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Abstract 

Additive Manufacturing, more commonly known as 3D printing is the way of quickly 

manufacturing the product, adding layer by layer, hence also known as rapid prototyping. 

Due to production time being very quick, it was mostly used for prototyping in the begin-

ning. As, a result of more research and experiments, application area are increasing, and 

the process itself is being considered with high hopes for the future to replace some other 

complicated and traditional ways of production. 

The major issue in the application of such product is the mechanical properties of the prod-

uct that are dependent on too many building parameters. It is crucial to research on those 

parameters and the way those parameters affects individually to the strength properties of 

the end product. Also, the quantitative effect of the parameter on the end product is less 

known to say it clearly which parameters should be focused during production. Normally, 

strength properties of the parent material are lower in the end product and are too sensitive 

that the slight change in parameters, changes it significantly. Although the application ar-

eas of the 3D printed parts are rising, the research focused on prediction of the failure 

strength of such parts are not being carried out much. In these scenarios, use of such parts 

in the safety critical areas can be dangerous.  

This research paper focuses on finding out if it is practical to use the already existing 

lamina theories in the strength prediction of the 3D printed parts as the strength of the 3D 

printed parts is also hugely affected by the layer orientation while 3D printing. Further-

more, wide varieties of test specimens used in mechanically loaded conditions are tested 

under loading conditions. The failure occurred during the experiment is later on analyzed 

using digital image correlation method and fracture surface analysis techniques. 

 

Keywords 3D printing; Rapid prototyping; Strength Modeling; Failure Mechanism; DIC; Fracture Surface 
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Introduction 

3D printing has become easily accessible even for the domestic users. Thus, 3D printed 

parts are on the rise to be used in different application field. Though the use of 3D 

printed parts has increased significantly, strength calculation and failure prediction in 

such parts have not advanced so much. There is not any certified or widely accepted 

way to calculate the strength of such parts accurately. Much work has not been done to 

provide the answer whether 3D printed parts should be treated in the material level or 

structural level. 3D printed parts appears as the single unit as an end product similar to 

that of composite materials. Composite materials can be treated as a material and use 

the lamina theories for the strength calculation and failure prediction. This research fo-

cuses on finding out first whether 3D printed material can use the same principle to pre-

dict its failure or the 3D printed materials should be treated as structure although the end 

product is one single unit. First, the theoretical analysis is done to find if there is any 

feasible failure theory that already exists. Layer orientation in the 3D printing plays a 

significant part in determining the strength of the 3D printed parts as in the case of 

composite materials. Lamina theories are considered in the beginning to be the close fit 

for the strength calculation of 3D printed materials for theoretical analysis. [1, 2, and 4] 

After that, 3D printed test specimen is experimented to verify the strength of 3D printed 

parts according to the outcome of the theoretical analysis. Experimental test specimen 

will be discussed in the later part of the research. 

1.1 Additive Manufacturing 

Additive Manufacturing, commonly known as rapid prototyping is the way of manufac-

turing the product, adding layers on top of preceding layer. Due to production process 

being uncomplicated, it was mostly used for prototyping in the beginning. As a result of 

more research and experiments, application areas are increasing, and the process is 

considered with high hopes for the future to replace some other complicated and tradi-

tional ways of production. As explained by the term additive manufacturing, products 

are produced, adding the material layer by layer. One layer is deposited on top on 

another which allows manufacturing the complicated shapes that are difficult to manu-

facture by alternative way. It eliminates the requirement of using expensive tooling and 

machining process. Compared to the material removal approach to manufacturing the 

products, additive manufacturing is usually easier to manufacture the complex shaped 
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materials. Also, the additive manufacturing process uses less material compared to the 

material removal process. The waste generated in material removal approach is high but 

almost none in additive manufacturing. Products made from plastic materials like ABS 

and PLA are cheap enough for domestic production and also the building equipment are 

less expensive and easily available. Additive manufacturing using metals as the material 

is also possible but are slightly expensive which is mostly limited to industrial and re-

search purposes. 

The additive manufacturing process has already made some progress in increasing its 

application area. More researches are being focused in different areas of additive manu-

facturing for example production technology, strength modeling. Different technologies 

of additive manufacturing are in use today, and few popular examples are 3D printing, 

Stereolithography, SLS, FDM.  This research project mostly covers 3D printing.  

 

 

 

Figure 1: FDM Process [1] 

1.2 Manufacturing Process 

The additive manufacturing process has two main sub-processes. 

¶ CAD 

¶ 3D-printing 
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CAD and 3D-printing have together added a new dimension to manufacturing objects. 

The manufacturing process starts first with the creation of the object virtually in a 

computer with the aid of the CAD software that is present in numbers these days or by 

scanning components physically.  STL format is created from designed 3D model that 

contains information about the object by meshing into smaller triangular pieces. The 

whole object now according to the STL format looks like built of small triangular 

bricks. STL file is exported to the Quickslice software where the object is dissected ho-

rizontally into many thin sections into a series of thickness planes. This data is exported 

to the 3D printer. The minimum thickness of the layer depends upon the capability of 

the printer to produce the thinnest layer from its nozzle. The increase in thickness nor-

mally means the decrease in printing time, but it degrades the quality of end product on 

both strength and surface finish. Layer thickness is defined at this stage. Then starts the 

deposition of the molten material layer by layer horizontally and finally creates the part 

at the end. 

 

 

Figure 2: Stages involved in additive manufacturing [2] 
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1.3 Objectives 

The availability of the 3D printers has become so common that application of 3D 

printed parts is in a rise in different fields. However, significant work is not done yet to 

predict the strength and failure mechanisms accurately in the 3D printed parts. In fact, 

the strength of the 3D printed parts depends on so many parameters that it is not easier 

to calculate accurately, when and how the failure in such parts is going to happen. It is 

not likely that such equation will be modeled soon that includes all the parameters that 

affect the strength of the 3D printed parts. On the other hand, use of such printed parts 

as a load carrying component in the machines has already deep rooted. The aim of the 

research is to analyze the failure theories used to calculate the failure in composite 

structures and to find if they are feasible to calculate accurately the strength of 3D 

printed parts. 

Another, objective of the research is to perform the experimentation of strength of 3D 

printed parts with different test specimen compared to other previous research that 

mostly used dog bone structure to test according to the standard ASTM D368. There is 

not any standard test specimen defined yet to test the strength of 3D printed parts. The 

standard used in previous research followed the same standard that is used for testing 

other isotropic plastic material strength. Often the researchers are facing challenges to 

test the sample accurately due to premature failure in 3D printed parts. This research is 

also aimed to experiment different type of 3D printed parts than used before which 

might contribute defining the standard test specimen in future. 

1.4 Research Method 

There are two major parts in this research work: 

Theoretical Part 

Experiment/Observation 

In the theoretical part, the basic concept of additive manufacturing and its process, 

building parameters and its effects on mechanical properties are introduced. Previous 

researches on the mechanical properties of the 3D printed parts are reviewed in this sec-

tion. The theoretical part is based on research scientific articles and textbooks. Due to 

the lack of enough research, it has always been confusing if the 3D printed parts can be 

treated as material or structure. No research work is done to validate how accurate the 

strength prediction of the 3D printed things can be done considering the 3D printed 

parts as material, using the already present failure theories that are used to calculate the 
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failure in anisotropic materials. So, this research starts from the point trying to validate 

if those theories work for 3D printed parts as material or not. This section of the re-

search gives the idea to proceed forward and analyze the strength and failures of the 3D 

printed parts as material or structure.  

In the experimental part of the thesis, different types of 3D printed parts are manufac-

tured using the 3D printing technology that can be loaded mechanically. There is not 

any standard test specimen for 3D printed parts yet. So, the various parts that are being 

used or can be used in real life are tested to cover the vast area of failures that happens 

in 3D printed products. Experiments are carried out with printed specimens using the 

various loads. The failures occurred on the specimen are observed and analyzed using 

digital image correlation (DIC). 

