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Abstract

Development of Intertwined Infills to Improve Multi-Material Interfacial Bond

Strength

by Irfan Mustafa

Multi-material additive-manufacturing (MMAM) technology provides a solution to

3D print a variety of parts consisting of multiple materials without the necessity of per-

forming complex manufacturing processes. Till now various MMAM techniques have

been developed for different applications. The wide availability of materials and recent

developments in MMAM has opened doors for innovation in producing truly functional

products using various materials. A lot of research is research going on in developing

efficient 3D printers for MMAM, but conventional software tools does not full-fill the

modern requirements suited for 3D printing of multi-material structures. There is an

existing research gap between existing CAD tools, 3D printers and slicing software 3D

printing of multi-material parts. One major concern of MMAM is the strength at the

interface between materials. Based on the observation of how nature puts materials to-

gether, this research develops an initial hypothesis that if the materials are overlapped

and interlaced with each other, the interface bonding strength will be enhanced. To test

this hypothesis, a computer-aided manufacturing (CAM) tool that can process over-

lapped material regions is needed. However, existing computational tools lack key

multi-material design processing features and have certain limitations in making full

use of material information, which restricts the test of the hypothesis.

Therefore, this research also develops a new MMAM slicing framework that effi-

ciently identifies the multi-material regions and develops interlaced infills. Based on

ray-tracing technology, layered depth material images (LDMI) is developed to process
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the material information from computer-aided design (CAD) models for tool-path plan-

ning. Each sample point in the LDMI has an associated material and geometric prop-

erties that are used to recover the material distribution in each slice. In this research,

an interlocking joint (T-joint) and an interlacing infill are developed in the regions with

multiple materials. By carrying out tensile tests, it is shown that the proposed infill out-

performs the interlocking joint, and a fracture occurs even outside the joint area. This

validates the initial hypothesis, and the enhancement of interface strength is achieved

by overlapping and interlacing materials.
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1 Introduction, Motivation &

Objectives

1.1 Scope of the Research Proposal

Throughout the years, Additive manufacturing (AM) technologies have been used for

developing different prototypes and AM is a technology that is rapidly evolving and

is continuously being integrated with the traditional manufacturing technologies in the

production of commercial products in various fields including automotive and aerospace.

AM is being widely used in fabrication of real world applications and is possible using

many different technologies and among different AM methods. Fused Filament Fabri-

cation (FFF) [1] is one of the most extensively used AM and 3D printing process due

to several reason including ease of use of technology. FFF 3D printers are the most

widespread in the world. Additive manufacturing (AM) is a technology that builds 3D

physical objects from digital 3D models and it utilizes a layer-by-layer stacking method

to produce real three-dimensional (3D) structures from input geometry. Using layer-by-

layer manufacturing method allows a great degree of freedom in manufacturing com-

plex parts with a lot of precision and control which is not possible with traditional man-

ufacturing methods [2, 3]. The general steps involved in the additive manufacturing

process is shown in Fig. 1.1 Since their introduction more than 20 years ago, AM sys-

tems have been used in a variety of applications. These applications have ranged from

conventional products to highly complex design models required in advanced applica-

tions. The geometric freedom and the free-form manufacturing technology enable AM
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FIGURE 1.1: General steps in additive manufacturing

to fabricate complex structures with accurate material deposition capability at the spec-

ified positions defined in the design domain or computer-aided design (CAD) model.

Research advances in AM and the availability of new materials have unlocked a new

world of endless possibilities with customization in additive manufacturing that lead to

complex multi-material structures [4, 5]. In the beginning of FFF evolution, the printing

potential was limited to a single material with a small selection of available filament

materials. With time and the continuous increase in the availability of different vari-

ety filament materials, FFF achieved a degree of flexibility in form of different available

materials [6]. This enabled the development of different complex multi-material objects

with a wide range of mechanical, physical and electronic properties. Over the years in-

terest in the FFF technology has been greatly increasing within a number of industrial

sectors due to its ability to easily fabricate complex structures with a variety of engineer-

ing materials and with less material waste. Well, it is challenging to predict how addi-

tive manufacturing will advance in the coming years but certainly, multi-material 3D

printing is one way forward to develop multi-material structures with the various ma-

terial combination (Metal, Polymer and Ceramic) [7, 8]. A multi-material object is a solid

model composed of varying material properties within a specified domain inside the ge-

