used Lagrange multiplier formalism to find a solution of free vibration problem of a cantilever 

tapered Timoshenko beam with comparison with experimental results of previous studies. Nuttawit 

Wattanasakulpong [15] used The differential transformation method to solve the governing differential equations 

of the stepped beams produced from functionally graded materials in purpose to obtain their natural frequencies 

and mode shapes for free vibration analysis. The previous works dealt with the vibration of stepped or tapered 

beam and other works were reviewed by Luay AL-Ansari et. al. [16] and Xinwei Wang and Yongliang Wang 

[17]. This paper will focus on calculation of the static deflection of hollow-sectional cantilever beam with two 

internal steps and circular cross section area. The first step is to calculate the equivalent moment of inertia of the 

stepped beam. Two different equations (Classical Rayleigh Method (CRM) and Modified Rayleigh Method 

(MRM)) were applied to calculate the equivalent second moment of inertia. In addition to these equations, the 

Finite Element Methods using ANSYS-Workbench (17.2) is also used for calculating the static deflection of 

circular hollow-sectional cantilever beam with internal two steps. 

PROBLEM DESCRIPTIONS 

The geometry of hollow cantilever beam with two internal steps is shown in Figure (1). Due to variation in 

dimensions of the beam along its length (i.e. area and Second Moment of Inertia), the deflection of beam cannot 

be calculated analytically. Therefore, classical Rayleigh method (CRM), modified Rayleigh method (MRM) and 

the finite element method (ANSYS software) are used in this work in order to calculate the static deflection of 

hollow cantilever beam with internal two steps [16,18,19]. 

 

Figure 1. Geometry of Circular Hollow Beam with Two Internal Steps Used in This Work. 

For each beams, there are two cases of applied force. In the first case, the force is applied at the point where the 

inner diameter changes (i.e. point of steps change) and the deflection is calculated at the point where the inner 

diameter changes and at the free end. In the second case, the force is applied at the free end and the deflection also 

is calculated at the point where the inner diameter changes and at the free end. In this work, the length of beam is 

(0.84 m) and the outer diameter of beam (Dout) is (0.04m). While, the inner diameters are (0.01, 0.015, 0.02, 0.025, 

0.03 and 0.035 m) according to the studied cases. The dimensions of circular hollow cantilever stepped beams 

used in this work, can be summarized in Table (1). 
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Table 1. Studied Cases in this Work. 

Case 

No. 

Length of Large 

thickness Part (LL) 

(m). 

Inner Diameter of 

Large thickness Part 

(DL)  (m). 

Length of Small 

thickness Part (LS) 

(m). 

Inner Diameter of 

Small thickness Part 

(DS) (m). 

1 0.84 

0.01 

0 

From (0.015) to 

(0.035) 

 

 

2 0.72 0.12 

3 0.6 0.24 

4 0.48 0.36 

5 0.36 0.48 

6 0.24 0.6 

7 0.12 0.72 

8 0 0.84 

9 0.84 

0.015 

0 

From (0.02) to 

(0.035) 

 

10 0.72 0.12 

11 0.6 0.24 

12 0.48 0.36 

13 0.36 0.48 

14 0.24 0.6 

15 0.12 0.72 

16 0 0.84 

17 0.84 

0.02 

0 

From (0.025) to 

(0.035) 

 

18 0.72 0.12 

19 0.6 0.24 

20 0.48 0.36 

21 0.36 0.48 

22 0.24 0.6 

23 0.12 0.72 

24 0 0.84 

25 0.84 

0.025 

0 

(0.03) and (0.035) 

 

26 0.72 0.12 

27 0.6 0.24 

28 0.48 0.36 

29 0.36 0.48 

30 0.24 0.6 

31 0.12 0.72 

32 0 0.84 

33 0.84 

0.03 

0 

0.035 

34 0.72 0.12 

35 0.6 0.24 

36 0.48 0.36 

37 0.36 0.48 

38 0.24 0.6 

39 0.12 0.72 

40 0 0.84 

CLASSICAL RAYLEIGH METHOD (CRM) AND MODIFIED RAYLEIGH METHOD (MRM) MODELS 

As mentioned previously, the main problem of the stepped beam is the variation of the dimensions along the beam 

which leads to change in cross section area and second moment of inertia. Therefore, the two equations of 

Classical Rayleigh Method (CRM) and Modified Rayleigh Method (MRM) described in references [16,18,19] are 

used in order to calculate the equivalent second moment of inertia and these methods are:   
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Classical Rayleigh Method (CRM) 