2 Literature Review 

Much research in mechanical properties of 3D printed parts is done before. Most of the 

research are based on the experimental approach and comparing the failure of the same 

material, varying the parameters that affect the strength. Most of the experiment used 

the similar kind of shape manufactured using some standard for example ASTM or ISO 

standard. As stated in ref [2], according to ASTM D638-10 standard, FDM modeled test 

specimen is treated as beams. Breadth and height of the specimen are comparatively 

very small to length. When a tensile load is applied in the lengthwise direction, 

deformation will be uniform with distributed strain. The popular shape in most of such 

type of experiment is bone shaped printed parts as shown in the figure below. 

 

Figure 3: Most popular experimental test specimen 
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Almost all the previous research showed that the 3D printed parts are anisotropic by 

nature i.e. they exhibit different strength in a different direction. The raster orientation 

defines the direction, and the strengths are different parallel to it and perpendicular to it. 

The strength of the part is highest when the raster orientation is parallel to the loading 

direction and it starts to decrease as the raster angle increases. Minimum stress value is 

attained when the raster angle is 90 degrees [5].According to the ref. [1], test specimen 

tested according to ASTM D638 standard resulted in the premature failure. The prema-

ture failure moreover looks like because of the test specimen shape and building ways 

rather than the testing standard. So the testing standard followed in ref [1] is changed 

from ASTM D638 to ASTM D3039 which still does not guarantee that the same failure 

will not occur as specimen used was same. Only loading condition was different. Not 

only the build directions but few other parameters also affect the strength of the 3D 

printed parts. Research focused towards formulating the equation which predicts the 

failure of 3D printed parts and considers all the parameters that affect the strength, is not 

done before. 

2.1 Effects of build parameters 

Objects are created by depositing line by line and layer by layer. Built direction and the 

compactness of the material and few other factors affect the strength of the object in 

considerable amount. Normally, strength properties of the parent material are lower in 

the end product and are too sensitive that the slight change in parameters, changes it 

dramatically. Some of the parameters that affect the properties mechanically are 

discussed below. [1, 3, 5] 

2.1.1 Bead width 

It is the thickness of the material that comes out of the printer. Its size can be varied but 

cannot be less than the threshold capability of the printing machine to print a layer. 

Melted material comes out of the tip of the printer as ink comes out of the tip of a pen. It 

is highly viscous so always comes out with the constant thickness and that thickness is 

called bead width. [3] Bead width directly affects the compactness of the layer in the 

end product altering the material properties. The larger thickness of the bead means 

more possibility of pores in the end product which obviously affects the strength, but ref 

[1] found that the bead width is of less significance compared to other parameters. 
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2.1.2 Layer Orientation 

3D printed parts are built layer by layer. So, building angle of the layer deposition 

affects the mechanical properties hugely which make the object anisotropic/orthotropic. 

The angle between the applied force and built direction determine the component of the 

forces that acts on the object. Even though the force acts in one principal axis, due to the 

raster orientation the force might affect the object in another principal axis [3]. Due to 

the layer bonding effect of the force splits into material orientation and normal to it. [5] 

2.1.3 Air Gap 

It is the gap between two adjacent rasters which can be positive or negative. Positive 

means the gap is present and negative means they are overlapped. This factor also 

causes the compactness of the material in the product resulting, varying mechanical 

properties. [3] 

2.1.4 Contours 

The number of contours and also the way it is contoured decides the mechanical 

properties. Contours play a direct role in creating the stress concentration points which 

are vital regarding the strength of the object. [5] According to ref [2] counters play a 

noticeable role in strengthening the mechanical properties compared to not having it in 

possible places. 

2.1.5 Build temperature 

It determines the viscosity of molten material which after solidifying affect the density 

of the material and also the thickness of the material which eventually affects the 

strength of the object. [3] 

 

 

 

Figure 4: Building Parameters [5] 
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2.2 Material Properties 

The basic idea of manufacturing 3-D printed materials involves creating the object by 

printing layer by layer. So, 3-D printed objects can be defined as the stack of the materi-

al layers of which each layer is called as a lamina. Based on the manufacturing tech-

nique, a new coordinate system can be defined as a 1-2-Z coordinate system of which 

parallel to layer oriented direction is 1-axis, orthogonal to the layer oriented 1-axis is 2-

axis and the lamina deposited direction is Z direction. Many experiments were done in 

the past to study the mechanical behaviors of 3-D printed materials. This lead to the fact 

that 3-D printed materials behaves orthotropically similar to the composite laminates. 

They have different strength property in different principal material axes. The following 

symbols are used in this paper to define the respective strengths in different principal 

axes. 

Xt: tensile strength in 1-axis 

Yt: tensile strength in 2-axis 

Xc: compressive strength in 1-axis 

Yc: compressive strength in 2-axis 

S: shear strength 

The strength of the material used for 3D printing may vary from the parent material as it 

undergoes melting and solidification. Also the layer deposition parameter, for example, 

the layer gap, bead size determines it strength. It is important to define the strength of 

the material after the printing is done to get the precise prediction of the failure in 3D 

printed parts. 

 Many theories that explain the failure criterion exists which are used to predict the fail-

ure of the isotropic material. These theories use the material properties determined by 

the uniaxial tensile, compressive and shear tests. The same approach can be used to find 

out the material properties. Firstly, through the uniaxial tensile, compressive and shear 

tests, material properties can be defined in both material direction and the perpendicular 

direction to it. 

Xt is determined, applying the uniaxial tensile stress test to the specimens with only 0° 

layer orientation i.e. the stress and layer orientation have the same direction Yt is 

determined by applying uniaxial tensile stress test with only 90° layer orientation i.e. the 

stress direction is perpendicular to the layer orientation. In the same way, compressive 

strength magnitude in both 1-axis and 2-axis is determined by applying a uniaxial com-

pressive stress test to the 0° and 90° layer orientated specimen respectively. These 
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determined strength values can be used as the threshold values in the respective direc-

tion to calculate the strength of the parts under all combination of stress components in 

different directions. The magnitude of ultimate tensile stress and ultimate compressive 

stress are different in the case of composite structures but same in the case of metals, 

plastic and other brittle materials too. Now failure theories can be used to predict the 

failure using those material properties. However, to predict the failure of 3D printed 

parts, the applied stresses must be transformed in the material direction and perpendicu-

lar to it as shown in equation 1 below. [1, 6] 

2.3 Failure Criteria 

 

Figure 5: Body under all stress condition 

Letôs suppose the coordinate system as illustrated in the figure above. Where, 

 X and Y are the main axes, 

„ὼ: Stress in X-axis 

„ώ : Stress in Y-axis 

†ὼώ= †ώὼ : Shear stress components 

1-axis: Hypothetical axis parallel to material layer oriented direction 

2-axis: hypothetical axis perpendicular to material layer oriented direction  

Ū: angle between the X-axis and 1-axis or between two co-ordinate systems 

„1: Stress in 1 direction due to „ὼ, „ώ and †ὼώ 

„2: Stress in 2 direction due to „ὼ,„ώ and †ὼώ 

†12 = †21: Shear stress in 2 direction due to „ὼ,„ώ and †ὼώ 
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As the threshold values of stresses in 3D printed parts is only known in material direc-

tion, only possible way to calculate the failure criterion is to transform all the stress 

components to the principal material axes.  