ometry. The availability of diverse materials with different properties is one of the main

reasons for innovation happening in the development of multi-material structures. This

allows overcoming the existing single material AM limitations for the development of
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functional objects. Multi-material additive manufacturing (MMAM) has a lot of benefits

and that is why MMAM technology is innovating rapidly to fabricate advanced prod-

ucts that can meet today’s demand. With all the advantages of 3D printing (complex

design, low cost, and customized performance, etc.), multiple materials can provide ad-

ditional flexibility for desired mechanical performance. Such a mechanical behaviour

is highly desirable for example in 3D printing of tailor-made implants or soft robotics

due to multiple requirements of varying stiffness and shorter production times [9, 10].

Multi-material FFF printing can be achieved using two or more extruders where nozzle

temperature, printing speed, and resolution can be individually controlled as necessary.

Back in 2010 due to the expiry of major FFF patents, FFF has expanded a lot in terms

of reducing the cost of FFF printers and increasing design innovation in FFF printers.

However even with so much advancement in FFF technology, there are still some issues

that are halting the progress of FFF and these challenges need to be addressed. One of

the major issues is low interfacial bonding strength in multi-material structure. Specifi-

cally, low interfacial bond strength is a significant issue in the FFF printing of dissimilar

materials. Overall, this makes FFF AM technology a key manufacturing process for the

fabrication of complex multi-material parts with less material waste.

1.2 Objective

For MM-AM to expand and grow from the current prototyping stage there are certain

challenges that need to be addressed to fabricate multi-material parts. Currently, print-

ing of discrete multi-material objects is a technically difficult process but an econom-

ically favourable manufacturing method, and it provides additional functionality and

flexibility [11]. In the case of multi-material FFF (Fused Filament Fabrication), the in-

terfacial bond at the joint between different materials is developed based on the fusion

of one material into other materials, and the strength of the bond is highly dependent

on the compatibility between two materials. This lack of fusion is the main reason for

parts breakage at the interface of materials. Considerable research and analytical stud-

ies have been conducted to analyze the effect of interface on the overall strength of the
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FIGURE 1.2: Examples of human and nature intertwining materials: (a) Jute fibers are in-
terlaced to form a tenacious cloth. (b) The lamellar microstructures of a Bi-Sn system are
composed of alternating layers of bismuth (white) and tin (black) ©2003 by Charles and
Cockburn (CC BY-NC-SA 2.0 UK).

part. To improve the strength of the interfacial bond, different interlocking joints were

developed and analyzed [12]. This shows that a macroscopic interface interlocking or

material fusion can improve the strength of the interfacial bond. Different strategies

have also been implemented like an application of chemicals and redistribution of ma-

terials during post-processing to soften the material. However, these strategies still have

the joint weaker than the materials themselves. It is observed that humans often inter-

twine materials to strengthen a product, e.g., manufacturing of composites [13] and jute

fibers (Fig. 1.2a). Interlacing fibers in clothing fabric has multiple advantages including

enhancing the durability and the resilience of a fabric [14]. Nature does the same too,

like the lamellar microstructures in eutectic alloys (Fig. 1.2b). Many AM processes, e.g.,

FFF, are like building and placing fibers, and the deposition way of these manufactur-

ing technologies has a direct effect on the mechanical properties of the fabricated part.

Based on these observations on how nature and humans enhance mechanical proper-

ties, we hypothesize that overlapping and interlacing materials at the interface will in-

crease the bonding strength in MMAM. To test this hypothesis, one way is to expand

the interface of different materials to a small overlapping region and generate the in-

fill within the region with both the materials. Although overlapping various parts can

be designed in the CAD phase, the generation of the interlaced infill and the toolpath

needs to be done in the slicers. The capabilities of currently existing slicers are very lim-

ited in terms of the processing of material information in a multi-material model. In the

case of a multi-material model with overlapping geometries, as shown in Fig. 1.3, these
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a b c

FIGURE 1.3: (a) A model having three overlapping cylinders (top view) is inputted in a
commercial slicer – Ultimaker Cura. It either (b) lets one infill take over the overlapping
region or (c) makes the region solid.

commercially available slicers randomly assign materials to the overlapping geometry.

