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Abstract 

Multi-material 3D printed (MM3DP) samples offer enhanced mechanical performance with the 

added benefit of being customizable for specific applications. However, MM3DP structures have 

weak adhesion at the boundary interface. So, the interface characteristics in those structures are a 

critical factor in determining the strength of the structures and predicting failure. Digital image 

correlation (DIC) is a full-field strain measurement technique ideal for evaluating the non-uniform 

load response in anisotropic materials due to their heterogeneous composition. This thesis 

demonstrates the fabrication of MM3DP samples using two distinctly different printing methods. 

The multi-material samples were extensively compared with the homogenous samples of the same 

base material with a shear test to assess their mechanical performance. Strain variations on the 

samples were analyzed and post-processed with DIC software as different material combinations 

were explored. Additionally, statistical analysis was performed to validate the results and assess 

the feasibility of the methodology.  
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Chapter 1 Introduction 

1.1 Motivation 

Additive manufacturing (AM), commonly known as 3D printing (3DP) is used to manufacture 

prototypes, models, or functional components from a three-dimensional Computer Aided Design 

(3D CAD) file. The 3D objects are produced by directly adding the materials layer-by-layer until 

the final structure is formed [1]. The main focus of this printing method was to produce prototypes 

or representative parts before a commercial part was produced since its invention in 1984 [2]. 3D 

printing enables parts to be produced with complex geometries, reduced time, minimal material 

wastage, and lower energy consumption, which were not achievable with conventional 

manufacturing techniques [3ï6]. These advantages, along with the constant advancement in printer 

design and materials, have contributed to a market size of $ 4.56 billion in the U.S.[7]. 3DP has 

seen widespread applications in form and fit component, automobile, aerospace, material 

modelling, teaching aids, medical implants, prostheses, jewelry, and microdevices [8ï21]. Surveys 

have shown the success of the adoption of this technology, as seen in Figure 1-1(b), where 

industrial 3D printers have the majority of the market share. Figure 1-1(a) illustrates the ten-year 

forecast of the additive manufacturing market size, estimated to grow at a Compound Annual 

Growth Rate (CAGR) of 20.51% to reach around USD 29.49 billion by 2033. North America 

currently holds the largest market share at 36.14%. The CAGR represents the average annual 

growth of the market size over this period. 
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Figure 1-1: (a) Additive manufacturing market size forecast between 2023-2033; (b) Additive 

manufacturing market share between desktop 3D printers and industrial printers [7]. 

Researchers are currently working on multi-material 3DP techniques to fabricate multi-material 

parts. A multi-material component is generally defined as a solid object composed of two or more 

materials distributed continuously or discontinuously randomly. Multi-material 3D printing 

(MM3DP) structures allow the design of complex geometries with tunable properties, resulting in 

parts with mechanical properties specifically tailored to the application. For example, the Eco 

Bracket by Diehl Aviation, composed of 3D-printed carbon fiber elements and thermoplastic 

composites, is 50% lighter and costs 50% less than traditional aluminum brackets [22]. 

The primary challenge with MM3DP is the weak adhesion among the heterogeneous polymers at 

the boundary interface. Studies have indicated that the interface formed between the heterogeneous 

materials at their geometrical boundary is considered a crucial element in multi-material 3D-

printed components [23]. So, it is important to characterize the interface at the geometrical 

boundary of multi-material parts and evaluate the adhesion performance between the different 

materials.  
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Due to the complexity of the material composition in a multi-material structure, the materials 

experience heterogeneous deformation. Non-invasive methods like Digital Image Correlation 

(DIC) are ideal for evaluating such deformations. Samples are speckled before a load is applied. 

Cameras capture images at a high frame rate as the sample undergoes deformation, and the images 

are then correlated to track the speckles to extract the strain field. This technique has proved its 

efficacy in measuring non-uniform deformations in complex structures like composites [24ï26]. 

Additionally, it can be compared to finite element analysis (FEA) and be used for model 

validations. 

1.2 Thesis Objective 

The main objective of this thesis is to analyze the interface characteristics of multi-material 3D 

printed structures and compare them with homogenous base material counterparts. Two different 

printing methods ï Fused Filament Fabrication (FFF) and Digital Light Processing (DLP) were 

used in two studies to evaluate the adhesion characteristics of multi-material structures. Failure 

modes were observed after the samples failed to determine the quality of adhesion between the 

materials. The first requirement to achieve this objective is to analyze the axial and shear strain 

variations along the samples particularly at the boundary interface at the overlap region. Digital 

Image Correlation (DIC) was used to capture a large number of images as the samples were put 

under shear loading to evaluate the strains at different parts of the samples. Samples are speckled 

before loading into the universal testing machine. The DIC software then tracks these speckles, 

correlating all the images as the sample undergoes deformation. The results will provide detailed 

strain measurements, failure modes, and manufacturing consistency of the samples as different 

combinations of materials are explored. 
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1.3 Thesis Outline 

The thesis consists of five chapters. Chapter 2 discusses the fundamental topics discussed in the 

thesis and provides a review of the previous studies related to multi-material 3D printed structures 

and Digital Image Correlation. The gaps in the literature have been summarized and discussed in 

this chapter which provides motivation for the next chapters. 

Chapter 3 discusses the analysis of interface characteristics of FFF-printed multi-material 

structures. Shear and axial strains on single-lap joint samples of various material combinations, 

including homogenous and heterogeneous samples, were measured under a shear loading test using 

2D DIC. The methodology demonstrated in the study showed the feasibility of FFF printing to 

fabricate multi-material structures with enhanced mechanical performance. The study described in 

Chapter 3 has been submitted to a peer-reviewed journal - ñComposites Structuresò under the title 

ñAnalysis of interface properties of multi-material fused filament fabrication (FFF) printed 

polymer composite structuresò and is currently with the editor. 

A different approach to multi-material 3D printing was explored with DLP printing. The 

methodology and results of this study are described in detail in Chapter 4. In this study, shear tests 

were performed on the DLP-printed single-lap joints to analyze shear strains and axial strains 

under loading conditions. 2D DIC was used to analyze the strain variations on the sample at 

different loads and to characterize the interface characteristics of the lap joint samples. The study 

shows promising results, highlighting the potential applications of this technology in the 

fabrication of soft robotics, microfluidic chips, and artificial tissues. It will be submitted to a peer 

review journal ï ñAdditive Manufacturing,ò under the title of ñAnalysis of the interface properties 

of multi-material digital light processing (DLP) printed polymer structuresò.  
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Chapter 5 summarizes all the results and findings from the two studies conducted in Chapters 3 

and 4. It also provides some recommendations from the author to improve the methodology based 

on the experience and knowledge gained during the investigations. The final section also suggests 

some areas that could be explored in the future based on these studies.  
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Chapter 2 Literature Review 

2.1  Introduction 

The objective of this thesis is to analyze the characteristics of multi-material 3D-printed (MM3DP) 

single-lap joints using digital image correlation (DIC). This chapter discusses the fundamental 

topics relevant to this thesis and reviews a number of key literature sources in this area. Subsequent 

sections introduce 3D printing, analysis of adhesive strength, and digital image correlation. The 

chapter concludes by identifying the literature gaps and demonstrating how this study addresses 

those gaps. 

3D printing is considered a transformative technology with the potential to disrupt the 

manufacturing industry by replacing traditional processes. It offers several advantages over 

conventional manufacturing processes, including the ability to produce complex geometries with 

minimal material wastage and energy consumption, all at a lower cost. The first section of this 

chapter introduces 3D printing and the advancements that have led to the development of multi-

material 3D printed structures. It also covers the various methods for manufacturing multi-material 

structures and their applications.  

The next section introduces an analysis of adhesion strength between materials and explores the 

different methods generally used. It also discusses an extensive review of various literatures on 

analyzing adhesion strength.  

The next section introduces DIC. The fundamental principles of DIC and the different image-

processing techniques have been discussed extensively. Following a comprehensive review of 
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various literature, the highlights and benefits of DIC are discussed, emphasizing its superiority 

over traditional strain measurement techniques. 

2.2 3D Printing 

2.2.1 Fundamentals of 3D Printing  

Additive manufacturing, commonly known as 3D printing, started in the early 1980s with the 

advent of stereolithography, a technique that used a laser to selectively cure photopolymers [1]. In 

1992, Stratasys introduced another manufacturing technique called fused deposition modelling 

(FDM) [2]. A thermoplastic filament is heated to its melting temperature and extruded through a 

nozzle to deposit on a surface and subsequently on the different horizontal layers as predefined in 

a digital model. Later, as 3D printing technology advanced, other techniques were developed. 3D 

printing offers numerous advantages, including the ability to produce complex geometries, reduce 

costs and lead times, enable greater customization, and minimize material wastage [3]. These 

benefits have led to its adoption in various manufacturing sectors, such as aerospace [4ï6], robotics 

[7ï9], automotive [10], energy [11,12], food [13ï15], medical [16ï19], and chemical industries 

[20ï22]. Research and studies by academia and industries have significantly expanded the material 

pool for 3D printing. It is now possible to directly fabricate parts from metals [23ï26], ceramics 

[27ï30], glass [31ï33], and polymers [34ï37]. This process has been very useful in producing 

prototypes and has been very popular with both industries and hobbyists. 

Standards from International Organization for Standardization (ISO) and the American Society for 

Testing and Materials (ASTM) have classified the different 3D printing processes into seven 

categories: binder jetting, directed energy deposition, material jetting, powder bed fusion, sheet 
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lamination, material extrusion, and vat photopolymerization [38]. A summary of all the various 3D 

printing methods has been provided in Table 2-1. 

Table 2-1: Summary of different 3d printing methods 

Methods Commercial 

models 

Material Benefits Drawback

s 

Resol

ution 

Popular 

brands for 

printers 

Binder 

jetting 

*3DP: 3D 

printing 

*ExOne 

Metals: 

Stainless 

steel 

Polymers: 

ABS, PA 

Ceramics: 

Glass 

*Faster 

*No melting 

*Low 

mechanical 

properties 

*Post 

processing 

required 

13-16 

Õm 

HP, 

Markforged, 

Desktop 

Metal 

Direct energy 

deposition 

*LENS: 

Laser 

engineered 

net shaping 

*SDL: 

Selective 

Deposition 

Lamination 

Metals: 

Cobalt, 

Nickel, 

Titanium  

*No support 

structures 

*Enabling 

modificatio

n of grain 

structure  

*High 

initial 

investment 

 

250 

Õm 

Optomec, 

DMG Mori, 

AddUp 
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Material 

Jetting 

*NPJ: Nano-

particle 

jetting 

*DOD- 

Drop-on 

demand  

Polypropyl

ene, 

HDPE< 

PS, PMMA 

*High 

accuracy 

*Multi-

material 

printing 

*Post 

processing 

required 

*Proprietar

y materials 

5-200 

Õm 

Stratasys, 

3D Systems, 

DP Polar 

Powder bed 

fusion 

*DMLS: 

Direct metal 

laser 

sintering 

*SLM: 

Selective 

laser melting 

*SLS: 

Selective 

laser 

sintering 

*SHS: 

Nylon 

DMLS. 