The equivalent second moment of inertia for stepped beam with two internal steps can be found using the 

following equation [16,18,19]: 

𝐼𝑒𝑞 =
(𝐿𝑇𝑜𝑡𝑎𝑙)

3

[
(𝐿𝑆)

3

𝐼𝑆
+
(𝐿𝐿)

3
−(𝐿𝑆)

3

𝐼𝐿
]

                                                                                                                                                    (1) 

Where (LTotal) is the length of the beam, (LS) is the length of the part of the beam with hollow diameter (DS) and 

(LL) is the length of the part of the beam with hollow diameter (DL). 

 

Modified Rayleigh Method (MRM) 

According to the idea described in [16] and [19], the equivalent moment of inertia at any point in the stepped 

beam can be calculated by applying the following [16,19]: 

𝐼𝑒𝑞(𝑥) =
(𝐿𝑇𝑜𝑡𝑎𝑙)

3

[
(𝐿𝑆(𝑥))

3

𝐼𝑆
+
(𝐿𝐿)

3
−(𝐿𝑆(𝑥))

3

𝐼𝐿
]

                                                                                                                                   (2) 

MATLAB Code 

It is programed to calculate the static deflection of circular hollow beam with internal two steps and the general 

steps of this code are [16,18,19]: 

1- Input the density, modulus of elasticity and length and diameter of beam (see Figure (1)). 

2- In this work, the beam is divided into (8400 parts) i.e. N=8400 and DX=0.1 mm. 

3- Using equations (1 and 2), the equivalent second moment of inertia are calculated according to the 

method (i.e. CRM or MRM). 

4- the mass matrix [m] (N+1) is calculated using the same procedure described in [16,18,19]. 

5- The delta matrix [δ] ((N+1) * (N+1)) is calculated using Table (2). 

6- The deflection [y] at each node are calculated using the following equation after applying the boundary 

conditions (i.e. the position of supporting and position and magnitude of applied force): 

 [y] (N+1) = [δ] ((N+1)* (N+1))  [m] (N+1) 

Table 2. Formula of the Deflections of the Cantilever Beam [14,15,16,17]. 

𝜹𝒋𝒊 =
𝑾𝒂𝟐(𝟑𝒃 − 𝒂)

𝟔𝑬𝑰
 

𝜹𝒊𝒊 =
𝑾𝒃𝟑

𝟑𝑬𝑰
 

𝜹𝒌𝒊 =
𝑾𝒃𝟐(𝟑𝒄 − 𝒃)

𝟔𝑬𝑰
 

 

 

 

  

 

ANSYS Model (Finite Element Method (FEM)) 

In this work, ANSYS – Workbench (17.2) is used to build 3D finite element model for circular hollow cantilever 

beams with two internal steps (see Figure (2)). Generally, Tetrahedrons element is used in this model and the 

number of elements is about (50,000) and the size of element was (2 mm). 

 

i j k W 

c 
b 
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Figure 2. Geometry Sample of Circular Hollow Beam Built in ANSYS – Workbench. Software. 

RESULTS AND DISCUSSION 

The position of the applied force 

In this work, there are two general cases depending on the position of the applied force. Therefore, the results are 

displayed and discussed according to these cases. The third case deals with the comparison among the three 

methods used in this work.  

Applied force at the change point of the inner diameter 

In this case, the deflection is calculated at the point of the free end and the point where the inner diameter changes.  

Deflection at the change point of the inner diameter 

Figure (3) shows the deflection calculated by ANSYS software at the point where the inner diameter changes and 

where the length of the small part (Ls) changes. Generally, when the length of the small thickness part increases 

from (0 to 0.12m), the deflection increases and then, the deflection decreases when the length of the small 

thickness part increases. Also, there is no effect of small inner diameter on the deflection because the deflection 

calculated at the point before the inner diameter change point. While deflection increases when the inner diameter 

(DL) increases because of changing in cross section area which leads to increment of the second moment of inertia 

and the weight of beam. In CRM, when the length of the small part increases, the deflection decreases as shown 

in Figure (4), and there is no effect of the small inner diameter on the deflection and the deflection increases when 

the large inner diameter (DL) increases. In Figure (5), the calculated deflection by MRM decreases when the length 

of the small part increases and the calculated deflection by MRM increases when the large inner diameter (DL) 

increases. 