 

Transforming „ὼ,„ώ and†ὼώ in to the 1-2 co-ordinate axis we get, 

 

„1 =   „ὼὧέί
2—+  „ώίὭὲ

2—+ 2†ὼώὧέί—ίὭὲ— 

„2 =   „ὼίὭὲ
2—+  „ώὧέί

2— 2†ὼώὧέί—ίὭὲ— éEq.1 

†12 =  „ὼ  „ώὧέί— ίὭὲ—+  †ὼώ(ὧέί2— ίὭὲ2—)  

 

For the simplicity of the problem and to make it easier to understand, strength test expe-

riments are usually done in uniaxial stress condition, i.e. the stress in the experimenting 

body applied in only one direction. In this case, following uniaxial case is considered. 

 

 

Figure 6 Body under uniaxial stress 

Only, stress in the x-direction is applied of the magnitude ʎ, which has the following 

effect on the layer direction and perpendicular direction to it.  

 

ʎ1 = ʎcos2— 

ʎ2 = ʎsin2— éEq. 2 

†12 = ʎὧέί—ίὭὲ— 

 

Although many failure criteria are in use today, few of the mostly used criteria with 

their condition are explained below. All these criteria are possible to define from gene-

ralized form into uniaxial stress form. Uniaxial stress forms are easier to compare with 

each other to find out the best possible failure criteria for the 3D printed materials.  

2.3.1 Maximum Stress Criteria 

General form of the equation of maximum stress criteria: 
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„1

ὢ
,
„2

ὣ
,
†12

Ὓ
1  ...Eq.3 

Where, 

X = Xc if „1 < 0 

X = Xt if „1 0 

Y = Yc if „2 < 0 

Y = Yt if  „2 0 

All three cases explained in equation 2 must satisfy in any case to keep the stressed ma-

terial without failure. Violation of any one of them or two or all causes the failure in the 

material. 

According to maximum stress criteria, Failure occurs when one of the inequalities is 

satisfied either 
„1

ὢ
1or 

„2

ὣ
1or

†12

Ὓ
1. Although equation includes all three 

strength factor i.e. X, Y and S, but there is no interaction between one another. General-

ly when the failure occurs, only one of those values is responsible for the failure. X, Y 

and S, acts as threshold value for each components of the stress. For example X acts as 

threshold value for stress component in material oriented direction, Y acts as threshold 

value for stress component in direction perpendicular to material oriented direction and 

S acts as the threshold value for shear stress component. One stress component never 

affects the other two threshold values except the one in its direction. For instance stress 

component in material oriented direction is never affected by Y or S value. This applies 

to all stress component that the other two threshold values never affects that stress com-

ponent. This failure criterion is normally feasible to those types of material which has 

same magnitude of tensile strength and compressive strength. [22] The failure envelope 

is rectangular in the stress space which is formed from the intersecting straight lines. 

[26] 

For the uniaxial stress case, from equation 2 and 3, we get, 

ʎ=
ὢ

cos2—
 Or 

ὣ

sin 2—
 Or 

Ὓ

ὧέί—ίὭὲ—
 éEq. 4[7] 

2.3.2 Tsai-Hill Criteria 

This theory is proposed as the generalized form of Von Mises-Hencky maximum 

distortional energy theory to work for anisotropic materials. Unlike Maximum stress 

criteria, this theory considers the interaction of different failure strength to produce 

smooth failure envelope. This theory though does not consider different strengths for 

tensile and compressive strength. Both tensile strength and compressive strength of the 
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material must be same which can be regarded as a demerit of this theory. Also, the fail-

ure strength cannot be predicted, but the only onset to the failure can be predicted using 

this theory. [26] 

General formulation of the Tsai-Hill Criteria, 

 

„1
2

ὢ2
+
„2

2

ὣ2

ʎ1ʎ2

ὢ2
+
†12

2

Ὓ2
= 1 éEq. 5 

 

Where, 

X = Xc if „1 < 0 

X = Xt if „1 0 

Y = Yc if „2 < 0 

Y = Yt if  „2 0 

 

X and Y are strengths in x, and y-direction respectively which can be substituted by 

tensile strength and compressive strength depending upon the condition and S is the 

shear strength. However, in the case of 3D printed parts strength in both directions is 

considered of the same magnitude as in metals and other brittle materials. 

Now, using equation 3 and 4 to derive the uniaxial case for Tsai-Hill criteria, we get- 

ʎ2 =
1

cos4—

ὢ2 +
sin4—

ὣ2
+ cos2—sin2—

1

Ὓ2
1

ὢ2

 éEq. 6[7] 

2.3.3 Hoffman Criteria 

Hoffman criterion is a generalized form of Tsai-Hill criteria for different tensile and 

compressive failure strength. Once the compressive and tensile failure stress is replaced 

with the same identity, this criterion reduces exactly same as Tsai-Hill criteria. So, there 

is nothing new in this criterion compared to Tsai-Hill criterion as both compressive and 

tensile failure stress is considered to be same for 3D printed materials, in this research. 

[26] 

 

General form of Hoffmanôs equation: 
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 éEq. 7 
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Hoffman Criteria considers both compression and tension in the same equation. As dis-

cussed in limitations, using the same magnitude value for compressive and tensile 

strength of the 3D printed material as in metals or other brittle materials, we get- 

1 =
„1

2

ὢ2 +
„2

2

ὣ2 +
†12

2

Ὓ2

„1„2

ὢ2   éEq. 8 

 

Now, using equation 2 and 8 to find the critical uniaxial tensile stress, we get- 

ʎ2 cos4—

ὢ2 +
sin 4—

ὣ2 + cos2—sin2—
1

Ὓ2

1

ὢ2 = 1 éEq. 9 

 

Comparing the Hoffman criteria and Tsai-Hill criteria shows that both the criteria 

reduce to the same equation in the case of the uniaxial testing condition of the material 

which has the same magnitude of both tensile and compressive strength. [7] 

2.3.4 Norris and McKinnon 

This theory is also the generalized form of Von Mises-Hencky maximum distortional 

energy theory as Tsai-Hill criterion. There is a slight difference between these two theo-

ries which makes this theory stand out as the best fit theory for the fatigue test results. 

[26] 

 

Norris and McKinnon's criteria state that; 

„1
2

ὢ2 +
„2

2

ὣ2 +
†12

Ὓ2 = 1 éEq. 10 

 

 Similar to Tsai-Hill Criteria, 

X = Xc if „1 < 0 

X = Xt if „1 0 

Y = Yc if „2 < 0 

Y = Yt if„2 0 

Changing the above relation into uniaxial stress case and finding the critical magnitudes 

of uniaxial stress gives the following condition. 

ʎ2 =
1

cos 4—

ὢ2 +
sin 4—

ὣ2 +
cos 2—sin 2—

Ὓ2

 éEq. 11[7] 
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2.3.5 Tsai-Wu Criterion 

This theory also put emphasis on different tensile and compressive failure stress similar 

to Hoffman criteria. Different research has validated this theory as one of the most 

accurate formulations for engineering application. However, this theory has not been 

applied much as it is hard to determine the strength tensors form used in this criterion. 

[26] 

 

General form of Tsai-Wu criteria can be stated as: 

1

ὢὸ

1

ὢὧ
„1 +

1

ὣὸ

1

ὣὧ
„2 +

„1
2

ὢὸzὢὧ
+
„2

2

ὣὸzὣὧ

1

2
ᶻ

1

ὢὸὢὧὣὸὣὧ
„1 „z2 +

†12
2

Ὓ2
= 1 éEq. 12 

After using ὢὸ= ὢὧ= ὢ,ὣὸ= ὣὧ= ὣ we get, 
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Finding the critical uniaxial stress value using equation 2 and 12 we get- 

„2 cos4—

ὢ2 +
sin 4—

ὣ2 +
1

2
czos2—sin2—

1

Ὓ2

1

ὢὣ
= 1 Eq. 14[7] 

2.3.6 Malmeister Criterion 

Malmeister generalized the Ashkenazi theory which is now known as Malmeister crite-

rion. Ashkenazi theory is complicated strength criterion for highly anisotropic material 

if the plane state of stress for such material is considered. The coefficient used in the 

criteria is required to be determined from the experimental data for biaxial states of 

stress. [26] 

Similarly, the equation for Malmeister criterion is as follows: 
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Similarly, using the same tensile and compressive strength we get- 
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According to the uniaxial test condition and Malmeister criterion, critical uniaxial stress 

is given by; 
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2.3.7 Failure criteria Conclusion 

Some conclusions can be drawn after studying different types of failure criteria. The 

failure stress at 0 degrees and 90 degrees are material properties which are always 

constant for one material for all failure criteria which are determined by the experimen-

tal tests. All the failure criteria define the failure stress between 0 and 90 degrees ac-

cording to their formulation. Failure stresses calculated by two different failure criteria 

can be different although the angle and material properties are same. All the failure cri-

teria define its route of degrading failure stress from 0 degrees to 90 degrees with in-

creasing angle.  

