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Abstract 

Until recently, most design tasks were able to be solved with the help of computational tools like Finite Element Analysis. 

Engineers have adopted FEA as a design tool, hence it has become necessary to know its merits, drawbacks and methods to 

overcome these drawbacks. FEA is simple, because it assumes many properties of a system (like behaviour of materials, 

boundary conditions etc.) to be linear. These assumptions of linearity are plausible under certain conditions.  However, nature is 

not always linear. Today, engineers have to consider non-linearity for designing certain parts, invalidating the assumptions of 

FEA for their design.This paper discusses the need, types and applications of non-linear Finite Element Method. This is followed 

by studying the simulation of few components, explaining the need and type of non-linearity in each case. The simulation is 

performed using computational methods on ANSYS workbench.   

Keywords: Finite Element Analysis, Non-Linearity, Finite Element Method, Computational Methods, ANSYS, Non-Linear 

Geometry, Non-Linear Materials, Non-Linear Contacts 

________________________________________________________________________________________________________ 

I. INTRODUCTION 

Finite Element Analysis is computerized Finite Element Method, which is adept at predicting how an object reacts to real-world 

forces, heat, fluid flow, vibrations and other physical changes. [1] 

 Finite element methods are numerical methods for approximating the solutions of mathematical problems that are usually 

formulated so as to precisely state an idea of some aspect of physical reality. A finite element method is characterized by a 

variation formulation, a discretization strategy, one or more solution algorithms and post-processing procedures. [2] 

Examples of variation formulation are the Galerkin method, the discontinuous Galerkin method, mixed methods, etc. 

 FEM breaks down an object into finite, but huge numbers of smaller elements (discretization). These elements are such that, if 

a physical property (like displacement or temperature or stress) is known for all its nodes (nodes form elements), then the value 

of that physical property for any point within the element, can be found. This data is then used to predict the product behaviour 

before a prototype is ready, saving lots of resources. 

 The solution is not exact, since FEM is approximate in nature. Accuracy depends on the number & order of the elements. 

Accuracy of the solution increases, when number of elements are increased (h-method), or when number of nodes that form an 

element, i.e. its order, is increased (p-method). However, the solution will come to a point, where increasing the number or order 

of elements will not have any practical change in the accuracy of the solution. 

II. STIFFNESS MATRIX 

A FEM equation in matrix form is called as the “Elementary Matrix Equation”. One of the Simplest E.M.E. (used in 1-Dimensional problems) 

is: 

[S] = [K] * [P] 

[S] is the matrix of Secondary Variable (e.g. Nodal Forces) (n x 1 Column matrix)  

[K] is the stiffness matrix. (n x n square matrix) 

[P] is the matrix of Primary Variable (e.g. nodal displacements) (n x 1 Column matrix)  

 The primary characteristics of the system are embodied in the stiffness matrix. For a structural system, the stiffness matrix 

contains the information about the geometric and material behaviour of the structure. The Stiffness matrix is defined by many 

properties of the structure. 

 One of them is material of the object. The paramount property of the material that define a stiffness matrix is the Young’s 

Modulus, or the Elastic Modulus of the material. It is defined as the ratio of stress and strain, which is constant for a given 

material up to its elastic limit. For example: Steel is stiffer than aluminium, since it has higher Elastic Modulus. 

 The other factor that defines the stiffness matrix is size & shape of the object. For example, a tubular beam has different 

stiffness than an I-Section. Beams of shame shape but different sizes have different stiffness. 

 Another factor that affects the stiffness matrix is Boundary Conditions or Part Support. For example, a cantilever beam has 

different stiffness than a simply supported beam of same size and shape. 



Non-Linear Finite Element Analysis – Requirements and Applications  
(IJSTE/ Volume 2 / Issue 3 / 002) 

 

 All rights reserved by www.ijste.org 
 

6 

III. DRAWBACKS OF LINEAR FEM, AND THE NEED OF NON-LINEARITY 

The main drawback of linear FEM is that stiffness matrix is immutable. It does not update during the solution process.  

i.e. [K] = [K0] 

However, this may not yield proper results in many, but not all cases. These problems demand the introduction of non-linearity 

to solve it accurately. These are mainly of three types. 

 Material Non-linearity. 

 Geometric Non-linearity. 

 Contact Stresses or Non-Linear Supports. 

 Material Non-Linearity: A.

“Hooke’s law, law of elasticity discovered by the English scientist Robert Hooke in 1660, which states that, for relatively small 

deformations of an object, the displacement or size of the deformation is directly proportional to the deforming force or load. 

Under these conditions the object returns to its original shape and size upon removal of the load.”[3] 

 This extends to state that the stress in a component is directly proportional to the strain produced (i.e. a linear relation) 

This is true if the component is within the elastic limit of its material. When stress in the component is more than its yield point, 

(i.e. Outside of its elastic limit) the component becomes partially or perfectly plastic.  

 For components where stresses exceed the yield stress of its material, and where displacement is very large, we must consider 

the plasticity of the material, where Hooke’s Law is no longer valid. 

 Geometric Non-Linearity: B.

Components under stress deform changing their shape and size. For example, for an axially loaded bar, its length increases and 

cross-sectional area. This deformation should be updated in the stiffness matrix. However, FEM ignores this fact and uses the 

initial stiffness matrix at all points of the analysis. This can be used with negligible effect on the accuracy when deformation is 

small, (i.e. the changes in shape and size are too small to affect the stiffness matrix to a visible extent).  

 However, many components have large enough deformation to affect the accuracy to an extent that the solution is no longer 

plausible. Hence, the stiffness matrix must be updated in regular intervals of loading. Examples are, all types of springs, long 

beams, buckling of very long columns and irregular shapes. 