Deflection at free end 

Figure (6-8) show the deflection at the free end that is calculated by ANSYS software, CRM and MRM 

respectively. From these figures the following points can be noted: 
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1- In ANSYS and MRM, the deflection increases when the length of small thickness part (LS) increases 

from 0 to 0.12m and then the deflection decreases. But, in CRM, the deflection decreases due to 

increment of the length of small thickness part (LS).  

2- When the diameter (DL) increases, the deflection at the free end increases because of decrement of cross 

section area, weight and second moment of inertia. 

3- In Figure (6), the effect of diameter (DS) appears when the length of the small thickness part is (0.84 m) 

(i.e. uniform beam has diameter equals (DS)). But in Figure (7) and Figure (8), when the length of the 

small thickness part increases, the effect of diameter (DS) appears sharply specially when the diameter 

(DL) decreases. 

Applied force at free end 

Deflection at the change point of the inner diameter 

Using ANSYS, CRM and MRM, the deflections at the point where the inner diameter changes are shown 

respectively in Figures (9-11). When the length of small thickness part (LS) increases, the equivalent moment of 

inertia and the distribution load (i.e. weight) decrease and this leads to decrement of the deflection at the point 

where the inner diameter changes. When the diameter (DL) increases, the cross section area decreases and both 

weight and second moment of inertia decrease too and this leads to increment of the deflection at the change point 

of the inner diameter. The effect of the diameter (DS) appears sharply in MRM only. As shown in Figure (11) 

when the inner diameter (DS) increases, the deflection decreases for the same value of large diameter (DL).  

Deflection at the free end 

Figure (12-14) show the free end deflection calculated by ANSYS, CRM and MRM when the force is applied at 

the free end. In ANSYS and CRM, If the length of small thickness part (LS) increases, the equivalent moment of 

inertia and the distribution load (i.e. weight) decrease but the effect of applied force increases and this leads to 

increment of the deflection at the free end. When the diameter (DL) increases, the cross section area decreases and 

both weight and second moment of inertia decreases too, and this leads to increase of the deflection at free end. 

In MRM, the deflections at free end are differ from that in ANSYS and CRM and this means that the MRM is not 

suitable for calculation of the deflection at the free end. Finally, when the diameter (DS) increases, the deflection 

decreases for the same value of diameter (DL).  

A comparison for the results of  the three methods 

Figure (15) shows the comparison among the deflections calculated by the three methods used in this work (i.e. 

ANSYS CRM and MRM) when the diameter (DL) is (0.01 m) and small diameter (DS) is (0.015 m) at the two 

positions of applied force (at free end and end of large thickness part). In this case, the deflection at the free end 

is constant with increment of the length of the small thickness part when the force is applied at free end (see 

Fig(15-a)). The deflections calculated by ANSYS and CRM are close to each other while the deflection calculated 

by MRM is very small compared with ANSYS and CRM. In Figure (15- b). Also, the deflections calculated by 

ANSYS and CRM are close to each other while the deflection calculated by MRM is very small compared with 

ANSYS and CRM. For the both cases of applied force, the deflections at the end of Large thickness part calculated 

by three methods are close to each other. Figure (16-19) show the comparison among the results of the three 

methods when the diameter (DL) is (0.01 m) and the diameter (DS) is (0.02, 0.025, 0.03 and 0.035 m) respectively. 

When the diameter (DL) is (0.015 m) and the diameter (DS) changes from (0.02 m) to (0.035 m), the comparison 

among the three methods are shown in figure (20 – 23). For different values of the diameter (DS), figures (24-26) 

, figures (27 and 28) and figure (29) show the comparison among the three methods when the values of the 

diameter (DL) are (0.02 ,0.025 and 0.03 m) respectively.  From Figure (16-29), the following points can be noted: 

1- When the position of applied force and deflection are at free end, the results of ANSYS and CRM are close 

to each other and become closer when the diameter (DS) increases for any value of diameter (DL). While the 

results of MRM are very small comparing with ANSYS and CRM results.  

2- When the position of applied force is at the free end and the position of deflection is at the end of the large 

thickness part, the results of ANSYS and CRM are closed to each other and become closer when the diameter 
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(DS) increases for any value of diameter (DL). While the results of MRM are very small comparing with 

ANSYS and CRM results. 

3- When the position of applied force is at the end of the large thickness part and the position of the calculated 

deflection is at free end, the results of MRM and CRM are close to each other and become closer to ANSYS 

results when the diameter (DS) increases for any value of diameter (DL). 