2.4 Theoretical Results 

One of the material properties is still unknown in the failure criteria formulations i.e. 

shear strength óSô value. The magnitude of S is varied according to the linear relation 

with the failure stress of the material at 0 degrees. óSô value has been varied because 

there is not enough research done to determine the value of óS.' Most of the researches 

have been done to determine only óXô and óY.' Ultimate shear strength is stated in the 

manufacturerôs data sheet from which it is found that the magnitude of óSô in the case of 

3D printed parts are approximately 1.5. This value will be used later on to compare the 

óSô value found from the comparison of the experimental result and theoretical result. 

Three cases are fixed as defined below. One case is varied to check and determine the 

value of óSô where the experimental result and the theoretical result come close to each 

other. Failure stress is calculated for all four cases below for all the data sets.   

When, 

S = 0.1*X 

S = 0.4/0.5* X 

S = 1* X 

Where,  

X = Tensile strength in material oriented direction 

S = Shear strength 

Above three cases are considered to calculate the critical failure stress at a different an-

gle of layer orientation and plotted on the same graph. The fourth case is determined 

analyzing the first three cases and the experimental result. The values of óSô is adjusted 

analyzing the first three cases so that the theoretical result is closer to experimental re-

sult. The process is repeated for five different failure criteria explained above except the 
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Hoffman criteria. Hoffman criteria and Tsai-Hill criteria have the same expression for 

the uniaxial critical failure stress. Total of eleven values for each angle orientation i.e. 0, 

30, 60, and 90 are obtained for each of above four cases. X-axis represents the angle 

whereas Y-axis represents the ratio between the ultimate strength of the material to the 

failure stress of the material at the given angle. Ultimate strength used in the ratio is the 

tensile failure strength when the layer build direction is parallel to the load direction. 

Four different graph lines are produced depending on the value of shear strength óS.'  

Table 1 Collected Datasheets 

Number Material X Y Reference 

1 Vero Blue 49,7 18,5 Aalto Lab 

2 ABS PLUS 31,8 11,2 Aalto Lab 

3 ABS 21 9,3 [9] 

4 ABS P400 22 12 [1] 

5 ABS 24 13 [10] 

6 ABS 28,4 14,3 [11] 

7 ABS 5% JUTE 25,9 9,1 [11] 

8 ABS 5% TIO2 32,2 18,4 [11] 

9 ABS 5% TPE 24 12,9 [11] 

10 PA 30 15 [13] 

11 ABS 25,72 14,56 [12] 

 

The table above consist data collected from different previously published research pa-

pers. These data sets are used to calculate the failure stress in the uniaxial stress test 

condition using the equation derived for different failure criteria above. Each pair of 

dataset is used to calculate the critical uniaxial failure stress for five different failure 

criteria 

From the table, it can be noticed that the materials are not same for all the collected data 

sets so the failure stress cannot be compared or combined directly. Instead, the ratio of 

the failure stress calculated at different raster angle orientation to its maximum stress 

i.e. stress at angle 0-degree raster orientation is compared. It is obvious from the 

different previous research that the tensile strength is highest when the build angle of 

the layer is 0 degrees. So, the calculated failure stress at each angle is divided by the 

tensile failure stress at 0 degrees of itself. That produces the ratio of two stresses which 

shows the proportion by which the failure strength is degrading compared to the failure 
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stress at 0 degrees. Both experimental and theoretical results are calculated in a similar 

way so that it would be easier to obtain the average result and to compare the theoretical 

result and experimental result. An example is explained here to make the method easy 

to understand. Firstly, from the table, data set 1 is taken. These values of X= 49.7 and Y 

= 18.5 are used to calculate the failure stress at 0, 30, 60, 90 degrees. Each failure stress 

is divided by the X = 49.7 to get the ratio by which its failure strength decreases with 

increasing angle and plotted in the graph. Similarly, for the data set 2, X = 31.8 and Y = 

11.2 is taken and are used to calculate the failure stress at 0, 30, 60 and 90 degrees. 

Those failure stress are divided by the X = 31.8, and the degrading ratio of failure 

strength with increasing angle is obtained, and those ratios are plotted in the graph. The 

process is repeated for all the collected data and plotted in the same graph for each fail-

ure criteria. 

2.4.1 Maximum Stress Criteria 

Maximum stress criteria as stated in Equation 3, is used to calculate the failure stress for 

different angles of material layer orientation and creating a plot as explained above pro-

duced the following result and graph. 

Table 2 Summary of Max Stress criteria 

S. No S -Value 

Ratio Range (ů/X) 

Angle 

0 30 60 90 

1 0,1*X 1 0,23 0,23 0,35-0,57 

2 0,4*X 1 0,92 0,47-0,76 0,35-0,57 

3 0,5*X 1 1,15 0,47-0,76 0,35-0,57 

4 1*X 1 1,33 0,47-0,76 0,35-0,57 
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Graph 1 Graphical Presentation Max. Stress Result 

Firstly, the four previously stated condition of S- value is used to calculate the data re-

quired for plotting at different angles. When the ultimate shear stress strength is rela-

tively very low i.e. S=0.1*X, failure stress decreased rapidly until 30 degrees, then re-

mains constant until 60 degrees. It started to increase linearly until the ratio of failure 

stress to ultimate stress reached 0.5. Slope changes after it reaches 0.5 on the way to 90 

degrees. For S=0.4*X, the failure stress began to increase with low slope value with 

increasing angle, until the angle hits approximately 20-25 degrees. Then the slope de-

creased slightly, and failure stress continued to decline with that slope value until 90 

with a negligible change of slope value at 60 degrees. For case 3 and 4, failure stress 

started to increase in magnitude until the value is approximately 30 degrees. 

2.4.2 Tsai-Hill Criteria 

Table 3 Summary of Tsai-Hill Criteria Result  

S. No S -Value 

Ratio range (ů/X) 

Angle 

0 30 60 90 

1 0,1*X 1 0,23 0,21-0,22 0,35-0,57 

2 0,4*X 1 0,70-0,76 0,42-0,60 0,35-0,57 

3 0,55*X  1 0,82-0,92 0,44-0,67 0,35-0,57 

4 1*X 1 0,97-1,15 0,47-0,74 0,35-0,57 
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Graph 2 Graphical Presentation Tsai-Hill R esult 

The graph is plotted according to the Tsai-Hill criteria, for all 4 values of shear strength, 

using all the sets of data collected. The result of the plotting can be seen above with four 

distinct lines for four different approximate values of shear strength. In the first case, 

when the value of S is 0.1, failure stress value started to decrease dramatically in the 

beginning with the increasing angle until 30 degrees. Failure stress remained constant 

for next 30 degrees and began to increase again. The lowest magnitude of failure stress 

attained in the graph for case 1 is at 30-60 degrees with the ratio of S to X decreasing up 

to 0.25. Failure stress behavior for case 2 and case 3 is similar but the decreasing rate in 

case 2 is slightly bigger than case 3. The curves for both situations have the same start-

ing point and ending point as in all cases, but the difference in decreasing rate of failure 

stress is highest at 30 degrees. In case 4, the plot was different compared to case 2 and 

case 3. Failure stress was always decreasing with the increase in angle in case 2 and 

case 3, but in case 4, failure stress value grew at the angle between 0 to 30 degrees and 

started to decrease as in case 2 and 3, finally reaching the lowest at 90 degrees. Case 4 

has three distinctly different values of slope for three sections of 0 to 30 degrees, 30 to 

60 degrees, and 60 to 90 degrees. The slope was highest between the sections 30 and 60. 