*SLM: 

Stainless 

steel, 

titanium, 

aluminum 

*SLS: 

Nylon, 

PEEK 

*Wide 

material 

range 

*Minimal 

support 

structures 

required 

*Weak 

structural 

properties 

*Long print 

time 

80-

250 

Õm 

Stratasys, 

Prima 

Additive 

Sheet 

lamination 

*LOM: 

Laminated 

object 

manufacture 

*SDL: 

Selective 

Paper, 

plastic, and 

sheet 

metals 

*Inexpensiv

e 

*Relatively 

fast 

*Limited 

material 

use 

*Post 

processing 

0.1 

mm 

BCN3D 

Technologie

s 
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deposition 

lamination 

may be 

required 

Material 

extrusion 

*FFF: Fused 

Filament 

Fabrication 

*FDM: 

Fused 

Deposition 

Modelling  

*Polymers: 

ABS, PLA, 

PETG, 

TPU, PC 

*Inexpensiv

e 

*Ease of use 

*Nozzle 

design 

issue 

*Less 

accurate 

50-

200 

Õm 

Prusa 

Research, 

Bambu Lab, 

Creality, 

Stratasys 

Vat photo-

polymerizati

on 

*SLA: 

Stereolithogr

aphy 

*DLP: 

Digital Light 

Processing 

*Photopoly

mers 

*Good 

finish 

*Relatively 

fast 

*Expensive 

*Post 

processing 

required 

10 

Õm 

Prusa 

Research, 

Elegoo, 

Formlabs 

2.2.2 Multi-Material 3D Printing 

Traditional 3D printing methods are limited in the production of prototypes due to lower 

mechanical performance than conventional manufactured parts. So, efforts have been made to 

fabricate functional materials using this technology. The materials should be able to be specified 

and designed in specific locations to successfully fabricate functional materials. Recent 

developments in 3d printing have allowed functional materials to be fabricated using multiple 

materials in one object with customized performance characteristics. This has enabled the tailoring 

of the properties of the components, such as thermal, mechanical, and optical properties [39,40]. 
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Several industries, such as aerospace, automotive, biomedical, and electronics [41], have already 

integrated multi-material 3D printing as they look forward to Industry 4.0 and focus on lean 

manufacturing. For example, NASA reduced the number of manufacturing steps for a fuel injector 

from 163 to just 2 by using 3D printing [42]. 

Studies have investigated different 3D printing techniques, such as material extrusion, material 

jetting, direct ink writing, vat photopolymerization, and direct energy deposition to produce 

MM3DP parts. The next section introduces those different techniques and their potential 

application areas. 

2.2.2.1 Different Processes for Multi-Material Additive Manufacturing 

2.2.2.1.1 Material Extrusion 

Material extrusion (ME) is one of the most commonly used 3D printing techniques that extrude a 

material feedstock through a single nozzle or multiple nozzles, enabling the fabrication of an object 

with multiple materials [43]. It is capable of printing with a wide range of materials, including 

thermoplastics [44], metal-filled thermoplastics, composites [45], flexible elastomers [46], and 

blended multi-material powder-based feedstock [47,48]. The feedstock is melted inside the 

extruder and deposited onto a build plate layer-by-layer, as illustrated in Figure 2-1. Single hot-

end printers use a modifier like the multi-material unit (MMU) in Prusa printers (Prusa Research, 

Czech Republic) to switch the filaments in the middle of the print. Printers with multiple hot ends, 

which are relatively expensive, preload filament into their extruders that then extrude the different 

filaments independently on the print bed. For successful functional prints, the different feedstock 

materials used in multi-material (MM) printing must have good adhesion properties.  



15 

 

 

Figure 2-1: Schematic representation of FFF printing 

Yin et al. [46] demonstrated the significance of optimum processing parameters for an adequate 

interfacial bonding between thermoplastic polyurethane (TPU) and acrylonitrile butadiene styrene 

(ABS) bi-material structures. The theoretical model was in good agreement with the experimental 

results and predicted the interfacial bonding strength based on thermally driven diffusion of multi-

material filaments.  

Ribeiro et al. [49] compared different interface mechanisms with homogenous PLA and 

heterogeneous PLA-TPU dovetail shape samples. One set of samples was designed for 

microscopic interfaces with a U-shape interface, while the other was designed for a macroscopic 

interface with a mechanical interlocking mechanism. Even though better mechanical performance 

was observed in samples with macroscopic interface designs, the interface adhesion was weak. 

The heterogeneous samples were significantly weaker than the homogenous samples as the multi-

material samples delaminated at the interface. 

Lopes et al. [50] compared three different samples: single material sample with a single extruder, 

single material sample with a dual extruder in a zebra crossing structure, and a multi-material 
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sample with two materials in a zebra crossing pattern with dual extruder. PLA, TPU and PET 

filaments were used as feedstock material. The results demonstrate the weak zones at the 

geometrical boundary interface in the multi-material samples due to a lack of chemical affinity. 

Hence, the multi-material samples were weaker than the single-material samples. 

2.2.2.1.2 Powder Bed Fusion 

In powder bed fusion (PBF), a layer of metal powder is spread on a substrate with a powder feeding 

system such as a rolling blade, selectively melting or sintering the area according to the computer-

aided design (CAD) files. PBF printers use a laser (L-PBF) or electron beam (E-PBF) as a heat 

source [23]. The process is repeated for subsequent layers as the later layers are sintered or melted 

with the previous layers [43] as shown in Figure 2-2. 

 

Figure 2-2: Schematic representation of PBF printing 

 The single powder delivery system limits the use of PBF printers for MM structures. Hence, multi-

material samples with PBF are achieved by blending materials in different combinations [51,52]. 

Wei et al. [53] analyzed the characteristics and mechanical performance of Ti-5Al-2.5Sn/Ti-6Al-

4V dual alloy material by SLM. The dog-bone specimens have a defect-free metallurgical bonded 

interface with almost similar microhardness at the two regions.  
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Chueh et al. [54] integrated FFF and PBF to analyze the bonding between metal and polymer parts. 

The study exhibited good adhesion between the metal and polymer with varying low-energy 

density lasers. 3D-printed mobile phone back cases and implants for controllable drug delivery 

systems were also successfully printed in this study with PBF to highlight the potential applications 

of heterogeneous metal/polymer structures. 

The studies demonstrate the importance of optimizing process parameters, which allow the 

previous layers to be remelted and form proper bonds between each layer. Wu et al. [55] exhibited 

cracks between the different materials due to the varying thermal properties. Studies have shown 

that using smaller powder sizes with high melting points improves the mechanical performance of 

multi-material samples [56,57]. This is because the increased surface area results in greater energy 

absorption. 

2.2.2.1.3  Material Jetting 

Material jetting (MJ) deposits microdroplets on the build platform layer by layer and is then cured 

by UV light, as illustrated in Figure 2-3. Due to the nature of the technique, the number of materials 

that can be used in this process is very limited, as materials need to be viscous enough to form 

droplets. For the fabrication of multi-material samples, several tiny nozzles are fitted into the print 

head to print multiple photo-curable materials simultaneously with a high-resolution [58,59].  
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Figure 2-3: Schematic representation of material jetting  

Vu et al. [59] used this process to fabricate multi-material fracture specimens with elastomer 

(TangoBlackPlus) and glassy acrylic (VeroWhitePlus) materials. Fractures were mainly observed 

at the material interface region. The study also demonstrated that the joint interface can be 

improved with gradient material interface. 

2.2.2.1.4 Vat Photopolymerization  

In vat photopolymerization (VPP), UV light is projected on a photopolymer resin, forming cross-

links in the polymeric chain to transform the liquid resin into a solid. Figure 2-4 illustrates the 

working principle of VPP. This process produces parts with high accuracy and surface finish [60].  
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Figure 2-4: Schematic representation of VPP printing 

Generally, multiple vats with different resins are used to fabricate MM parts with this process 

[60,61]. Hwangbo et al. [61] compared the mechanical properties of four different pairs of multi-

materials with varying acrylate compositions on one part of the samples. Low functional acrylate 

with low viscosity exhibited better adhesion at the interface. 

VPP has also been used to fabricate micro actuators with two different materials with distinct 

Youngôs moduli [60]. Two different vats were used during the fabrication, as they were switched 

out in the middle of the printing process to enable multi-material prints. Strong interface bonding 

was observed in the multi-material samples, as the yield strength was higher than that of the soft 

material. The methodology was also validated by printing a balloon with a self-sealing rigid inlet. 

The primary challenge is the longer printing process required, as the vats need to be changed during 

MM printing. 

2.2.2.2 Summary 

MM 3D printing has enabled the fabrication of multi-material structures with improved 

mechanical performance, but it also presents challenges. Studies have been conducted using 

different processes and methods, primarily where different materials were assigned at various 
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layers. Analysis shows that most of the multi-material samples exhibited weak adhesion at the 

interface of the other materials. The adhesion strength can be improved by selecting the proper 

material combination and a suitable design process. So, further investigations are required to 

explore better material combinations and characterize the interface at the geometrical boundary of 

the multi-materials. 

2.3 Selection of AM methods for the thesis  

Material extrusion and vat photopolymerization are two of the most widely used methods in AM. 

FFF from ME and DLP from VPP were selected for the two distinct studies in this thesis. These 

AM methods are fundamentally different and offer unique advantages, as discussed in the previous 

section. 

In FFF, the material is melted and deposited layer by layer, with layers adhering through thermally 

induced diffusion bonding [62]. In contrast, DLP involves polymerizing liquid resins under UV 

light, forming cross-links between each layer, resulting in strong chemical bonds. These 

differences highlight the distinct approaches each method takes in achieving layer adhesion. 

The resolution of these two AM methods [43] indicates that the layers can be modified at the 

macroscopic level for FFF, whereas DLP has the ability to alter the microstructure of each layer. 

However, studies have shown that both these processes exhibited weak adhesion at the interfacial 

layer for multi-material prints, as discussed in the previous section. 

Therefore, exploring different material combinations for FFF and DLP is crucial for improving the 

mechanical performance of multi-material prints. Additionally, investigating the interface 

characteristics of the boundary layers in these multi-material prints is important to understand and 
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enhance the adhesion between materials, leading to more robust and reliable multi-material 

components. 

2.4 Analysis of Adhesion Strength 

Two materials are combined using adhesive joints. These ensure a uniform load distribution, 

reduced stress concentrations, lighter parts, and lower cost than rivet or welded joints [63]. Various 

standards from ASTM and ISO are available, which provide a standardized method to analyze the 

adhesion at the joint [64,65].  

ASTM D5868 is one such standard that demonstrates a standard test method for lap shear adhesion 

for fiber reinforced plastic (FRP) bonding [64]. Two fiber-reinforced parts of 25.4 mm by 101.6 

mm with a thickness of 2.5 mm are joined together with an overlap area of 645 mm sq. with a 

suitable adhesive. Five samples must be prepared at least for the test and cooled at room 

temperature for a minimum of one hour after applying the adhesive. They are then tested in a 

universal testing machine (UTM) with an initial grip separation of 75 mm and at least 25.4 mm of 

the sample held in the test grips. The loading rate is specified to be 13 mm/min. 

Hiremath et al. [66] analyzed the effect of printing orientation on the mechanical and shear 

characteristics of PLA specimens produced using FDM. Shear test was conducted based on ASTM 

D5868 to evaluate the shear strength of the samples. The 3D-printed single-lap joints with 0Á print 

orientation had the highest shear strength than the samples with other print orientations. 

Impregnating different fiber fabrics in the adhesive improved the strength of adhesively bonded 

single-lap joints [67]. Shear tests on the different single-lap joints showed that the presence of 

bidirectional carbon fibers in the adhesive exhibited the best performance. 
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Adhesively bonded Tin-GE single-lap joints were analyzed under different loading rates to 

evaluate the adhesion between the multi-materials [68]. Lap shear strength exhibited the same 

trend as the toughness and maximum load as the loading rate was increased. Though both cohesive 

and adhesive behavior was observed at meagre loading rates, adhesive failure was observed as 

loading rates increased. 