4- When the position of applied force and deflection are at the end of the large thickness part, the results of 

MRM and CRM are closed to each other and become closer to ANSYS results when the diameter (DS) 

increases for any value of diameter (DL). 

5- Finally, the MRM fail to calculate the deflection when the position of applied force is at the free end, i.e. the 

equation that describes the equivalent moment of inertia of MRM is not efficient when the position of the 

applied force is at the free end. 

CONCLUSION 

With reference to the calculated results, the following points can be concluded: 

1- When the force applied at the change point of the inner diameter, the calculated deflection at the same 

point depends on length of small thickness part and the diameter (DL). The deflection increases when the 

diameter (DL) increases. While the deflection calculated at free end depends on length of small thickness 

part, the diameter (DL) and inner diameter (DS). The deflection increases when the diameter (DL) increases 

and the diameter (DS) decreases. 

2- When the force applied at the free end, the calculated deflection at the same point depends on length of 

small thickness part, the diameter (DL) and inner diameter (DS). The deflection increases when the 

diameter (DL) increases and the diameter (DS) decreases. While the calculated deflection at the point 

where the inner diameter changes, depends on length of small thickness part, the diameter (DL) and inner 

diameter (DS). The deflection increases when the diameter (DL) increases and the diameter (DS) decreases. 

3- The ANSYS and CRM results were close to each other at different conditions. While the MRM is fail to 

calculate the static deflection. 

  

DL=0.01m. DL=0.015m. 
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DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 3. Deflections at the Point When the Inner Diameter changes, that Calculated by ANSYS Software, 

When the Force was Applied at the Same Point for Different Values of DL and DS. 

  

DL=0.01m. DL=0.015m. 

   

DL=0.02m. DL=0.025m. 
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DL=0.03m. 

Figure 4. Deflections of the End of Large thickness Part that Calculated by CRM When the Force was Applied 

at the End of Large thickness Part  for Different Values of DL and DS. 

   

DL=0.01m. DL=0.015m. 

 

DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 5. Deflections of the End of Large thickness Part that Calculated by MRM When the Force was Applied 

at the End of Large thickness Part for Different Values of DL and DS. 
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DL=0.01m. DL=0.015m. 

 

DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 6. Free End Deflections that Calculated by ANSYS Software When the Force was Applied at the End of 

Large thickness Part for Different Values of DL and DS. 
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DL=0.01m. DL=0.015m. 

 

DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 7. Free End Deflections that Calculated by CRM When the Force was Applied at the End of Large 

thickness Part for Different Values of DL and DS. 

  

DL=0.01m. DL=0.015m. 
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DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 8. Free End Deflections that Calculated by MRM When the Force was Applied at the End of Large 

thickness Part for Different Values of DL and DS. 

   

DL=0.01m. DL=0.015m. 
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DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 9. Deflections of the End of Large thickness Part that Calculated by ANSYS Software When the Force 

was Applied at the Free End for Different Values of  DL and DS. 

   

DL=0.01m. DL=0.015m. 
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DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 10. Deflections of the End of Large thickness Part that Calculated by CRM When the Force was Applied 

at the Free End for Different Values of DL and DS. 

   

DL=0.01m. DL=0.015m. 
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DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 11. Deflections of the End of Large thickness Part that Calculated by MRM When the Force was 

Applied at the Free End for Different Values of DL and DS. 

 

DL=0.01m. DL=0.015m. 
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DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 12. Free End Deflections that Calculated by ANSYS Software When the Force was Applied at the Free 

End for Different Values of DL and DS. 

   

DL=0.01m. DL=0.015m. 
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DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 13. Free End Deflections that Calculated by CRM When the Force was Applied at the Free End for 

Different Values of DL and DS. 

   

DL=0.01m. DL=0.015m. 
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DL=0.02m. DL=0.025m. 

 

DL=0.03m. 

Figure 14. Free End Deflections that Calculated by MRM When the Force was Applied at the Free End for 

Different Values of DL and DS. 

  

(a) Force and Deflection at Free End.                     
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(b)Force at Free End and Deflection at End of Large thickness Part. 

        

(c) Force at End of Large thickness Part and Deflection at Free End. 

   

(d)Force and Deflection at End of Large thickness Part. 

Figure 15. Deflection Calculated by Three Methods at Different Conditions When DL=0.01m and DS=0.015m. 
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(a) Force and Deflection at Free End. 