As we already know that the ratio is always constant at 0 and 90 degrees for each data 

set under all circumstances, it is more important to see the ratio range in the angle be-

tween them i.e. 30 and 60 degrees. When the shear stress is 0.1*X, the ratio is almost 

constant for all the data sets at 30 degrees and 60 degrees. When the magnitude of óSô is 
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lower, the ratio range calculated does not vary so much. As the magnitude of shear 

strength is increased the ratio range also increased to a higher number. 

2.4.3 Malmeister Criteria 

Table 4 Summary of Malmeister Criteria Result 

S. No S -Value 

Average ů/X 

Angle 

0 30 60 90 

1 0,1*X 1 0,35-0,36 0,30-0,33 0,35-0,57 

2 0,3*X  1 0,93-0,96 0,46-0,69 0,35-0,57 

3 0,5*X 1 0,98-1,07 0,47-0,72 0,35-0,57 

4 1*X 1 0,98-1,11 0,47-0,74 0,35-0,57 

 

 

Graph 3 Graphical Presentation Malmeister Criteria Result 

The result of the plot for the Malmeister criteria for the same input values and condi-

tions as for previous two conditions can be found in above graph. For case 1, the cha-

racteristics of the graph are not so similar to previous conditions and the minimum 

magnitude of failure stress also increased from 0.25*X in  previous two criteria to 0.35 * 

X in Malmeister criteria. Unlike Tsai-Hill and Max stress, the section between 30 and 

60 degrees is not constant. Although the rate of change is small, failure stress is decreas-

ing all the time, hitting the lowest at 60 degrees. Also, as the ratio of S to X increases, 
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the difference in the gap between two plot lines of different cases decreases. The differ-

ence in failure stress at the same angle but the different value of S decreases as the ratio 

of S to X tends to 1. The difference in the failure stress is very high when the value of S 

is increased from 0 to 0.4, but the difference when the S value is increased from 0.4 to 1 

is negligible compared to the increment from 0 to 0.35 which created the big separation 

between graph lines when S = 0.1 and 0.35. From the graph, it can be deduced that 

beyond some point, the failure stress will no longer be dependent on S value or will 

have a very negligible effect. In cases 3 and 4, the value of failure stress between angle 

0 to 30 increases slightly before starting to decrease. As in all previous criteria, the start-

ing point of the plot and ending point of the plot is same.  

2.4.4 Norris and McKinnon 

Table 5 Summary of Norris and McKinnon Result 

S. No S -Value 

Average ů/X 

Angle 

0 30 60 90 

1 0,1*X 1 0,22-0,23 0,21-0,22 0,35-0,57 

2 0,5*X 1 0,74-0,82 0,43-0,63 0,35-0,57 

3 0,65*X 1 0,81-0,91 0,44-0,67 0,35-0,57 

4 1*X 1 0,91-1,03 0,46-0,71 0,35-0,57 

 

 

Graph 4Graphical Presentation Norris and McKinnon Result 
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Comparing, the above graph obtained for the Norris and McKinnon criteria with the 

graph obtained for the Tsai-Hill criteria, it can be clearly seen that the result are very 

close to each other. The characteristics feature for all cases are very much alike, but the 

magnitude of the failure stress is lower in the case of Norris and McKinnon. For exam-

ple: in case 2, at 30 degrees and 60 degrees in Norris and McKinnon criteria, failure 

stresses are 0.7*X and 0.6*Y respectively. In Tsai-Hill criteria for a similar condition, 

failure stresses are 0.75*X and 0.65*Y respectively. Comparing these two examples 

shows that only the magnitudes are different but the characteristics of the graph is simi-

lar. If the value of S is taken slightly higher in the case of Norris and McKinnon com-

pared to Tsai-Hill criteria, then it would produce the same result. When the value S 

tends to zero, then the failure stress value is same for all failure criteria explained above 

except Malmeister criteria. The graph line is same at S = 0.1*X compared to Tsai-Hill 

criteria.  

2.4.5 Tsai-Wu Criteria 

Table 6 Summary of Tsai-Wu Criteria Result  

S. No S -Value 

Average ů/X 

Angle 

0 30 60 90 

1 0,1*X 1 0,31-0,32 0,27-0,30 0,35-0,57 

2 0,4*X  1 0,86-0,92 0,45-0,67 0,35-0,57 

3 0,5*X 1 0,92-1,01 0,46-0,71 0,35-0,57 

4 1*X 1 1,06-1,21 0,47-0,76 0,35-0,57 
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 Graph 5 Graphical Presentation Tsai-Wu Criteria   

As in all previous failure criteria cases, starting point and ending point for the graph is 

same. For case 1, the decrement rate of failure stress is very steep in the graph section 0 

to 30 degrees, with a constant value between 30 to 60 and rising from 60 to 90 degrees. 

As the value of shear strength S rises, the slope of the first section of the graph i.e. 0 to 

30 starts to decrease and is almost constant when the value is half of ultimate tensile 

strength. At the same time, the slope of section 2 and 3 of the graph i.e. 30 to 60 degrees 

and 60 to 90 degrees starts to increase with the increment in shear strength. Throughout 

the case 2 and 3, failure stress is decreasing all the time with the increasing magnitude 

of the angle. For case 4, failure stress first increased until the angle is increased to 30 

degrees and it starts to decrease all the way to 90 degrees. The minimum value of failure 

stress is recorded 0.48 times the ultimate tensile stress when the layer orientation is 90 

degrees for case 2,3 and 4, and for case 1 it is less than 0.3 at 60 degrees. 

2.4.6 Lab Experiment Results 

The data related to lab experiments are taken from the reference [25]. Uniaxial tensile 

testing was carried out to collect the data to observe the varying ultimate tensile failure 

strength with the increasing angle between building orientation and the applied load 

direction. Authors of both research papers, this and the research referenced [25], carried 

out research for the same institution and the same research area but with different pers-

pectives. The following graph shows the result obtained from the experiments. 
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Graph 6 Lab Experiment Results 

  

 

2.5 Theoretical Result comparison 

 

Graph 7 Result Comparison; All R esults 

All t he results, obtained from calculation and analysis are collected in the same graph 

above. As seen in the sidebar, colors listed represent the theoretical result obtained from 

different failure criteria. When all the failure theories are compared to each other, ex-

cept the maximum stress criteria all other theories are very close to each other. Accord-
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ing to the maximum stress criteria, all three material properties i.e. X, Y, and S has an 

individual effect on the properties. Only one of those is dominant in the failure strength, 

and they do not have combined effect at any point with each other. In other failure theo-

ries those three material properties interact with each other and calculates the failure 

stress at each point which might be the reason of the difference in the result between the 

maximum stress criteria and other failure criteria. Results from all the failure criteria 

have the same starting point and ending point. 

When these failure criteria are close to each other, the magnitude of shear strength óSô is 

different in all failure theories. There might be other reasons behind this, and one of the 

most obvious reasons is these criteria are not developed considering the 3D printed ma-

terials but to composite materials. Contrast to the composite materials there is not only 

the layer orientation factor that affects the ultimate strength of the 3D printed materials. 