The studies mentioned above highlight the importance of shear tests on single-lap joints in 

determining the adhesion characteristics at joint interfaces. Different failure modes in adhesively 

bonded samples, as illustrated in Figure 2-5, can also be characterized by ASTM standard [69]. 

The standard for classifying failure modes in FRP joints classifies the failure modes into the 

following categories: 

¶ Adhesive failure ï separation of the joint at the adhesive-adherend surface. 

¶ Cohesive failure ï separation of the joint within the adhesive 

¶ Thin-layer cohesive failure ï separation of the joints very close to the adhesive substrate 

interface. 

¶ Fiber-tear failure ï rupture within the FRP matrix. 

¶ Light-fiber tear failure ï rupture within the FRP matrix close to the interface, with a thin 

layer of FRP matrix on the adhesive. 

¶ Stock break failure ï rupture of the FRP matrix outside the adhesive joint region. 

¶ Mixed failure ï any combination of two or more failures mentioned above. 
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Figure 2-5: Different failure modes according to ASTM D5573 

An adhesive failure indicates poor adhesive strength, whereas a stock break failure indicates a 

good adhesion between the materials.  

2.5 Analysis of fiber content in 3D printing filaments 

3D printed parts have been reinforced with different fibers in recent studies to improve the 

mechanical properties of these parts [70ï72]. Various reinforcement materials have been 

incorporated in 3D printing filaments, such as polymer fibrils [73], carbon nanotubes [74], glass 

fibers [75], and carbon black [76]. Some of the studies have introduced these different fibers in the 

thermoplastic filament to fabricate parts with better recyclability, increased mechanical 

performance, and reduced cost [77]. 

Impregnating 13 % by weight carbon fibers in ABS filament increased the tensile strength of dog 

bone samples by 200% and modulus by 400% [78]. In the study, ABS pellets were compounded 

with chopped carbon fibers in a high shear mixer to produce the reinforced filament. Samples were 

fabricated with continuous carbon fiber winding, demonstrating parts with comparable mechanical 

performance but lighter and more inexpensive than conventional parts. 

Zhong et al. [75] mixed ABS with short glass fibers with a twin extruder to achieve higher strength 

and hardness than conventional ABS. Samples fabricated with the blended reinforced ABS 
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exhibited higher tensile strength. The blended filaments also produced good 3D printed parts with 

the addition of small amounts of plasticizer and compatibilizer. 

Tekinalp et al. [79] demonstrated a significant increase in tensile strength and modulus in 

ABS/carbon fiber FFF samples. A maximum of 115 % increase in tensile strength and 700 % 

increase in modulus was achieved with 40 % fiber content. Researchers have been unable to 

fabricate 3D-printed parts with more than 40 % fiber content in the filament as the nozzles would 

become clogged [35]. 

As the different fiber content in the filament significantly influences the mechanical properties of 

the samples, it is essential to determine the fiber content of the FRPs. The fiber content in FRPs is 

generally evaluated through thermogravimetric analysis (TGA) [80], acid digestion [81], and burn-

off [82]. Recent studies have suggested that TGA is a more economical, automated, and accurate 

method to determine the fiber content in FRPs [83ï86].  

Moon et al. [80] compared TGA results with standard digestion and ignition loss methods to 

determine fiber content in carbon fiber-reinforced polymer (CFRP) and glass fiber-reinforced 

polymers (GFRP). The TGA results were within 1% consistency and in agreement with the 

standard ignition and digestion methods.  

Reliability of TGA technique has also been investigated for graphite/epoxy composites [86]. The 

measurements of fiber weight percent were consistent within 1% and agreed with the 

measurements from matrix digestion. The study also highlights the sensitivity of the results to 

errors in the composite density. 
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2.6 Optical Measurement Techniques 

Heterogeneous or multi-material samples undergo non-uniform deformation under loading 

conditions. Optical measurement techniques are well-suited to measuring this type of deformation 

in complex structures such as composites and multi-material 3D-printed structures. The following 

section discusses digital image correlation (DIC), which is one of the popular optical measurement 

techniques. 

2.6.1 Digital Image Correlation (DIC) 

Point-wise strain gauge technique is a prevalent technique for measuring deformation but has 

limitations [87,88]. The technique is not ideal for materials sensitive to very low stresses or with 

complex geometries as it is in direct contact with the testing samples. These challenges can be 

overcome by using non-invasive, full-field optical techniques. Various full-field optical 

techniques, such as speckle interferometry, moir® interferometry, holography interferometry, grid 

method, and digital image correlation, have been used in studies to measure deformation in a wide 

range of materials. DIC is a non-interferometric optical technique that has been widely accepted 

and used in the measurement of surface deformation [88]. It evaluates full-field displacements and 

strains by correlating digital images of a speckled sample surface from the initial undeformed stage 

to the deformed stage. It is an easier technique compared to the other interferometric techniques.  

DIC setup consists of a charge-couple device camera (CCD) or a complementary metal-oxide 

semiconductor camera (CMOS), a computer with a storage device to record the images, and a 

speckled sample. The speckling pattern on the samples should be random and have sufficient 

contrast to achieve good DIC results [89]. Often, white or black paint is sprayed with a spray can 

or airbrush to achieve white or black speckled dots on the samples [88,90]. External light sources, 
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such as blue light [91], UV light [92] or white light [93], may be required to sufficiently illuminate 

the samples before recording images. 

The captured images are segmented into evenly spaced subset windows, the size of which depends 

on the speckling density. Subsets are numerically correlated to each successive image from the 

reference image with the undeformed sample. The pattern in each subset window is approximated 

using an algorithmic interpolant function. The function then deforms from the reference image 

based on a subset shape function [89]. This provides the vector direction of the deformations and 

the strain on the sample. Figure 2-6 illustrates a shear strain distribution on a speckled sample after 

DIC processing. 

 

Figure 2-6: Representative images of a speckled sample with strain map. (a) Image of a 

speckled sample captured with a CCD camera; (b)Shear strain on the sample before 

failure after DIC processing 

 

DIC measurement can be divided into four different steps ï (a) speckling the samples, (b) image 

calibration, (c) capturing of images during deformation, and (d) post-processing captured images 

to evaluate various properties [88]. A calibration target with predetermined spacings or a scale can 
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be used as the reference image for calibration to convert from pixels to physical units (inches, 

mm). 

2.6.2 Two-Dimensional Digital Image Correlation  

DIC was initially designed to evaluate only planar deformations on materials [94]. Studies have 

improved and validated the accuracy of this technique in later years [95,96]. Two-dimensional 

(2D) DIC generally uses a single camera to capture images as the sample is deformed. Figure 2-7 

illustrates an example of a 2D DIC setup. 

 

Figure 2-7: Schematic representation of a DIC setup 

The limitation of 2D DIC is that it can evaluate only in-plane deformations and cannot determine 

out-of-plane deformations. 2D DIC can also be integrated with optical microscopy [97ï99], laser 

scanning confocal microscope [100,101], scanning electron microscopy (SEM) [102ï104], atomic 

force microscopy (AFM) [105ï107], and scanning tunnelling microscope (STM) [108ï110] to 

measure microscale and nanoscale deformation. 

2D DIC was conducted to determine the mechanical behavior of bonded and hybrid bonded-bolted 

(HBB) under quasi-static tensile loading [111]. The study highlighted the advantages of 2D DIC 
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over conventional methods, like using a strain gauge to measure deformations. The tensile strain 

and shear strain distributions were shown in detail to evaluate the strain-concentrated regions, 

especially the region near the hole in the middle of the bonded joint.  

2.6.3 Three-Dimensional Digital Image Correlation 

2D DIC setup was modified by adding extra cameras to enable three-dimensional (3D) DIC, which 

evaluated both in-plane and out-of-plane deformations. 3D DIC requires a minimum of two 

cameras at a stereo angle for cross-correlation of images and image correlation. In stereo-DIC, the 

correlation between the reference and the image of deformed samples is correlated with the images 

from the other camera. 

Melenka et al. [93] implemented 3D DIC to evaluate the effect of braiding pattern and braid angle 

on the strain pattern for tensile and torsional loads. The braid surface height was also assessed with 

the help of 3D DIC with some post-processing. The results show non-uniform strain patterns due 

to the braid yarn undulations. 

Dondish et al. [112] demonstrated 3D DIC with a single high-speed camera and four planar 

mirrors. They evaluated the performance of carbon fiber-reinforced polymer laminates in 

compression after impact with 3D DIC. The study validated the use of a single high-speed camera 

with setup modifications as feasible, which offers a significant cost reduction compared to having 

a pair of high-speed cameras. 

2.7 Gaps in Literature 

Recent studies have investigated the fabrication of multi-materials with 3D printing to improve 

the mechanical properties of the 3D-printed parts, which can be used as functional materials. The 

majority of the studies have used inkjet printing and material jetting to investigate the performance 
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of the multi-material parts [42,113]. Almost every paper has highlighted the importance of 

analyzing the interface characteristics in MM3DP structures, as weak adhesion would cause 

delamination at the interface [49,50]. Very limited studies have utilized FFF or DLP printing to 

fabricate multi-material structures, though these are the most popular methods for conventional 

3D printing. Material combinations have to be explored to find suitable combinations that adhere 

well to each other. These studies have exhibited weaker multi-material parts than its homogenous 

base material 3D printed samples. Researchers have used filaments impregnated with fibres to 

improve the mechanical performance of FFF 3D-printed parts [75,77], but no literature has been 

found on having different reinforced filaments to fabricate an FFF multi-material sample.  

Though studies have investigated 3D-printed parts with DIC, no studies were found that utilized 

DIC to analyze the interface characteristics of FFF and DLP 3D-printed multi-material parts. DIC 

has been proven very effective for materials with non-uniform deformations, so it is ideal for 

analyzing the deformations in multi-material 3D-printed samples where the material properties 

may differ significantly. It tracks the deformation of the samples to generate the strain maps at 

different loads on the sample, which evaluates localized strains. Potential weak areas on the 

samples could also be assessed from the strain propagation. More data could be extracted using 

DIC to analyze the interface characteristics in greater detail for the MM3DP structures. 

The literature review concludes that there is much to explore in MM3DP, from selecting the proper 

combination of materials to the printing process. The lack of data in specific areas highlights the 

need for an in-depth analysis of interface characteristics in MM3DP structures. This requires a 

proper printing process with optimum printing parameters. 
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2.8 Proposed Study 

The author suggests that the studies on the analysis of interface characteristics in MM3DP 

structures demonstrated in the following two chapters address the gaps in the literature. The first 

study evaluates the interface characteristics of FFF-printed single-lap joints using 2D DIC. Two 

thermoplastic filaments and a fiber-reinforced filament were used to make different homogenous 

and multi-material samples. The strength of the multi-material samples was compared to 

homogenous samples with mechanical testing, and then the results were also compared 

statistically. DLP-printed single-lap joints were used for the second study, and similar mechanical 

testing was performed using DIC. Samples fabricated in this study had significantly different 

properties than the FFF-printed samples. Statistical analysis was also performed on the samples to 

identify the statistical difference between the samples.  
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Chapter 3 Analysis of the interface properties of multi-

material fused filament fabricated (FFF) printed 

polymer composite structures  

3.1 Introduction 

One of the key topics of the 21st century in the society is sustainability. Industrial activity 

accounts for 22% of total final energy consumption and for about 20% of global CO2 

emissions [1]. According to the model calculations shown by Gebler et al., additive 

manufacturing, which is commonly known as 3D Printing, has the potential to reduce costs 

by $170-593 billion US, the total primary energy supply by 2.54-9.30 EJ, and CO2 emissions 

by 130.5-525.5 Mt by 2025 [2]. Additive manufacturing is a rapidly expanding sustainable 

technology that is used to manufacture components with limited wastage of material [3,4]. 