 

(b)Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 
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(d) Force and Deflection at End of Large thickness Part. 

Figure 16. Deflection Calculated by Three Methods at Different Conditions When DL=0.01m and DS=0.02m. 

 

(a) Force and  Deflection at Free End 

 

(b) Force at Free End and Deflection at End of Large thickness Part. 
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(c) Force at End of Large thickness Part and Deflection at Free End.  

 

(d) Force and Deflection at End of Large thickness Part. 

Figure 17. Deflection Calculated by Three Methods at Different Conditions When DL=0.01m and DS=0.025m. 

 

(a) Force and Deflection at Free End. 
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(b)Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 

 

(d)Force and Deflection at End of Large thickness Part. 

Figure 18. Deflection Calculated by Three Methods at Different Conditions When DL=0.01m and DS=0.03m. 

 

  



Investigation of Static Deflection in Internal Stepped Cantilever Beam 

 

 

110 

 

 

(a) Force and Deflection at Free End. 

 

(b)Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 
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(d)Force and Deflection at End of Large thickness Part. 

Figure 19. Deflection Calculated by Three Methods at Different Conditions When DL=0.01m and DS=0.035m. 

 

(a) Force and Deflection at Free End. 

 

(b)Force at Free End and Deflection at End of Large thickness Part. 
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(c) Force at End of Large thickness Part and Deflection at Free End 

 

(d) Force and Deflection at End of Large thickness Part. 

Figure 20. Deflection Calculated by Three Methods at Different Conditions When DL=0.015m and DS=0.02m. 

 

(a) Force and Deflection at Free End. 
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(b)Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 

 

(d)Force and Deflection at End of Large thickness Part. 

Figure 21. Deflection Calculated by Three Methods at Different Conditions When DL=0.015m and DS=0.025m. 
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(a) Force and Deflection at Free End. 

 

(b)Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End.  
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(d) Force and Deflection at End of Large thickness Part. 

Figure 22. Deflection Calculated by Three Methods at Different Conditions When DL=0.015m and DS=0.03m. 

 

(a) Force and Deflection at Free End. 

 

(b)Force at Free End and Deflection at End of Large thickness Part. 
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(c) Force at End of Large thickness Part and Deflection at Free End. 

 

(d)Force and Deflection at End of Large thickness Part. 

Figure 23. Deflection Calculated by Three Methods at Different Conditions When DL=0.015m and DS=0.035m. 

 

(a) Force and Deflection at Free End. 
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(b) Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 

 

(d) Force and Deflection at End of Large thickness Part. 

Figure 24. Deflection Calculated by Three Methods at Different Conditions When DL=0.02m and DS=0.025m. 
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(a) Force and Deflection at Free End. 

 

(b) Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 



Investigation of Static Deflection in Internal Stepped Cantilever Beam 

 

 

119 

 

 

(d)Force and Deflection at End of Large thickness Part. 

Figure 25. Deflection Calculated by Three Methods at Different Conditions When DL=0.02m and DS=0.03m. 

 

(a) Force and Deflection at Free End. 

 

(b) Force at Free End and Deflection at End of Large thickness Part. 



Investigation of Static Deflection in Internal Stepped Cantilever Beam 

 

 

120 

 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 

 

(d)Force and Deflection at End of Large thickness Part. 

Figure 26. Deflection Calculated by Three Methods at Different Conditions When DL=0.02m and DS=0.035m. 

 

(a) Force and Deflection at Free End. 
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(b)Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 

 

(d)Force and Deflection at End of Large thickness Part. 

Figure 27. Deflection Calculated by Three Methods at Different Conditions When DL=0.025m and DS=0.03m. 
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(a) Force and Deflection at Free End. 

 

(b)Force at Free End and Deflection at End of Large thickness Part. 

 

(c) Force at End of Large thickness Part and Deflection at Free End. 
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(d)Force and Deflection at End of Large thickness Part. 

Figure 28. Deflection Calculated by Three Methods at Different Conditions When DL=0.025m and DS=0.035m. 

 

(a) Force and Deflection at Free End. 

 

(b)Force at Free End and Deflection at End of Large thickness Part. 
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(c) Force at End of Large thickness Part and Deflection at Free End.  

 

(d)Force and Deflection at End of Large thickness Part. 

Figure 29. Deflection Calculated by Three Methods at Different Conditions When DL=0.03m and DS=0.035m. 
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