Few more parameters affect the strength properties of the 3D printed materials as dis-

cussed in the theoretical analysis section of this paper. For example bead width, air gap, 

contours, build temperature, etc. All these factors also affect the strength properties of 

3D printed materials to some extent but the failure criteria for composite material do not 

take into account, the effect of those parameters. 

Table 7 S-Magnitude comparison for all Criteria  

S. No. Failure Criteria S-Magnitude 

1 Maximum Stress 0.4 * X 

2 Tsai-Hill Criteria 0.55 * X 

3 Malmeister Criteria 0.3 * X 

4 Norris and McKinnon 0.65 * X 

5 Tsai-Wu 0.38* X 

 

Above table includes the summary of the theoretical analysis of the failure theories, 

which shows the magnitude of óSô taken to produce the result, close to each other. All 

the failure criteria show the different magnitude of óSô from one another when the result 

tends to be as close as possible with each other. The maximum value of óSô is found for 

Norris and McKinnon criteria with the value 0.65* X and the smallest magnitude of óSô 

are for Malmeister criteria with the value 0.3*X. The smallest magnitude differs from 

the largest magnitude by more than 50% less. Other magnitude shown by other crite-

riaôs are 0.55*X for Tsai-Hill criteria and 0.4*X for Tsai-Wu criteria and Maximum 

stress criteria.  
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According to the data sheet produced by the manufacturer of the 3D printing materials, 

[18], [19], the ultimate shear stress magnitude is always more than 1.2 *X , but result 

shows the very low magnitude of óS.' The highest value calculated was 0.65*X which is 

lower than half of the value stated in the manufacturerôs data sheet. 

2.6 Discussion 

After studying the result and one on one comparison of the failure stress graph obtained 

from the failure criteria, it is easier to conclude the result. As seen from the result, most 

of the failure criteria have a different magnitude of óSô from each other while the results 

being close to each other. The variation is so large that it cannot be neglected to draw 

any common conclusion or magnitude that fits all the failure criteria. The value of óSô 

obtained from the data sheets of manufacturer does not match with values obtained for 

any of the failure criteria above. The highest value of óSô is obtained for Norris and 

McKinnon and it is also almost half of the magnitude listed in the manufacturerôs data-

sheets. When the resulting graph of all failure criteria is checked for the case S = 1*X, 

the failure strength value increases from 0 degrees until 30 degrees and slightly beyond, 

before it starts to decrease. The failure strength value never increases at any point 

according to previous research papers. These all findings show that the failure theories 

formulated for composite structures and other general materials do not work for 3D 

printed parts. A maximum stress criterion which is supposed to work for a very wide 

range of materials also seems not working in case of 3D printed parts  

So, existing failure theories need some adjustment before using them for the strength 

prediction of the 3D printed parts, or an entirely new theory should be researched. It is 

not hard to conclude that the lamina failure theories cannot be used directly for the pur-

pose of strength modeling of 3D printed parts based on the above findings. 

2.7 Further Proceedings 

After careful consideration of the result obtained from the literature review and analysis, 

it is very hard to conclude that the 3D printed parts behave in a similar way as in com-

posite materials. Using lamina failure theories to predict their strength without any 

amendments or further research seems unwise after considering the results of the analy-

sis done in this research. Most of the researches carried out in the area of failure predic-

tion of 3D printed products are based on the comparison with each other with different 

layer orientation. Few research papers have also predicted the failure by comparing the 
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strength with the similar parts manufactured using other techniques for example mold-

ing. Displacement and strains are very important factors in failure process. Most of the 

research have overlooked these particular terms while researching the failure in the 3D 

printed products. Thus, taking into account of the research done until this point for this 

paper, it is noteworthy idea to take a step back and try to research and find the influence 

of displacement, deformations, strains, crack initiation and propagation first to move 

forward with strength modeling of 3D printed parts. 

If we look closely at the end product fabricated by two different technique, 3D printing, 

and molding, they are totally different. Even though the same product with same dimen-

sion, shape, and size are produced, they exhibit properties in a different way. The 

material in the molded end product is isotropically distributed, and the whole end prod-

uct behaves as a single unit so, material failure theories effectively work in those prod-

ucts. Corners and edges are mostly smooth in molded end products. It is very difficult to 

tell where the initial crack starts to develop in such product but the use of material fail-

ure theories can closely estimate the failure stress. The end product from 3D printed 

parts has some difference in regards to the material distribution. It is built by adding a 

layer on top of previously added layer, and that makes the end product as the several 

bonded layers. If we just take two layers and analyze it, then each layer might be equal-

ly strong, but the bond between them might not be equally strong. Corners and edges in 

3D printed parts are very rough if the end product is examined properly. So, 3D printed 

parts are vulnerable to fail not entirely due to material failure but also from the built up 

defects that occurred during manufacturing. All these facts define 3D printed products 

more as a structure. So, it seems beneficial to research on the failure mechanism of 3D 

printed parts as a structural failure as the failure depends on more parameters rather than 

just material failure. It is easier to imagine the failure modes if the end product from 

molding is compared to the brick and the 3D printed parts are compared to the walls 

that are made from hundreds of such bricks. The failure in bricks and walls can 

frequently be seen which do not require any proof that the failure in those two is differ-

ent from each other. 

Considering all these facts, theoretical analysis and studies from previous research 

papers, strength and failure prediction of the 3D printed parts is not developing towards 

a satisfying result. On the other hand, the popularity of 3D printed products is increas-

ing more and more. Previous research papers have been able to answer few questions 

but not completely as most of the researches are done only in material level and not to 



37 

 

 

the structural level. It is wise to take a step back and analyze the failure, occurring in the 

mechanically loaded 3D printed parts under different circumstances i.e. displacement, 

deformation, strains, crack initiation, to continue with the research in this field. Digital 

Image Correlation (DIC) is the handiest tool to study those details. 

2.8 Digital Image Correlation (DIC) 

DIC is a method of tracking and comparing images of the object under some actions 

(under loading conditions generally in mechanics) to measure the changes in those 

images. Changes are easier to observe as the method use small blocks of pixels called as 

subsets from the image taken and compare the positioning of the same block of pixels in 

the next image with other neighboring blocks of pixels. This technique uses digital 

charged coupled device (CCD) camera to take the image of the surface of the object 

under observation. Under the camera, the surface of the object should be illuminated in 

the wide range of contrast and intensity levels so that it is easier to distinguish the 

blocks of pixels. It is done usually by either painting speckles on the surface or mostly 

the texture on the surface of the test specimen is itself sufficient to create enough con-

trast and intensity levels to produce analyzable images. The method is capable of 

measuring the changes in micro and nanoscale. Changes are seenand can be measured in 

2D and 3D with the use of multiple cameras. The method is proven accurate enough by 

comparing it to valid FEA models which make the method feasible for many applica-

tions. [28, 30] Hence, the most important part in DIC is image matching. 

Images used in DIC are generally of high resolution as it is used to research the engi-

neering aspects which require analyzing the changes in the micro and nano level. Ac-

cording to Sutton [34], to accurately reduce the strain-stress curve from the images, 

change in the displacement of order 10
-5

m/m is best to consider. So, there is no wonder 

that the camera used for DIC purposes produces high-quality images to meet the thre-

shold. There are few things to keep in mind before image matching, aperture problem, 

correspondence problem and speckle patterns. One particular image pixel is not possible 

to compare with another image pixel as the multiple similar pixels might be present in 

another image. Hence, making correspondence considering only one pixel is not 

possible. Instead, the speckle pattern present in a small neighborhood called as a subset 

is compared in two images to make the proper correspondence. Such subset is created 

either by the texture of the surface of the specimen itself or by painting or spraying. It 

enables a more accurate way of tracking the motion of material flow when deformation 
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happens. Following are some of the applications, where DIC can be used in mechanics 

of materials. 