In this process, a specimen is fabricated layer-by-layer, facilitating the seamless production 

of complex geometries.  

Fused filament fabrication (FFF) offers distinct advantages compared to other 3D printing 

methods, primarily affordability and accessibility.  It accounts for approximately 60% of the 

global market share among all different types of 3D printers [5]. The availability of different 

types of filaments has significantly increased compared to previous years, helping users to 

utilize non-conventional materials. Until recently, studies have focused on single-material 

solutions, even after the advent of multi-material 3D printing technologies. One of the main 
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reasons for limited exploration of multi-material 3D printing is the high price of the multi-

material printers [6].  

Even though 3D printing has gained popularity in recent years, the mechanical properties of 

3D printed parts are generally low compared to those of injection-molded parts [7ï9], and 

hence, unusable for critical applications. This limits the potential of 3D printing to a 

prototyping technology. To address these issues, 3D printing of multi-material components 

has enabled manufacturing of 3D printed composite parts with enhanced functionality 

[10,11], reduced part components, and streamlined assembly. This technology enables to 

selectively design samples with multiple materials with varying mechanical properties, 

offering design freedom to manufacture parts with enhanced mechanical properties [12,13] 

and fracture resistance [14]. MM3DP structures have potential applications in critical sectors 

such as ï biomedical, aerospace and electronics [15]. The challenge with 3D printing 

processes is the porosity and anisotropy associated with layer-by-layer printing process. This 

can lead to weak layer adhesion, which results in reduced strength [16].  

Limited studies have been found on multi-material FFF printing, but studies are available on 

multi-material 3D printing based on material jetting process [17]. Rigid materials were 

combined with flexible materials to fabricate a DNA shoe from PENSAR through material 

jetting[18]. Many printers, especially independent dual extrusion (IDEX) printers and even 

printers with five independent extruders, like Prusa XL, are emerging in the current market 

to facilitate multi-material FFF printing. Despite all the progress, these studies [17,18] have 

concluded that the performance of the multi-material 3D printed structures depends highly 

on the adhesion at the interface of the multi-material structures. One of the challenges with 
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multi-material additive manufacturing is the weak strength of multi-material structures due 

to poor adhesive strength between different heterogeneous polymers [19]. This is not a 

concern in materials with multiple-colored filaments, but filaments composed of different 

materials due to their different polymeric properties. In multi-material inkjet printing [17,20], 

the authors have reported that the bonding at the interface of the multi-material structures 

was not as weak as the homogenous materials. Some studies [21,22] have been conducted to 

investigate the boundary interface of multi-material FFF printed structures, where the most 

used filaments like Polylactic Acid (PLA) and Thermoplastic Polyurethane (TPU) were used. 

Though both studies assess different interface mechanisms to evaluate the optimum design 

for better mechanical performance, the tensile modulus of the multi-material structures is 

lower than the homogenous specimens. The multi-material structures also show weak zones 

at the boundary interface and ruptures along it. The research indicates that characterizing the 

boundary interface of multi-material 3D printed structures is essential for fabricating multi-

material parts with better performance. However, current studies lack sufficient data at 

macroscopic and microscopic levels to improve the mechanical properties. 

There have been some studies on the reinforcement of 3D-printed parts in the past few years 

to enhance the mechanical properties of these parts [23ï25]. The performance of 

Acrylonitrile Butadiene Styrene (ABS) specimens by Zhong et al. [26] showed a 22.5% 

increase in strength compared to pure ABS specimens when short glass fibres were 

introduced into ABS. In the work by Shofner et al. [27], ABS filaments with aligned vapor-

grown nano-fibers improved the mechanical properties but decreased the ductility of ABS. It 

has been found that increasing the weight fraction of short fibers by more than 40% results 
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in a clogged nozzle [28], and hence the studies have limited the short carbon fiber quantity 

to 40%. The 3D-printed carbon fiber-reinforced thermoplastic structures offer several 

advantages over conventional thermoplastics, such as recyclability, low cost, and increased 

mechanical performance [29,30]. 

Thermogravimetric analysis (TGA) is used widely for fiber-reinforced polymers (FRPs) to 

measure the weight fraction of the fibers in the polymers [31,32]. B¿cheler et al. [33] used 

TGA to determine the carbon fiber weight percentage of FRP and demonstrated that the 

absolute error with TGA was less than Ñ0.5 wt%. TGA was also performed by Kabir et al. to 

find the weight volume fractions in a commercial carbon fiber reinforced filament (Onyx) 

[34]. Studies have shown that TGA is a cost-effective, automated, and precise alternative 

method that can be used instead of other labour-intensive fiber volume fraction methods such 

as acid digestion, burn-off, and optical instrumentation [35ï38].   

The strain and failure characteristics need to be assessed at the boundary interface of the 

multi-material 3D-printed samples to evaluate the strength of the adhesion between the 

heterogeneous materials. Due to the complexity of the composition of the multi-material 

structures, non-destruction vision-based methods like digital image correlation (DIC) are 

ideal for measuring heterogeneous deformation. DIC is an optical full-field deformation 

measurement technique typically using one or two cameras for image acquisition. It tracks 

randomized speckles sprayed on the samples before mechanical testing through image 

acquisition and their correlation to extract the strain field. It has been proven to be a versatile 

tool and has become common to measure non-uniform deformations during mechanical 
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testing in complex structures like composites [39ï41]. Recent studies have also found DIC 

to be effective for polymeric materials [42]. 

This study aims to analyze the adhesion of different materials at the boundary interface using 

single-lap joints. The samples will be subjected to shear loads in a universal testing machine 

to assess the strain field and mechanical properties. During testing, 2D DIC technique will 

be used to evaluate the samples. DIC has not been performed until now for multi-material 

FFF-printed parts. This would be the first time that DIC has been conducted on FFF-printed 

multi-material structures for an extensive evaluation of the interface properties of the multi-

material structures. Images were taken at two angles simultaneously for both the front and 

side view to get an overall view of the strain maps along the samples as illustrated in Figure 

3-3(b). Microscopic images of the cross-section were also taken to investigate the adhesion 

between the different polymers at the interface.  

3.2 Materials and methods 

3.2.1 Sample preparation 

3.2.1.1 Printer and feed stock materials 

The single lap joints, as shown in Figure 3-1(a) and (b), were designed using SolidWorks 

(Dassault Syst¯mes SolidWorks Corporation, Massachusetts, USA) for a standard test 

method for lap shear adhesion for fiber-reinforced plastic (FRP) bonding [43]. All the 

samples were fabricated using the open-source FFF 3D printer [Prusa MK3S (Firmware 

3.11.0, Prusa Research, Prague, Czech Republic] with a 0.4 mm diameter hardened steel 

nozzle and 1.75 mm diameter feedstock inlet. Samples were printed with 100 % rectilinear 
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infill with a + 45Á/ - 45Á orientation in alternate layers. Multi Material Upgrade 2.0 (MMU2) 

(Prusa Research, Prague, Czech Republic) was also attached to the printer to allow the printer 

to print with five different filaments sequentially without physical intervention. The printer 

has only one extruder, but the MMU2 helps insert and pull out the filaments from the extruder 

automatically, according to the sliced program, without any physical intervention. The design 

of the MMU2 had a limitation where it did not support printing different materials if the 

materials had different printing temperatures. So, custom G-codes were added in the slicer 

software [Prusa Slicer (Version 2.5.0), Prusa Research, Prague, Czech Republic] to change 

the extruder temperature before the second filament is introduced in the extruder.  

Three different types of commercially available filaments, as listed in Table 3-1, were 

obtained to manufacture the samples, as shown in Table 3-2. Five samples were fabricated 

for each material combination to investigate the repeatability and accuracy of the study. 

Polylactic Acid (PLA) was selected as it is the most extensively used material in extrusion-

based 3D printing process [22,44].  Polyethylene Terephthalate Glycol (PETG) is one of the 

most common filaments used among the polyester family, offering greater strength, 

durability, and increased impact resistance. It is mainly used for packaging in retail and 

medical sectors, advertising displays, and electronic insulators [45]. Due to good shock and 

chemical resistance, this material is also prevalently used to make pressure-clad items, food 

containers, and protective parts. A PETG with short carbon fibers (PETC) filament was also 

obtained commercially after literature analysis, where it was found that the maximum 

allowable weight fraction of carbon fibers in a filament for FFF printing is 40 % [28]. The 

PETC used in this study was PETG infused with 20 % weight fraction of short carbon fibers. 
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The optimum printing parameters for the three different filaments after multiple iterations 

with different printing settings, are shown in Table 3-1. Other popular filaments like ABS 

and TPU have already exhibited poor adhesion at the interface of multi-material 3D printed 

samples in previous studies [21,22]. 

Table 3-1: Printing parameters for the different filaments 

Filament Manufacturer First layer 

extruder 

temperature 

( ) 

Other layers 

extruder 

temperature 

( ) 

Printer bed 

temperature 

( ) 

PLA Eryone, Guandong, China 215 205 60 

PETG Eryone, Guandong, China 235 230 90 

PETC iSANGHU, Guandong, China 235 230 90 

 

Table 3-2: Sample ID for all the different material combinations. 

Sample ID Material combination 

AA PLA-PLA 

BB PETG-PETG 

CC PETC-PETC 

AB PLA-PETG 

AC PLA-PETC 

BC PETG-PETC 
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Figure 3-1: (a) Examples of 3D printed single lap joints with end tabs; (i) PLA-PLA, (ii) PETG-

PETG, (iii) PETC-PETC, (iv) PLA-PETG, (v) PLA-PETC, and (vi) PETG-PETC; (b) Schematic 

representation of the 3D printed single lap joints. 

3.2.1.2 Shear test 

The single-lap joints were subjected to a shear load using an Instron ElectroPuls E3000 

(Instron, Norwood, USA) equipped with a 3kN load cell. The samples were loaded at a 

constant crosshead speed of 5 mm/min. This differs from the standard as the crosshead speed 

given in the standard was significantly faster, causing the polymer samples to fail quickly 

and providing insufficient images for good DIC results. The samples were measured using 

3732XFL-1 (1-inch) and 3732XFL-2 (2-inch) digital micrometers (Starrett, Athol, USA) at 
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five different points, and their average was taken for further calculations. The samples were 

also thinner than the standard due to limited space in the clamps in Instron.  

3.2.1.3 Surface preparation and painting 

The samples were then prepared to have high-contrast speckle patterns for DIC. A black paint 

coat was applied to the samples using a flat black paint (Painterôs Touch Flat Black, Rust-

Oleum Corp., Concord, ON). A mixture of white paint (5212 Opaque White, Createx 

Airbrush Colors, Createx Colors, East Granby CT) and reducer (4012 High Performance 

Reducer, Createx) was then applied to the sample with an airbrush (Paasche Airbrush H-3MH 

set, Paasche Airbrush Co, Chicago, IL) for a random white speckle pattern as shown in Figure 

3-2. The histograms in the figure also show well-distributed multiple peaks and valleys, 

thereby minimizing the error percentage in DIC analysis [46].  

3D-printed PLA end tabs were attached to the samples using a high-strength two-part epoxy 

(Gorilla Epoxy, Gorilla Glue Company, Cincinnati, OH). It allows the shear load to be applied 

evenly, reduces out-of-plane bending moments and, subsequently, high peel stresses and non-

uniform shear stresses [47]. The tab taper angle was 12Á as shown in Figure 3-1(b) to reduce 

the stress concentration at the tab terminals [48].  
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Figure 3-2: Images of the painted and speckled samples from DIC cameras with the 

ROI, horizontal, and vertical FOV shown. (a) Front view of the sample with 50 mm 

lens; (b) Lateral view of the sample with macro lens. 