Here, the stiffness matrix is given by, [K] = [K0] + [K1]*x 

I.e. the stiffness matrix depends upon the deformation of the component. 

 Non-Linear Supports: C.

The Boundary conditions of many components are constant throughout the loading cycle. However, many other components 

have supports that are introduced, removed or modified during the loading process. For example, components that contact itself 

or another component, like bellows, a Helical Spring which is fully compressed to its solid length state, Loose Fasteners, Balls 

inside a Bearing, and Vehicle Wheel in operation. 

 Linear-FEM is compatible only with Supports that do not change during the loading cycle. For supports that change over time, 

Non-Linear FEM must be used. 

IV. APPLICATIONS OF NON-LINEAR FEM 

To encapsulate, non-linear FEA/FEM is required wherever changes in stiffness with respect to displacement can be significant. 

This happens in the following Cases: 

 Displacement is large, compared to the size of the component. 

 Stresses exceed or may exceed the tensile yield point. 

 Dependent/Nonlinear Contacts are present. 

 To further understand the usage and necessity of Nonlinear-FEA in real-life design problems, few parts are analysed using 

both the processes, and the comparison between them is discussed. 

V. CASE STUDY I: CIR-CLIP 

The part is a standard Type A (external) cir-clip, for a shaft of diameter 25 mm. It is to be analysed for the stresses induced 

during its installation on a shaft. The cir-clip is expanded/opened by a plier using the holes provided, then pushed into its 

position, and closed in the groove provided on the shaft for its installation. 
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 During this cycle, the stress may exceed yield point, and also the size and shape of the cir-clip changes significantly because 

of the large displacement during the installation process. Hence, it requires Non-Linear FEA to be solved accurately. Both, 

material and geometric non-linearity are required for the solution. 

 
Fig. 1 

 
Fig. 2 

 It can be seen that the linear solution returns a very high value of stress (763.36 MPa) than a non-linear solution (665.26 MPa).  

The difference in the solutions is quite significant (98.1 MPa). This was by returning an accurate solution, the use of Non-linear 

FEA helped to optimize the cir-clip. The optimization on a single cir-clip may not be significant. But, when manufactured in 

enormous quantities, an optimized cir-clip will save tremendous amounts of raw material and money, leading to cheaper product, 

and more profit.  

 Non-Linear FEA also gives us the Residual Stresses in the component upon unloading. (I.e. when cir-clip is firmly mounted 

on the shaft). This information can be used for further optimization of the cir-clip (or the shaft on which it is to be mounted), and 

to predict its behaviour on the loaded shaft. 

 Hence, we may conclude that Nonlinear-FEA of this product was not only useful but also indispensable. 

 
Fig. 3 



Non-Linear Finite Element Analysis – Requirements and Applications  
(IJSTE/ Volume 2 / Issue 3 / 002) 

 

 All rights reserved by www.ijste.org 
 

8 

VI. CASE STUDY II: TUBE BENDING PROCESS 

A 1 Inch diameter, 3 mm thick steel tube is to be bent by 10 degrees. The Tube is made of steel with yield strength 850 MPa. 

The Bending Process happens on a Hydraulic Bending Machine. A 100 mm diameter die is used.  

 It is conspicuous that a forming process will include loads such that the stresses in the tube will exceed its yield strength. Also, 

since, a long tube is bent by 10 degrees, the displacements in the tube are large enough to affect the stiffness matrix. The 

boundary conditions at the interaction of die and tube change with respect to displacement.  

Hence, this problem had to be solved using all non-linearity i.e. Material, Geometric and Contact. 

 The residual stresses in the tube after complete bending are also retrieved as shown. This Data will be used for determining the 

need and type of stress-relieving heat treatment. 

 
Fig. 4 

VII. CASE STUDY III: HELICAL COMPRESSION SPRING 

The part is a standard helical compression spring of free length 500 mm, coil diameter of 108 mm and wire diameter 27 mm. The 

application such that there is a compression of 56 mm corresponding to maximum load.  

 The displacement in a spring is large compared to its maximum dimension. Hence, we must consider geometric non-linearity, 

so that the stiffness matrix gets updated in regular intervals of time. 

 
Fig. 5 
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Fig. 6 

 The linear simulation returns a higher value of stress (852.71 MPa) than the nonlinear simulation (846.89 MPa). The 

difference in the values is small. However, the use of nonlinear FEA will help to shed weight from a single spring, which may be 

little in magnitude, but will save lots of material when the spring will be mass produced. The linear solution will lead to slight 

over-design of the spring. 

VIII. CASE STUDY IV: CLUTCH DIAPHRAGM 

 

The last part studied is the diaphragm of a plate clutch. It is a typical diaphragm spring, of outer diameter 200 mm and thickness 

15 mm. FEA is used as a design tool to determine/verify its optimal thickness. If the simulation is accurate, it can lead to save 

lots of material, and weight. Inaccurate solution can lead to severe breakdown of the clutch. 

 The diaphragm, being a spring, deforms with a large magnitude compared to its biggest dimension. Also, the stress at the holes 

may exceed its yield point. 

 
Fig. 7 
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Fig. 8 

 By comparing the values of stress from both linear (271 MPa) and non-linear solution (259 MPa), we can conclude that a non-

linear simulation can lead to more accurate results, and hence, lead to less usage of material. 

IX. CONCLUSION 

Design Tasks can as non-linear problem or linear problems based on the nature of the analysis problem. These problems if 

solved without non-linear considerations, can lead to over-designed or under-designed products. There are various problems that 

can be solved without non-linear considerations. An Engineer must be able to identify the necessity of the three types of non-

linearity for a given analysis problem.  

 Many Modern FEA software include non-linear tools, which can be accurately used to solve the analysis problem using non-

linear considerations. 
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