¶ Material testing (defining material properties for example youngôs modulus, 

Poissonôs ratio, etc.) 

¶ Fracture Mechanics (crack initiation and growth) 

¶ Dynamics Measurement (example vibration) 

2.8.1 DIC Software 

There are different ways of matching the images and mathematically formulating it to 

calculate the deformations and strains. Measuring displacement and strain using DIC 

has been in use for a while now. These days fully automated DIC software based on a 

different algorithm developed by researchers are available that calculates the deforma-

tion, strains, dynamics, geological mapping, etc. processing the image obtained from the 

tests. Software deploys different algorithm to quantify the test results. Different algo-

rithms have already been developed for image matching in DIC. The application field of 

the DIC is so broad that researchers from different fields have developed different algo-

rithm specializing in their respective area of research. Algorithm for such software is the 

mathematical formulation to quantify the result obtained from images taken during the 

experiment. For instance Sutton [34] explained the differential method and template 

matching method to determine the 2D displacement of the subset and used shape func-

tions to predict the deformation of the subsets. Later on, the differential method is de-

veloped to predict the 3D displacement too. [31]    

Due to the development of such DIC software, measuring deformation, displacement, 

strain and tracking crack initiation and growth has become fairly easy and accurate to 

determine the material properties. Displacement and strain are very important parame-

ters in determining the mechanical properties of the materials. DIC is well suited for 

measuring them as it measures the difference in the object from smaller loads to bigger 

loads. The author of the article [28] claims that it is even possible to see the difference 

in the bridge because of a bird landing on it, using the DIC. Cracks which are the major 

reasons of failure in both structures and materials is seen with DIC that are not readily 

visible to the naked eyes [31, 32, and 33]. DIC is in use to study deformation behavior 

in different types of material since the 1980s and has been able to produce the signifi-

cant results for metals, plastics, woods, composites concretes, and other materials. DIC 
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is in use to research deformation for both materials and structures, and most of the re-

search uses the technique of matching subsets to determine the displacement [34].   

Crack initiation and propagation in 3D printed parts under the effect of loads is impor-

tant factors to research. 3D printing is not one of the clean manufacturing processes as 

the final product has inbuilt defects. It is obvious that 3D printed products usually do 

not have a smooth surface that results in many high-stress concentration points in the 

product that increases the chances of premature failure of the material. DIC is well 

equipped to track the crack formations that are not visible to naked eyes too and also the 

crack propagation studies will open new insights about the failure in 3D printed parts. 

Since 3D printed parts are made of layers on top of previous layers, it would be interest-

ing to see the crack propagation between those layers. [29] 

 

Figure 7 Cracks not visible to naked eyes but visible to camera [28] 

The algorithm used to analyze the test result in this research project uses the Least 

Square Image Matching (LSM). 

2.8.2 Least Square Image Matching (LSM) 

Image matching has broad applications and some working principles that work behind 

image matching. The key objective of image matching is to figure out the matching pix-

el in the same physical region. Key point matching, area-based matching, intensity 

based matching, are few mostly used matching methods. [35] LSM method gives a 

mathematical description which falls under an area-based matching so, it is highly 

accepted for the research purposes. Compared to other methods, LSM has higher accu-

racy in image matching. The results obtained from LSM have the accuracy of 1/10 pixel 

or even better. However, being a non-linear process, close approximate values are re-
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quired in this method. According to the author of the reference [36] LSM has the dual 

advantage of area-based matching process and edge based matching process if it is used 

to its full potential. Some other potentials of the LSM method as exactly described by 

the author of reference [36] are listed below in his words. 

¶ High matching accuracy 

¶ Geometrical/stochastical constraints: stabilization, reliability, speed 

¶ Multi -image matching (reliability) 

¶ Simultaneous matching/point positioning 

¶ Multi -patch matching: neighborhood conditions 

¶ Multispectral, multi-temporal matching 

¶ Monitoring of quality (precision, reliability) 

¶ Simultaneous image reshaping, radiometric adjustment 

¶ Combination of area-based and edge based analysis 

¶ Usable in hierarchical mode(coarse to fine) 

¶ Usable as derivative operator based matching procedure (first order, slope varia-

ble, second order) 

¶ Rule-based matching: patch selection (good signal content) 

¶ Incomplete data patches (for example, triggered by conclusions) 

¶ Computational performance: parallel implementation possible 

¶ Usable for pattern recognition (template matching), feature extraction, image 

feature measurement, change detection, line following 

¶ General matching technique (beyond images) 

LSM is in use for almost three decades now and has constantly been modified to yield 

better results, accuracy and to address the specialty of the problem properly. The gener-

al mathematical formulation of the LSM is stated below. 

Ὣ1 ὼ1,ώ1 = Ὤ0 + Ὤ1Ὣ2(ὥ0 + ὥ1ὼ1 + ὥ2ώ1,ὦ0 + ὦ1ὼ1 + ὦ2ώ1) 

Where, 

g1,g2 is intensity of reference image and the querying image respectively that depends 

on upon image coordinate x and y 

ai and bi are the unknowns in the affine transformation model 

h0, h1 are the unknowns in the linear model of intensity 

As shown in the equation above, the general principle behind LSM is to define the rela-

tion between two different patches of the same size in different images. Then affine 



41 

 

 

transformation model is used to show then intensity variation using geometry and linear 

model description. Now, Using Taylor linearization, transforming above function into 

linear function we get-Ὣ1 ὼ1,ώ1 Ὤ0 Ὤ1Ὣ2 ὼ2,ώ2  

= ὨὬ0 + Ὣ2 ὼ2,ώ2 ὨὬ1 + Ὤ1

Ὣ2

ὼ2
Ὠὥ0 + Ὤ1ὼ1

Ὣ2

ὼ2
Ὠὥ1 + Ὤ1ώ1

Ὣ2

ὼ2
Ὠὥ2

+ Ὤ1

Ὣ2

ώ2
Ὠὦ0 + Ὤ1ὼ1

Ὣ2

ώ2
Ὠὦ1 + Ὤ1ώ1

Ὣ2

ώ2
Ὠὦ2 

 

3 Experimental Setup and Procedures 

Experimental setup for the testing is relatively easier and inexpensive than most of the 

other material testing setups. The main task of the experimental setup is to direct and fix 

CCD camera towards the experimenting test specimen and connect it with correlation 

software through a computer or other possible instruments. As the test proceeds, the 

camera captures the image of the whole process and sends the image for further 

processing to correlation software. [30] However, there are some important points to be 

considered before actual testing starts. When software and camera are ready, it provides 

live feed making easier to adjust testing conditions. Following are the few important 

parameters to adjust before testing starts. 

 

Figure 8 DIC Setup [30] 
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3.1 Lighting Conditions and Camera Focusing 

After the testing is carried out, all the results are obtained from the study of images. 

Hence the lighting adjustments are one of the important parameters to consider careful-

ly. Additional lights are used depending on the experimental environment. Neither, too 

bright light nor too less light can be afforded on the test specimen surface. Strong inten-

sity of light on the test specimens causes the light reflection from the test specimen sur-

face showing shiny part of the sample in the image and hiding the information under 

that shiny part. Less intensity of light on the specimen causes the dark patches and sha-

dows of the surroundings and makes it difficult to see the details in the images clearly. 

The aperture of the camera is important in fine tuning the lighting conditions after the 

proper amount of light is cast on the test specimens. Indirect lights that are reflected and 

focused on the test specimens from other shining backgrounds (which are not in the 

focus of camera) can be a good option to get the ideal lighting conditions. 