3.2.2 Material characterization 

Thermogravimetric analysis was performed to determine fiber weight fraction in the PETC 

filaments. Thermogravimetric instrument TGA55 (TGA 0550-0497, TA Instruments Inc., 

USA) was used to heat three different samples of the PETC filament following the parameters 

specified in ASTM E1131- 08 [32]. The samples were heated from 25 to 750  at a heating 

rate of 10 /min in Platinum HT pan under a dry nitrogen atmosphere at a flowrate of 20 

mL/min. TRIOS software was used for data analysis.  

3.2.3 Imaging setup 

3.2.3.1 2D DIC Imaging Setup 

Two high-resolution cameras (Imager M-lite 5M, LaVision GmbH, Gºttingen, Germany) 

were placed at 90Á to each other, as shown in Figure 3-3, to take images of both the front and 

side views of the sample simultaneously. Images were acquired at a rate of 20 frames per 
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second until failure. The camera and lens properties have been listed in Table 3-3. The camera 

for imaging the wider front view was equipped with a fixed focal length lens (MVL50M23 

50 mm, Navitar, Rochester, USA), and the camera for imaging the narrower side view was 

equipped with a macro lens (3.3X macro zoom, Edmund Optics, Barrington, USA). Two 

LED panels (LED Lighting Panel, Adjustable Intensity, 500 Watt, Neewer) were installed 

beside the cameras to implement bright field illumination for a strong contrast between the 

white speckles and the black base coat. The cameras and lighting were mounted on different 

tripods.  

Table 3-3: Properties of the imaging setup 

 

Property Unit  Value for setup for 

front view 

Value for setup for 

side view 

Camera resolution px x px 2464 x 2056 2464 x 2056 

Pixel size µm 3.45 3.45 

Frame rate Hz 20 20 

Image Scaling Factor px/mm 27 167 

Image field of view  mm x mm 91 x 76 14.5 x 12.5 
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Figure 3-3: (a) Experimental setup of the shear testing with the cameras for DIC, (b) 

Schematic diagram of setup of cameras with respect to a test sample; c) Wiring diagram 

for imaging and synchronization of front-view and side-view imaging systems. 

3.2.3.2 Data acquisition 

The analog voltage data was acquired from the testing machine for each individual frame, as 

shown in Figure 3-3(c). The applied load was converted to output analog voltage using a 

scaling factor of 517 N per volt, which was then converted to stress using the overlap cross-

section area of the lap joints. 
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3.2.3.3 2D DIC Imaging Processing 

All the acquired images were processed using a commercial image processing software 

(Davis version 10.2 Strainmaster, LaVision GmbH, Gºttingen, Germany) to measure the 

displacement and strain of the lap joint samples. The images captured by the two cameras 

simultaneously for two different views of the samples were separated into different frames 

for calibration in the DaVis software. The images collected with the 50 mm lens were 

calibrated using a two-level 3D calibration plate (Type 058-5-SSDP, LaVision GmbH, 

Gºttingen, Germany) with the reference point at the middle of the sample in the first frame. 

The images with the macro lens were scaled using a steel ruler (182-105, Mitutoyo Canada 

Inc., Mississauga, ON) with the reference point to the left of the sample. The calibration 

targets are a reference for scaling the captured images with minimum error. The correlation 

performed for each individual frame before failure was the sum of differential where each 

image is correlated to the previous image. The specimen images with the 50 mm lens were 

processed with a subset size of 15 pixels and a step size of 7 pixels for correlation. On the 

contrary, the specimen images with the macro lens were processed with a subset size of 25 

pixels and a step size of 12 pixels for correlation.  

Rectangular digital strain gauges were constructed on both the front and lateral view of the 

samples in the Davis software, as shown in Figure 3-4, to calculate the average strain in the 

different parts of the sample. Average axial strains at four different regions on the samples 

were evaluated by constructing 23.5 mm Ĭ 9.5 mm virtual strain gauges in the DIC software, 

as shown in Figure 3-4(a). Two strain gauges were placed at the two extreme ends of the 

overlap region to assess the strain at the ends of the overlap region.  
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Two 2 mm Ĭ 8mm virtual strain gauges, as shown in Figure 3-4(b), were constructed for the 

lateral side of the sample to assess the average shear strain in those regions. Two virtual strain 

gauges, as shown in Figure 3-4(b), were constructed for the lateral side of the sample to 

assess the average shear strain in those regions. The remaining two strain gauges were placed 

above and below the overlap region.  

 

Figure 3-4: Post-processing in DaVis software. (a) Strain gauges on the front view of 

the sample; (b) Strain gauges on the lateral view of the sample; (c) Line plot on the 

lateral view of the sample. 
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3.2.4 Microscopic imaging 

The samples were cut at the cross-section of the overlap region using a high-speed cut-off 

machine (Mecatome T260, PRESI, Hungary) and examined under a microscope to observe 

the layer adhesion at the boundary interface. Cut samples were mounted in a transparent resin 

(West System 105 Epoxy Resin, West System, US) mixed with a transparent hardener (West 

System 207 Hardener, West System, US) in a ratio of 3.7:1 by weight.  It was cured for 24 

hours, after which the mounted samples were prepared using a grinding and polishing 

machine (StarGrindTM 200-2V, Microstar 2000, Canada) through five steps of grinding using 

180, 400, 600, 800, and 1200 grit silicon carbide papers. This helps to remove any unwanted 

modifications at the cross-section of the samples due to the cutting technique and reveal the 

true microstructure of the interface. A 0.05Õm alumina powder was used to polish the samples 

after grinding at 300 rpm. Microscopic images of the samples were taken using a 6 Megapixel 

Microscope camera (Zeiss Axiocam 506 color, Carl Zeiss Microscopy GmbH, Gºttingen, 

Germany). The microscope had multiple magnification lenses, of which the 20x and the 40x 

lens were used to take the images of the interface of the samples. The 400x lens from a digital 

micro hardness tester (MetLab, MetLab Corporation, Canada) was also used to take images 

of the interface at a higher zoom ratio. 

3.3 Results and discussion 

3.3.1 Thermogravimetric analysis 

As discussed in Chapter 2, Kabir et al. [34] demonstrated the fibre volume fraction in an 

Onyx composite filament was 10.5% using TGA. In this study, the mass reduction of the 
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different filament samples during the TGAs using nitrogen as purge gas as shown in Figure 

3-5. The TGA curve shows that the PETG starts decomposing at approximately 385. The 

average weight percentage of the three samples used in TGA at 750 was 19.051%, which 

was the carbon content of those samples after PETG was decomposed. This remaining carbon 

content is the carbon weight fraction of the PETC filament used in the study, which is found 

to be quite close to the manufacturerôs specification of 20% carbon fiber weight fraction.   

 

Figure 3-5: (a) Thermogravimetric analysis of PETC filament determining the 

carbon weight percentage. (b) Zoomed-in view of the plot showing the carbon weight 

percentage of the three different samples. 

3.3.2 Mechanical properties 

3.3.2.1 Axial strain 

2D DIC technique was used to get the full field strain measurements on the 3D-printed single 

lap joint samples. This technique provides accurate strains with proper calibration and 

minimal fit error, which was 0.513 in this study. The 2D images of the axial strain 

distributions on the surface of all the samples under loads from 100 N to 1950 N, after which 

all the samples fail, have been shown in Figure 3-6. A 24 mm Ĭ 45 mm ROI, as shown in 



63 

 

Figure 3-2, has been chosen to obtain the average strains in the area around the overlap area, 

which is the main interest of this study.  The strain variations show the increment of strains 

as the applied load increases over time, illustrated by the rich red strain fields. High strains 

can be observed right above and below the overlap area, especially for the homogenous lap 

joint samples and the PETG-PETC sample, as they fail under higher loads. The heterogenous 

PLA-PETG and PLA-PETC samples can be seen to fail at lower loads, even when the strains 

around the overlap area were lower compared to the other samples.  

For the heterogenous PLA-PETG and PLA-PETC samples, the strains are particularly high 

along the upper boundary of the overlap area, as seen in Figure 3-6. After this, the two parts 

delaminate and separate from each other, showing weak adhesion. As shown in Figure 3-7, 

both the samples undergo cohesive failure, where the other overlap area can be seen 

completely. 

All the homogenous samples and the heterogenous PETG-PETC samples exhibit higher 

strains above and below the overlap area and undergo stock break failure. The adhesion in 

the overlap area was better than the two heterogeneous samples PLA-PETG and PLA-PETC 

and, hence, did not delaminate at the overlap region. 

From the plots in Figure 3-8 and Figure 3-9, it can be seen that the strain is highest outside 

and above the overlap region covered by the red rectangular box denoting strain gauge 1. For 

the homogenous samples and the PETG-PETC sample, the strains gradually increase 

significantly in that region, as seen in the strain maps in Figure 3-6 and in the plots in Figure 

3-8 and Figure 3-9. The samples then rupture at the region above the overlap region due to 

strain localization. Average strains within the overlap region are low when compared to the 
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average strains outside the overlap region, and hence, the strains are well-distributed 

throughout the samples and do not produce any excessive stress in the overlap region. 

However, the multi-material PETG-PETC outperforms the homogenous PETG and PETC 

samples, its base materials, and has shown similar strength as the homogenous PLA sample. 

Both the PLA-PLA sample and PETG-PETC samples fail after 1950 N.  

For the heterogeneous samples PLA-PETG and PLA-PETC, strain increases right at the 

upper boundary of the overlap region. As the load increases, the strain starts creeping 

upwards in the direction of the applied load right from the joint interface. The PLA-PETG 

samples then delaminate cleanly at the interface due to weak adhesion between the two 

dissimilar materials at 400 N. PLA-PETC samples also delaminate at approximately 500 N, 

showing weak adhesion.   

The weaker heterogenous lap joints PLA-PETG and PLA-PETC also show similar axial 

stress vs strain plots, as seen in Figure 3-9. The axial strain increases significantly at strain 

gauge 1 for both samples as load increases, which shows that the strain along the boundary 

interface creeps along it and then delaminates along that plane. The heterogeneous PETG-

PETC samples' axial stress vs strain plots follow a similar pattern as the other homogenous 

materials as load increases. PETG-PETC samples show similar mechanical behavior as the 

homogenous samples and even fail at similar regions.  
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Figure 3-6: Axial strain distributions in different samples under different loads. Sample 

manufacturing codes are summarized in Table 3-2. 

 

Figure 3-7: Samples after failure; (a) PLA-PLA, (b) PETG-PETG, (c) PETC-PETC, 

(d) PLA-PETG, (e) PLA-PETC, (f) PETG-PETC. The overlap area has been 

highlighted in red. Sample manufacturing codes are summarized in Table 3-2. 
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Figure 3-8: Stress vs average strain plots for the different samples in the different areas 

of the samples for each homogenous combination; (a) PLA-PLA; (b) PETG-PETG; (c) 

PETC-PETC. Sample manufacturing codes are summarized in Table 3-2.  
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Figure 3-9: Stress vs average axial strain plots for the different samples in the different 

areas of the samples for each heterogeneous combination; (a) PLA-PETG; (b) PLA-

PETC; (c) PETG-PETC. Sample manufacturing codes are summarized in Table 3-2. 
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3.3.2.2 Shear strain 

The shear strain maps for all the sample combinations have been shown in Figure 3-10. The 

shear strain maps were obtained from the images taken through DIC for the lateral view of 

the samples. This provides a better understanding of the sample's mechanical behavior at the 

interface of the overlap region. Shear strain is found to be more evenly spread out for the 

homogenous samples and the PETG-PETC sample. For the heterogenous PLA-PETG and 

PLA-PETC samples, shear strains increase from the bottom of the overlap region and creep 

along the interface as load increases. The failure also happens right along the localized stress 

region.  

The difference in shear strain distributions is quite prominent in the multi-material samples, 

where the strain in the two regions is unequal, as seen in Figure 3-12. The individual material 

orientation for each sample combination has been indicated in Figure 3-11 and Figure 3-12. 

Figure 3-12 indicates that the average shear strain in the two heterogenous lap joints increases 

as stresses increase on the samples. The shear stress vs strain plots in the heterogenous PLA-

PETG and PLA-PETC show similar patterns while failing at lower loads compared to the 

other samples. The PETG-PETC sample again shows similar patterns in the shear stress vs 

train plot before failing close to 1950 N.  

In the homogenous samples, the shear stress vs strain plots tend to converge at maximum 

stress for both the regions covered by strain gauge 1 and strain gauge 2. But, for the PETG-

PETC samples, the shear vs strain plots do not converge like the homogenous samples. This 

shows the difference in mechanical behavior between the two different materials in the same 

sample.  
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The shear stress vs strain plots for the different homogenous samples as well as the weaker 

heterogeneous materials as illustrated in Figure 3-11 and Figure 3-12, exhibit a high degree 

of consistency. This indicates that the sample fabrication process was both consistent and 

suitable for ensuring repeatability.   

 

Figure 3-10: Shear strain maps of all the different sample combinations at different loads. 

Sample manufacturing codes are summarized in Table 3-2. 
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Figure 3-11: Stress vs average shear strain plots for all the samples in different areas 

of the samples for the homogenous combinations; (a) PLA-PLA; (b) PETG-PETG; 

(c) PETC-PETC. Sample manufacturing codes are summarized in Table 3-2. 
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Figure 3-12: Shear stress vs average shear strain plots for all the samples in different 

areas of the samples for the heterogeneous combinations; (a) PLA-PETG; (b) PLA-

PETC; (c) PETG-PETC. Sample manufacturing codes are summarized in Table 3-2. 
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3.3.2.2.1 Horizontal line plot 

Shear strain along the green horizontal line in Figure 3-4(c) has been analyzed in the DaVis 

software as shown in Figure 3-13. The horizontal green line illustrates the line plot which 

determines varying shear strains along the horizontal line for different material combinations. 

The shear strains are highest along the lap joint interface within the overlap area. Thus, there 

is less possibility of fracture within the overlap area except at the interface. Notably, the two 

heterogeneous samples PLA-PETG and PLA-PETC exhibit the highest shear strains at the 

interface, and these are the only samples that delaminate at the interface. Thus, this figure 

aids in predicting the failure of the samples.  

 

Figure 3-13: Shear strains along the lap joint interface for all the samples just before 

failure. 

3.3.3 Optical microscopy 

The microstructure at the boundary interface of all the different sample combinations was 

investigated, as seen in Figure 3-14. The figure shows the cross-section of the interface of 
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the different sample combinations in this study. For the homogenous samples, the rasters are 

attached to the immediate neighbouring rasters as seen in conventional 3D printed parts. The 

sample combinations with PETC show a significant presence of carbon fibers at the interface. 

PLA-PETC has higher strength than PLA-PETG, while PETG-PETC has higher strength 

than PETC-PETC. This can be attributed to the presence of short carbon fibers, especially at 

the interface layer, which provides better adhesion.   

In their study, Dam et al. showed that the rougher surface due to the presence of carbon fibers 

contributed to mechanical interlocking in a steel-epoxy adhesive interface [49]. The rougher 

surface will also have more microscopic peaks and valleys compared to a smooth surface. 

This will increase the contact surface area of the different substrates and provide improved 

adhesion. 
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Figure 3-14: Microscopic images of the samples at the boundary interface in the 

overlap region with different zoom lens. 
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3.3.4 Statistical analysis 

The lap shear strength of all the sample combinations has been shown in Table 3-4. PLA-

PLA has the highest strength of all the sample combinations used in this study. However, the 

lap shear strength of PETG-PETC was found to be higher than the other two homogenous 

sample combinations ï PETG-PETG and PETC-PETC. Hence, it was possible to fabricate a 

multi-material sample using FFF, which demonstrated better adhesive performance than its 

homogenous samples made from either filament. The remaining two heterogeneous PLA-

PETG and PLA-PETC samples had the lowest shear strength, which was expected based on 

the previous literature discussions. 

One-way analysis of variance (ANOVA) was performed to find the statistical correlation 

between the different sample combinations, as listed in Table 3-5. However, one-way 

ANOVA is limited to finding the variability of the mean of a particular group relative to the 

other groups. It cannot evaluate the correlation between the two groups. 

Subsequently, a Tukey-Kramer test was performed to find the correlation between all the 

sample combinations. It estimates the difference between the means of different groups and 

measures a 95% confidence interval for the difference between the corresponding population 

means.  

Table 3-6 shows the p-value for all the 15 pairs of combinations possible with the sample 

combinations used in this study. The p-value was higher than 0.05 for [PLA-PLA and PETG-

PETC], [PETG-PETG and PETC-PETC], and [PLA-PETG and PLA-PETC]. This signifies 

that there is no evidence that supports the null hypothesis for these combinations, i.e. these 

pairs are statistically significantly different at 5% significance level. 
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This is quite evident from Figure 3-15 the lap shear strength of the PETG-PETC samples is 

quite similar to that of PLA-PLA. The homogenous PETC-PETC and PETG-PETG also have 

similar lap shear strengths, which support the statistical analysis. The heterogeneous PLA-

PETC and PLA-PETG have almost similar lap shear strengths, too.  

Thus, the Tukey-Kramer test supports the analysis that the heterogeneous PETG-PETC 

samples achieved similar lap shear strengths to the homogenous PLA-PLA samples and, 

hence, almost similar adhesive strengths. 

Contemporary studies show that Ribeiro et al. experienced a 90.77% loss approximately of 

tensile strength in their PLA-TPU multi-material 3D-printed mechanically interlocked 

sample compared to their PLA-PLA homogenous samples [21]. The results from the study 

with zebra crossing specimens by Lopes et al. [22] showed a decrease of 73.07% tensile 

strength for the PLA-PET samples compared to the PLA-PLA samples and a decrease of 

67.2% tensile strength compared to the PET-PET samples. In this study, the heterogeneous 

PLA-PETG samples had a 79.3% loss of shear strength decline compared to PLA-PLA 

samples and 67.28% shear strength decline compared to PETG-PETG samples. PLA-PETC 

samples had a loss of 73.62% shear strength compared to PLA-PLA samples and a loss of 

64.97% shear strength compared to PETC-PETC samples. But, the PETG-PETC samples 

achieved 22.72% higher strength than PETC-PETC samples and 46.08 % higher strength 

than PETG-PETG samples. Thus, at least one multi-material sample that had a better strength 

than its base material homogenous samples was obtained. 
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Table 3-4: Lap shear strength of all the sample combinations 

Samples Lap shear strength (MPa) 

PLA-PLA 2.923 Ñ 0.11 

PETG-PETG 1.849 Ñ 0.79 

PETC-PETC 2.201 Ñ 0.25 

PLA-PETG 0.605 Ñ 0.05 

PLA-PETC 0.771 Ñ 0.03 

PETG-PETC 2.701 Ñ 0.33 

  

Table 3-5: One way ANOVA analysis for the samples 

Source SS df MS F p-value 

(Prob>F) 

Groups 23.5742 5 4.7148 139.82 p < 0.001 

Error 0.8093 24 0.0337 - - 

Total 24.3835 29 - - - 
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Table 3-6: Tukey-kramer analysis for all the samples 

Index Sample 1 Sample 2 Lower 

Bound 

Difference Upper 

bound 

p-value 

1 PLA-PLA PETG-PETG 0.7143 1.0734 1.4324 p < 0.001 

2 PLA-PLA PETC-PETC 0.3626 0.7217 1.0807 0.00002 

3 PLA-PLA PLA-PETG 1.9594 2.3185 2.6776 p < 0.001 

4 PLA-PLA PLA-PETC 1.7926 2.1517 2.5108 p < 0.001 

5 PLA-PLA PETG-PETC -0.1379 0.2212 0.5803 0.4237 

6 PETG-PETG PETC-PETC -0.7108 -0.3517 0.0074 0.0573 

7 PETG-PETG PLA-PETG 0.8861 1.2452 1.6042 p < 0.001 

8 PETG-PETG PLA-PETC 0.7192 1.0783 1.4374 p < 0.001 

9 PETG-PETG PETG-PETC -1.2113 -0.8522 -0.4931 p < 0.001 

10 PETC-PETC PLA-PETG 1.2378 1.5969 1.9559 p < 0.001 

11 PETC-PETC PLA-PETC 1.0709 1.4300 1.7891 p < 0.001 

12 PETC-PETC PETG-PETC -0.8596 -0.5005 -0.1414 0.0029 

13 PLA-PETG PLA-PETC -0.5259 -0.1668 0.1923 0.7054 

14 PLA-PETG PETG-PETC -2.4564 -2.0973 -1.7383 p < 0.001 

15 PLA-PETC PETG-PETC -2.2896 -1.9305 -1.5714 p < 0.001 
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3.3.5 Surface modifications 

Future work could involve modifying the surface layer at the joint interface to achieve 

different levels of surface roughness, as illustrated in Figure 3-16 and subsequently 

investigating the adhesion properties of the lap joints. The smooth surface in the picture was 

obtained by using the default ironing setting in the same printer used in the study, and the 

rougher surface was obtained using the default fuzzy skin settings. The rougher surface may 

improve the adhesion at the interface by providing more points of contact. 

 

Figure 3-15: Box and whisker plot showing the lap shear strength of the different 

lap joint sample combinations. 
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Figure 3-16: Lap joint interface highlighted with the dotted box with different surface 

characteristics; (a) sample without any surface modifications; (b) sample with a 

smooth surface; (c) sample with a rough surface. 

3.4 Conclusion 

Single lap shear joints were fabricated with three different thermoplastic 3D printing 

filaments to evaluate the adhesion of the multi-material structures at the boundary interface. 

Shear test was performed on the samples to evaluate the shear strains and strain 

concentrations on the sample using 2D DIC technique. The two cameras used for the DIC 

effectively captured the front and lateral sides of the samples to evaluate the strains on all 

sides of the samples. Microscopic images of the cross-section of the samples were also 

analyzed to investigate the microstructure at the interface. The findings of this study can be 

summarized as following: 

(1) The heterogenous PETG-PETC single lap joints achieved a strength similar 

to the lap shear strength of the homogenous PLA-PLA sample, which had the 

highest strength of all the samples. The PETG-PETC sample had higher 

strength than the other homogenous samples. This is the first time an FFF-
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printed multi-material could achieve a strength similar to a homogenous 

sample or surpass the strength of other homogenous sample combinations. 

(2) This study suggests the possibility of fabricating FFF-printed composite 

structures with better mechanical performance than conventional 

homogenous FFF-printed structures. The key is to choose the same base 

materials to maintain the chemical affinity between the polymers, introduce 

fibers in one of the base materials, and tailor it according to its potential 

application. The presence of fibers also provides additional strength to the 

structures.    