When measuring the 3D full field displacement, multiple cameras are used. Similar, to 

the ways that human eyes get a perception of 3D view, multiple cameras can generate 

enough information in 3D measurement. Both cameras should be focused to capture the 

area of interest. Only the common areas that are visible on both cameras can be 

analyzed in 3D. It is common that each camera has its unique area that is not visible in 

another camera; such area is not used while processing the result. It is important that the 

area of interest must be visible on both cameras. The angle of projection between two 

cameras should be appropriate which neither can be too wide nor too narrow. The wide 

projection has the big area to focus which may result in unclear information from the 

area of interest whereas narrow-angle projection gives less information on 3D mea-

surement. 

3.2 Calibration 

Image calibration is an important part of the experimental setup and carried out after the 

area of the interest in the specimen is already focused. Calibration defines the position 

and orientation of the camera and the test specimen in the space in the coordinate form. 

After confirming everything are in place and will not be moving anymore especially 

camera and its focal length, calibration is done to set up the reference to determine the 

real size of the test specimen and deformation occurring in the test specimen. Calibra-

tion gives the information about the distance of the camera from the images in the coor-

dinate forms to the software being used to quantify the size of the specimens and 
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deformations accurately. Calibration is done using the appropriate type of the calibra-

tion panel which helps to calculate focal point, principal points, distortion parameters, 

and translation vector and rotation matrix. 

3.3 Specimen Preparation 

DIC depends on the surface texture of the specimens recognized by the software as con-

trasting field whether it is naturally occurred, projected, painted or sprayed. There is not 

much; one can do if the test is carried out with naturally occurred patterns. However, 

most of the test specimens require painting or spraying to create the speckle pattern. 

Artificial ways of creating speckle patterns is always an alternative to create the good 

patterns The good pattern yields better results than naturally occurred contrast fields. 

Hence, it is important to consider few parameters to create the best possible patterns. 

Patterns should not be repetitive and isotropic which creates confusion in tracking the 

right one. Patterns made should be as high contrast as possible. DIC tracks the small 

groups of pixels called subset, and the patterns should be big enough to be seen and 

recognized and small enough at the same time so that the whole patch does not contain 

only one pattern. Normally, 2 to 5-pixel size is considered to be the good size for pat-

terns. [37] 

 

Figure 9 Invalid Patterns 

Few ways to create patterns are discussed below: 

¶ Spraying/Painting: The most common method for creating speckle pattern. It 

uses paint or spray paints on the specimen surface  

¶ Toner: Toner powder is used to create the patterns. It can be done by dropping 

the specimen on the powder and gently blowing the powder until acceptable pat-

terns remain. 

¶ Lithography: Lithography or vapor deposition is used to create the patterns. 

¶ Stencils: Stencils are rolled on the surface of the specimen. Patterns created are 

somehow uniform but contrasting and diverse enough to support the test. 



44 

 

44 

 

¶ Printing: Printing pattern on paper and then gluing it on the surface of the 

specimen. 

¶ Ink: Ink is dotted on the surface of the specimen to create patterns. 

¶ Projecting: Especially, it is used for shape measurement. Patterns are projected 

using the projector. It should be optimized using the lighting conditions. 

 

Figure 10 Example of good patterns 

4 Test Specimens 

In isotropic material, standard shaped test specimens are normally used to define the 

material properties. These test specimens are defined according to some test standards 

for example ASTM or ISO after years of research. They are well suited to answer most 

of the questions in material testing. 3D printed products are different compared to those 

materials. Although the printing is done using the isotropic material, the way of manu-

facturing makes the final product anisotropic. Using the same techniques and similar 

test specimens for experiments will not answer all the questions as in other isotropic 

materials. Many researches are done considering the similar techniques and similar test 

specimens, but the findings are always confined at one point. They are productive to 

address few questions but not good enough to kill all queries. For instance, research 

works that have been carried until now have found the ways to build the strongest 3D 

printed products but still not any research has been able to answer how to calculate its 

strength. Almost all the research works done in this field has been started from adopting 

some standard shaped test specimens and trying to analyze the result. So, the findings 

are always confined at a point. The used test specimens were not designed for testing 

3D printed products so, the prevalent approach of researching in this particular area 

needs to be corrected somehow. 

3D printed products were collected that can be mechanically loaded which are used as 

test specimens. Collected 3D printed products vary from one another. The ways, they 

are loaded mechanically are different from each other. Some of the test specimens are 

loaded under the bending moment, some with torque, tensile stress, and compressive 
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stress. The failures under all those circumstances are compared and analyzed to carry 

the research forward. DIC is well suited to cover all those variations in testing. DIC can 

be used efficiently to analyze the phenomenon going while testing those test specimens.  

All the test specimens collected are printed using the uPrint SE 3D printer manufactured 

by the Stratasys. According to the manufacturer, the machine builds the objects with the 

layer thickness of 0.254 mm. All the test specimens were printed using the material 

ABS plus thermoplastic as printer can print only ABS plus thermoplastic as building 

material. ABS plus has ultimate tensile stress (X) of 31 Mpa and ultimate shear stress(S) 

of 35 Mpa. More technical specifications for both printers and materials are available in 

the manufacturerôs database referenced as [18] in this article. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 11 Test Specimens 
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5 Experimental Results 

The images captured from the DIC set up were analyzed using Davis LaVision soft-

ware. The number of the images from each test depends on the amount of time; they 

resisted the applied load before failure. For all tests, image capturing rate was 100 

frames per second. So, each test has minimum thousands or even tens of thousands of 

pictures in some cases. It is neither easy nor is important to analyze all the pictures to 

calculate the strain field. The reason behind taking such large number of pictures is to 

make sure that the important moments during the experimentation is not missed. So, 

from each test, appropriate numbers of images after constant intervals were classified 

from the bulk to analyze. 

Primarily, the strains on the test specimen at the failure area were calculated if the fail-

ure area is visible in the camera focus. Strains are then compared with the force ob-

tained from the testing machine. Some of the specimens failed at the points that were 

not visible in the camera or out of focus. The areas where the cameras were focused on 

such specimens were used to extract the strain behavior of the sample on those areas. 

Graphs depict the strain relative to the preceding image starting from the strain zero 

conditions. All three strains (Exx, Exy, and Eyy) are extracted and studied from the La-

vision software. 

High-resolution images were taken separately from the fracture surfaces of the test spe-

cimens after the experiment. The important factors behind the failure that are not ob-

vious to the naked eyes are visible from the high-resolution camera images. The causes 

and nature of the failure surface of each test specimens and the force associated with the 

failure are discussed that are visible in the images. 

Test results are categorized under different test specimen heads, and each head has two 

sub types namely fracture surface analysis and DIC results. 
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5.1 Test Specimen 1 (Gear) 

The strength of the 3D printed gear teeth was tested with the DIC setup as explained in 

the experimental setup. The same gear was experimented three times with different 

teeth as the building orientation of the teeth was different from each other. Following 

figure shows the test setup for the gear setup. 

 

Figure 12 Gear Experimenting Setup 

Gear was fixed from the top, and the structure that is hooked to the teeth was pulling it 

down. The rate of pulling down in terms of displacement was 1mm/min. The force that 

caused the failure of the tooth was mostly shear force. Depending on the teeth building 

orientation the result of the failure was different and explained in detail below. 

5.1.1 Fracture Surface Analysis 

× 0-degree orientation 
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Figure 13 Failure in gear tooth (0 degrees) 

The building orientation of the tooth is parallel to the force in action. The failing teeth 

totally snapped from its place and got separated from the parent piece. The failure was 

similar to the brittle materials like ceramics and glasses that shatter when the enough 

load is applied. Failure surface was in the same plane with each alternating layer. The 

odd number layers were broken at one plane, and even number layers were broken at 

another plane and the difference between the broken planes is very negligible that the 

failure surface can be counted as one plane.  

× 45-degree orientation 

 

Figure 14 Failure in gear tooth (45 degrees) 