(3) The 2D DIC technique highlights the lack of a suitable standard for evaluating 

multi-material polymeric structures without adhesives. Though this study was 

tailored according to ASTM D5868, it is meant for polymer bonding with 

adhesive. Some of the parameters were tuned to fit the current study, but the 

strain maps from DIC point out that the two dissimilar materials undergo 

different strains due to the different mechanical properties of the different 

materials. So, the samples do not undergo pure shear loading conditions. 

Other standards, such as ASTM D5379 [50] or Iosipescu shear test [51] could 

be explored to determine if they would be a better fit to analyse multi-material 

3D-printed lap joints. 

(4) In the future, the percentage of carbon fibers in the filament can be varied to 

find an optimum fiber content in the filament which may increase the strength 

of the multi-material 3D-printed structures. 
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(5) Setting the raster orientation in alignment with the load direction can enhance 

the shear strength of 3D-printed samples, particularly when strong adhesion 

is observed, as seen in samples that experience stock-break failure. 

(6) The manufacturing technique discussed in this study can be optimized in 

future research and integrated into robotic arms of 3D printers to fabricate 

complex functional parts with reinforcements in critical locations. 
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Chapter 4 Analysis of the interface properties of multi-

material vat photopolymerization (VPP) printed 

polymer structures  

4.1 Introduction 

Additive manufacturing (AM) or 3D printing is constantly evolving to transform into a robust 

manufacturing technology for intelligent manufacturing from a prototyping technology [1]. 

The main advantage of AM is the fabrication of parts with reduced lead times [2], allowing 

for easy design modifications and fewer components [3,4], all while achieving customized 

mechanical performance [5]. AM also allows for the fabrication of complex lattice structures 

that are difficult to manufacture with traditional manufacturing processes. Yin et al. [6] and 

Craddock et al. [7] have demonstrated the impact energy absorption of AM polymer lattices. 

The Zero2-R Matrix ID Trench helmet from Vicis, featuring customized 3D-printed pads 

with complex lattice structures, was rated by the NFL as the best player protection in 2023 

[8]. Presently the AM market is valued at USD 20.73 billion in 2023 and is estimated to grow 

at a compound annual growth (CAGR) of 23.3% until 2030 [9]. GE Aerospace and CFM 

International currently utilize over ten additively manufactured parts that have been approved 

by the U.S. Federal Aviation Administration (FAA) for use in commercial aviation engines, 

including GE90, CFM LEAP, GEnx, and GE9X engines [10]. A recent study demonstrated 

the potential of additively manufactured heart valves for valve replacement surgery, 

particularly for valvular heart disease (VHD) [11]. The study found that these 3D-printed 
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valves exhibited mechanical performance comparable to that of native valve leaflets. These 

studies underscore the wide-ranging commercial applications of AM technologies across 

various manufacturing sectors, including aerospace and biomedical, reflecting the 

transformative potential of this advancing technology. 

Recently, researchers have been interested in exploring AM with multiple materials in a 

single print, as industries increasingly focus on using AM to manufacture parts with enhanced 

visual aesthetics and functionality. Multi-material 3D printing (MM3DP) allows for the 

fabrication of assemblies with fewer components, eliminating the need for fasteners, glue, 

clips, and other materials. This approach helps reduce the weight, size, and cost of assemblies 

while having mechanical performance comparable to that of traditional assemblies [12]. In 

several studies, multiple material containers were installed in a single nozzle design using 

the direct ink writing (DIW) technique to print with multiple materials involving elastomers 

[13ï15]. A DNA shoe from PENSAR was designed using a flexible material with a rigid 

material through material jetting (MJ). Further studies have also explored 3D printing with 

multi-materials with fused filament fabrication (FFF), but it has resulted in a weak interface 

at the interface joint [16,17]. 

DLP is a class of vat photopolymerization technology that initiates the polymerization 

reaction locally to cure the resin layer by layer, like stereolithography (SLA). Instead of a 

laser, a digital micromirror device (DMD) based projector is used to print the entire layer in 

a single step, resulting in faster printing speed than Stereolithography (SLA). In general, 

optics magnification and the number of mirrors used in the DMD system determine the 

resolution of the DLP system, which ranges from 10 to 50 Õm [5]. Compared to the 
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conventional AM techniques, digital light processing (DLP) has a number of advantages such 

as high resolution, dimensional accuracy, varying cross-linking density, relatively lower cost, 

and excellent surface quality [18ï20]. DLP enables the modification of the microscopic 

structure of layers of printed parts, whereas FFF can only alter the macroscopic structure of 

its printed parts. 

VPP has been used to print flexible materials such as aliphatic urethane diacrylate (AUD) 

[21], poly(trimethylene carbonate) [22], and hydrogels, with very low Youngôs modulus of 

approximately 4 MPa. However, limited studies are available on multi-material 3D printed 

structures using VPP. A combination of hard and flexible resin material formulation was used 

to fabricate micro actuators with a minimum feature size of 200 Õm using high-resolution 

DLP by Song et al. [23], where the hard material provides reinforcement to the actuators. 

Most of the multi-material studies using 3D printing suggest that the analysis of the interface 

joint of the multi-material structures is critical for evaluating the feasibility of the printing 

technique [16,17,24ï26]. Polymers generally have low surface free energy and lack polar 

functional groups on their surface, which results in poor adhesion between layers [27]. 

Therefore, the strain and failure at the boundary interface of multi-material samples must be 

evaluated to assess the adhesion between the multi-materials. Non-invasive methods such as 

digital image correlation (DIC) are particularly suitable for measuring deformation in 

anisotropic heterogeneous structures [28,29]. DIC is a full-field optical deformation 

measurement technique generally using a single or stereo camera setup for image acquisition 

[30]. Random speckles sprayed on the samples prior to mechanical testing increase surface 

contrast and are tracked through image acquisition and correlated to compute strain and 
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vector fields. This technique has been used in a number of studies on complex anisotropic 

structures such as composites [31ï33] to determine their non-uniform deformations. DIC has 

also been found to be a powerful technique for the characterization of polymeric materials 

[34].  

In this study, the adhesion between the multi-materials at the boundary interface was 

extensively analyzed using single lap joints. The soft resin material was formulated using the 

techniques introduced by Song et al. [23]. A hard resin material was formulated as a rigid 

material. The presence of a high concentration of acrylate monomers in both the formulated 

resins promoted covalent bonding with each other, thus providing strong adhesion.  This 

resulted in strong interlinking between the heterogeneous materials, reducing the possibility 

of delamination at high-stress concentrations. The mechanical properties of the samples were 

assessed with shear test on the samples in a universal testing machine. 2D DIC was conducted 

to determine the surface strain during shear testing, capturing images at two different angles 

to obtain both front and lateral sample views. 

4.2 Materials and methods 

4.2.1 Sample preparation 

4.2.1.1 Materials 

Poly(ethylene glycol) (PEG) (Mn 10,000), PEG (Mn 400), 2-carboxyethyl acrylate (CEA), 

isobornyl acrylate (IA), diurethane dimethacrylate (DUDMA), diphenyl(2,4,6-

trimethylbenzoyl) phosphine oxide (TPO), and sudan orange g (SOG) were purchased from 

Sigma-Aldrich (Taufkirchen, Germany). 2-propanol was purchased from Carl Roth 
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(Karlsruhe, Germany). A cross-linker PEG dimethacrylate (PEGDMA) (Mn 10,000), a 

combination of unmodified PEG (Mn 10,000), methacrylic anhydride, and 4-

dimethylaminopyridine (DMAP), was used. The synthesis was done according to Song et al. 

[23].  

4.2.1.2 Resin preparation for 3D printing 

The chemicals were weighed into a 250 ml brown glass vial according to the resin 

formulations in Table 4-1 (soft material) and Table 4-2 (hard material). The mixture was 

placed in an ultrasonic bath (Elasonic 30H, Elma, Germany) under 50 ÁC for 60 min, and 

homogenous resins were yielded. 

Table 4-1: Resin formulation for soft material 

Chemicals Weight (%)  

CEA 40 

PEG (Mn 4000) 30 

PEG (Mn 400) 20 

PEGDMA (Mn 10,000) 9.67 

TPO 0.3 

SOG 0.03 

 

Jkj 
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Table 4-2: Resin formulation for hard material 

Chemicals Weight (%) 

IA 49.84 

DUDMA 49.84 

TPO 0.3 

SOG 0.03 

 

4.2.1.3 Digital Light Processing 

Single lap joint samples were designed in SolidWorks (Dassault Syst¯mes SolidWorks 

Corporation, Massachusetts, USA) as shown in Figure 4-1(a) and (b) for lap shear test 

according to ASTM standard D5868 [35]. The dimensions of the samples had to be reduced 

due to the size limitations of the build plate in the DLP printer used. The two aforementioned 

resins were used to manufacture three different samples ï a homogenous hard material lap 

joint (IADD), a homogenous soft material (SPEG), and a multi-material lap joint (MM) using 

the two different resins. Five samples were fabricated for each material combination to 

examine the repeatability and consistency of the test. 
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Figure 4-1:Samples, sample dimensions, and printing process. (a) Samples after printing (i) 

IADD, (ii) SPEG, and (iii) MM; (b) Schematic representation of the 3D printed single lap 

joints; c) Schematic representation of the printing process of the samples in three steps: 

printing the material with the first resin, washing it with isopropanol to remove residues, and 

then printing the second material. 

The STL files for the samples were sliced using the slicer software Asiga Composer (Asiga, 

Erfurt, Germany) and printed using a DLP printer, Asiga Max X35 (Asiga, Erfurt, Germany). 

The printing parameters have been listed in Table 4-3. 

 

 

 

Kjk 
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Table 4-3: Printing parameters for soft and hard resin 

Printer settings SPEG IADD Units 

Layer thickness 0.05 0.05 mm 

Light intensity 8.4 8.4 mW/cm2 

Exposure time 5 8 s 

Burn-in time 16 21 s 

Separation distance 10 10 mm 

Printing temperature 50 50  

Z-compensation 0 0 mm 

XY-compensation -0.100 -0.037 mm 

 

When printing with SPEG resin, a 76Ĭ53Ĭ1 mm microscopic glass slide (Objekttrªger, Paul 

Marienfeld GmbH & Co. KG, Lauda-Kºnigshofen, Germany) was attached to the build plate 

for better surface quality of the soft resin. For the multi-material lap joint, SPEG was printed 

on the build plate, after which the sample was washed with isopropanol to remove any 

uncured resin, as shown in Figure 4-1(c). The resin tank was changed to the IADD resin tank 

for further printing of the hard material on top of SPEG. There were no alignment issues, as 

both the resin tanks used were of the exact specifications.  

After the samples were printed, they were flushed with isopropanol to remove uncured resin 

residues and then blow-dried with nitrogen air. They were then post-cured using a UV curing 

chamber (Asiga Flash UV chamber, Asiga, Erfurt, Germany). 
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The hardness of the hard and soft material samples was tested with a shore A durometer (560-

10A, Shore-a Hardness Tester, Gain Express Holdings Ltd, Hong Kong).  

4.2.1.4 Shear test 

The single-lap joints were subjected to a shear load using an Instron ElectroPlus E3000 

(Instron, Norwood, USA) equipped with a 3kN load cell. The samples were loaded at a 

constant crosshead speed of 5 mm/min. The samples were measured at five different points 

using 3732XFL-1 (1-inch) and 3732XFL-2 (2-inch) digital micrometers (Starrett, Athol, 

USA), and the average value was used for further calculations.  

4.2.1.5 Surface preparation and painting 

A matte black paint was applied to the samples using a flat black spray can (Painterôs Touch 

Flat Black, Rust-Oleum Corp., Concord, ON). A mixture of white paint (5212 Opaque White, 

Createx Airbrush Colors, Createx Colors, East Granby CT) and reducer (4012 High 

Performance Reducer, Createx) was then applied to the sample with an airbrush (Paasche 

Airbrush H-3MH set, Paasche Airbrush Co, Chicago, IL) to create a random white speckle 

pattern as shown in Figure 4-2. The speckled samples show well-distributed peaks and 

valleys in the histogram plot in Figure 4-2 for both the front and lateral views of the samples, 

enabling precise DIC measurement [36]. 

4.2.2 Imaging setup 

4.2.2.1 2D DIC Imaging Setup 

Both the front and lateral views of the samples were captured with two high-resolution 

cameras, as shown in Figure 4-2, (Imager M-lite 5M, LaVision GmbH, Gºttingen, Germany), 
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which were placed at 90Á to each other, as shown in Figure 4-3. Images were acquired at a 

rate of 15 frames per second until the samples failed. The camera and lens characteristics are 

listed in Table 4-4. A fixed focal length lens (MVL50M23 50 mm, Navitar, Rochester, USA) 

was used to capture the wider front view, and the camera for imaging the narrower side view 

was equipped with a macro lens (3.3X macro zoom, Edmund Optics, Barrington, USA). Two 

LED panels (LED Lighting Panel, Adjustable Intensity, 500 Watt, Neewer) were installed 

next to the cameras to implement the bright field illumination method for a strong contrast 

between the white speckles and the black base coat. The cameras and lighting were mounted 

on different tripods. 

Table 4-4: Properties of the DIC imaging setup 

 

Property Unit  Value for setup for 

front view 

Value for setup for 

side view 

Camera resolution px x px 2464 x 2056 2464 x 2056 

Pixel size µm 3.45 3.45 

Frame rate Hz 15 15 

Image Scaling Factor px/mm 22 80 

Image field of view  mm x mm 115 × 97 31 x 26 
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Figure 4-2: Images of the painted and speckled samples from DIC cameras with the 

respective ROI and image density counts along the two axes. (a) Front view of the 

sample with 50 mm lens; (b) Lateral view of the sample with macro lens. 

4.2.2.2 Data acquisition 

Analog voltage data was acquired from the testing machine for each individual frame, as 

shown in Figure 4-3. The applied load was converted to analog output voltage using a scaling 

factor of 517 N per volt, which was then converted to stress using the overlap cross-section 

area of the lap joints. 
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Figure 4-3: (a) Experimental setup of the shear test with two cameras for DIC, (b) 

Schematic diagram of the camera setup in front of a test sample with wiring 

connection for imaging and synchronization of front-view and lateral view. 

4.2.3 2D DIC Imaging Processing 

The images acquired during the lap shear test were processed using a commercial image 

processing software (Davis version 10.2 Strainmaster, LaVision GmbH, Gºttingen, 

Germany) to measure the displacement and strain of the lap joint samples. Two different 

views of the samples were separated into different frames for calibration in the Davis 

software. The images collected with the 50 mm lens were calibrated using a two-level 3D 
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calibration plate (Type 058-5-SSDP, LaVision GmbH, Gºttingen, Germany) with the 

reference point at the middle of the sample in the first frame. The images taken with the 

macro lens were scaled using a steel ruler (182-105, Mitutoyo Canada Inc., Mississauga, ON) 

with the reference point to the left of the sample. The calibration targets provide a reference 

for scaling the captured images with minimum error. The correlation performed for each 

individual frame before failure was the sum of differential where each image is correlated to 

the previous image. The sample images with the 50 mm lens were processed with a subset 

size of 15 pixels and a step size of 7 pixels for correlation, while the sample images with the 

macro lens were processed with a subset size of 25 pixels and a step size of 12 pixels. 

Within the DIC software, 22.5 mm Ĭ 6.5 mm digital strain gauges were constructed on the 

front side of the samples to determine the average axial strain at different areas. Two strain 

gauges were placed at the upper and lower parts of the overlap region, while the other two 

were placed just above and below the overlap region, as shown in Figure 4-4(a). Additionally, 

two vertical line plots were placed along the length of the sample on the front side, as 

illustrated in Figure 4-4(c), to calculate the average axial strain along these lines just before 

the samples failed.  

Similarly, two 2.44 mm Ĭ 14.71 mm digital strain gauges, as shown in Figure 4-4(c) were 

also placed on the lateral side of the sample to calculate the average shear strain in each part 

of the overlap region. Three horizontal lines were plotted on the lateral side, as illustrated in 

Figure 4-4(d), to determine the shear strain along these lines prior to sample failure. 
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Figure 4-4: Post-processing of DIC data. (a) Digital strain gauges on the front view of 

the sample; (b) Digital strain gauges on the lateral view of the sample; (c) Vertical line 

plots on the front side of the sample; (d) Horizontal line plots on the lateral side of the 

samples at the top, middle and bottom of the overlap region. 
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4.3 Results and discussion 

4.3.1 Mechanical properties 

4.3.1.1 Hardness of 3D printed materials 

Average hardness of the hard samples (IADD) was determined to be 98.833 HRA with a 

standard deviation of 1.803, while the average hardness of the soft samples (SPEG) was 

75.000 HRA with a standard deviation of 0.764.   

4.3.1.2 Analysis of axial strain with DIC 

Full-field strain measurements on the 3D-printed single lap joint samples were evaluated 

using 2D DIC. Strains can be measured with high accuracy using DIC when properly 

calibrated, with a minimal fit error, which in this study was 0.519. The 2D images of the axial 

strain distributions on the surface of all the samples under loads from 30 N to 900 N have 

been shown in Figure 4-5. Axial strain distribution was calculated in the ROI, as illustrated 

in Figure 4-2.  

For the IADD samples, strain concentrations were observed above the overlap region (upper 

region in Figure 4-5). However, the axial strains in IADD samples were quite low compared 

to the SPEG samples and the MM samples, showing their rigid and brittle nature. IADD 

samples did fail at higher loads of approximately 895 N. In contrast, the SPEG samples 

showed axial strain concentration localized below and above the overlap region (middle row 

of Figure 4-5). The reddish area denotes the high-strain regions in the samples, and the 

samples fail exactly at the high-strain region above the overlap area.  
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The MM samples exhibit higher strains in the entire part below the overlap area as a result 

of the presence of the soft material, which stretches more at higher loads (lower row in Figure 

4-5). Figure 4-6 illustrates that MM samples fail below the overlap region, where strain 

localization occurs in the softer material. The MM samples also fail at higher loads compared 

to the SPEG samples because the IADD resin provides additional strength to the samples. 

No delamination was observed at the lap joint interface; however, stock break failure 

occurred in all samples [35]. These findings indicate good adhesion, particularly in the 

heterogeneous multi-material samples.  

Average axial strains at four different regions on the front view of the samples, as shown in 

Figure 4-4, were evaluated by constructing 22.5 mm Ĭ 6.5 mm digital strain gauge. The 

average axial strains in these ROI, as seen in Figure 4-7 and Figure 4-8 further, provide 

evidence to validate the strain maps in Figure 4-5. The axial stress over strain plots in Figure 

4-7 show the stress and strain variations in the three sample combinations as the graphs are 

plotted with the axes scaled similarly for all the samples. Since the IADD samples fail at 

higher loads, it also shows that the IADD samples experience significantly higher stress than 

the SPEG and MM samples. SPEG samples undergo the lowest stresses while having higher 

axial strains than the IADD samples due to their flexibility. The axial strains were the highest 

in the multi-material samples, which can be attributed to the heterogeneity of the samples. 

Since the IADD section of the sample does not stretch notably due to its rigid nature, the 

SPEG section of the sample experienced a higher strain when the load was applied. The MM 

samples also experience higher stress than SPEG, combining the properties of both the IADD 

and SPEG material.  
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 Figure 4-8 provides a detailed representation of the variation among the four front-view 

strain gauges on the samples by zooming in on the respective plots. Strain gauges 1 and 4, 

the strain gauges outside of the overlap region, experience an average axial strain of 0.25 % 

at 0.27 MPa axial stress. The strain gauges in SPEG record higher axial strains than the other 

strain gauges, which is consistent with the findings of the overview axial strain map (middle 

row in Figure 4-5), where axial strains were found to be localized above and below the 

overlap region. Strain gauge 4 in the heterogeneous MM sample recorded an average axial 

strain of 0.5 % at 0.5 MPa, which was twice the strain of SPEG before failure. It exhibits the 

highest strain of all the strain gauges of MM samples, as the strain is mainly localized below 

the overlap area (lower row in Figure 4-5). 

 

Figure 4-5: Axial strain patterns of the three samples at defined load stages 
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Figure 4-6: Characteristic sample failure; (a) IADD, (b) SPEG, and (c) MM. The 

overlap area has been highlighted in red. 
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Figure 4-7: Stress vs average strain plots for the different samples in the different 

areas of the samples for all sample combinations: (a) IADD; (b) SPEG; (c) MM. 
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Figure 4-8: Zoomed in axial stress vs average axial strain plots for the different 

samples in the different areas of the samples; (a) IADD; (b) SPEG; (c) MM. 
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4.3.1.2.1 Vertical line plots 

The average of the axial strain variation along the two vertical line plots on the front side of 

the samples, as seen in Figure 4-3(c). Figure 4-9 illustrates further support for validating the 

previous results. All the samples showed higher strains below the overlap region, which was 

also seen in Figure 4-5 and Figure 4-7. SPEG samples also show higher strains above the 

overlap region, which was also seen in Figure 4-5. The average axial strain of MM samples 

is found to be higher than 120% above the overlap region, demonstrating its high ductility.  

 

Figure 4-9: Average axial strain variation along the two vertical line plots on the front 

side of the samples. 

4.3.1.3 Analysis of Shear strain with DIC       

The shear strain distribution for all sample combinations is shown in Figure 4-10 at different 

loads ranging from 30 N to 900N.  They were obtained from the images taken through the 

macro lens for the lateral sample view. It provides a better understanding of the mechanical 

behavior at the interface of the overlap region. The shear strains were markedly higher in 

SPEG and MM samples compared to IADD samples, as seen in Figure 4-10. The shear strains 

are more localized above and below the overlap region, and no noticeable shear strains were 
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observed along the lap joint interface. This indicates that there is less chance of weaker spots 

at the interface and the samples provide good adhesion.  

The shear stress vs strain plots in Figure 4-11 and Figure 4-12 demonstrates the average shear 

strain in each of the strain gauges constructed on the overlap area of the lateral sample view, 

as shown in Figure 4-4(b). The shear strain in both the strain gauges is almost uniform in the 

IADD and SPEG samples due to their homogeneity. Shear strain in strain gauge 2 in the MM 

samples clearly reveals a higher shear strain than strain gauge 1, demonstrating the 

heterogeneity of the samples. Strain gauge 2 is placed on the overlap area, which consists of 

SPEG material, and since SPEG experiences much larger displacement due to its flexibility, 

the shear strain is also higher than strain gauge 1, which measures IADD material.   

Figure 4-12 shows the shear stress vs strain with the axis scales changed to zoom in on to 

distinguish the strains in each individual strain gauge in all the samples. IADD and SPEG 

exhibit slightly higher strains in strain gauge 2 but are negligible. In the MM samples, shear 

strain in strain gauge 2 is markedly higher and reaches approximately 0.03% at 0.5 MPa shear 

stress, while strain gauge 1 records an average of 0.001 at 0.5 MPa. It can also be seen that 

the shear strains for all samples in each strain gauge in each combination are very close to 

each other, providing further evidence that the tests are repeatable and reproducible. 
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Figure 4-10: Shear strain maps of the lateral views of all three samples at different 

loads. 

 

 








