In this research we generated toolpaths as the result based on the FFF technology, but

since the LDI has been applied to different technologies as well [15], the methodology

can also be extended for other MMAM processes. This technology gap shows that the

current computer-aided manufacturing (CAM) tools cannot make full use of material

properties for MMAM. As such, we have to develop an advanced computational tool to

process multi-material models. A ray representation – layered-depth images (LDI) [16]

– is employed here, since it is a compact format containing volumetric information, and

thus it can perform many tasks quickly such as Boolean operations and resolving mesh

errors [17]. Making use of the materials specified in the CAD model, we develop a new

format named layered-depth material images (LDMI) to encode the material informa-

tion in the LDI sample-points. The sample-points encoded with material information

can tell whether a region of a layer has a single material or multiple materials. Inter-

laced infills can then be generated for the multi-material regions.

1.3 Major Contributions

The major contributions of this research are summarized as follows:

1. A new computational tool is developed for MMAM, which can take a multi-

material CAD model as an input and use the material information in the slicing.
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2. Knowing the material distribution in different regions, infill interlacing is realized

in the multi-material regions through toolpath planning.

3. Tensile test results show that interlaced infills increase the bond strength and out-

perform the T-joint interlocking. The fracture even happens outside the interface

area, meaning that the bonding is at least as strong as the materials.

1.4 Outline of the thesis

The relevant reported studies on developments discussed in Chapter 2 so as to build es-

sential background on this research topic. The development methodology for LDMI and

technical concepts are introduced in Chapter 3. The experimental results are presented

in Chapter 4. The major conclusions of the study are finally summarized in Chapter 5

together with the recommendations and desired future work.
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2 Literature Review

This research involves the computer-aided design and manufacturing of multi-material

components with a focus on the enhancement of bonding between materials, so a brief

review is done related to these fields.

2.1 Multi-material additive manufacturing

Different AM technologies are being used for MMAM [18] with each having its own ad-

vantages. Every additive manufacturing technology has some necessary common steps

included in process planning like CAD design development, slicing and printing. For

example, Polyjet uses the ink-jetting technology to jet different materials [19], selective

laser melting (SLM) melts different powders together [20], digital light processing (DLP)

changes materials by swapping the vats [21]. Among all these technologies, the most

popular and easily accessed one is probably the FFF method [22, 23, 24]. This is because

it is clean and can add more materials by using more extruders. MMAM technolo-

gies can be used to improve part performance by varying material compositions, which

are not achievable by conventional manufacturing processes, and this opens multiple

opportunities for design, functionality, and cost-effective high-value products [25, 26],

especially in medical and dental [27] where high performance is required with desirable

properties for biomedical applications. For example, two or more materials are printed

using multiple extrusion nozzles in multi-material FFF polyjet, in which multiple STL

bodies defined by discrete materials serve as the CAD input. In some other methods,

multiple materials are used in such a way that one material acts as a support structure

and can be easily removed once the print has been completed. Some examples of such
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FIGURE 2.1: Additive manufacturing technologies and applications of multi-material addi-
tive manufacturing [41] ©2020 by Elsevier.

work are presented in [22, 23]. Additive manufacturing has been recently used in differ-

ent industrial application particularly for the fabrication of the multi-material structures

like orthopaedic implants [28, 29]. Using the high precision and ultimate flexibility in

geometric design make it possible for additive manufacturing to develop multi-material

parts with customized mechanical properties [30, 31]. Due to the availability of various

materials, there is a lot of innovation happening in MMAM but even though a lot of re-

search has been done in the area of development of hardware for MMAM, there is a lot

of work that needs to be done on the software side to make MMAM a viable commercial

process [32]. Some application areas for MMAM includes soft robotics [33, 34], electron-

ics [23, 35], 4D printing [36, 37], automotive [38, 39], aerospace [40]. Some application

multi-material additive manufacturing is shown in Fig. 2.2 Despite much research has

been done in this area, there are still many challenges, e.g., bonding between dissimi-

lar materials, overall low interfacial bonding, and multi-material data processing from

CAD to CAM [18, 41].
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2.2 Process planning for multi-material printing

Researchers are contributing significantly to the development of modelling and design-

ing strategies for MMAM using various spatial subdivisions schemes such as voxels [42,

43] and surfels [44]. For example, there is a digital material design framework proposed

to find a proper material distribution by separating the whole domain into blocks and

filling them up based on the tensor values [45]. However, there are some issues in-

herent in the current AM that has halted the progress towards MMAM [46]. Even the

most advanced CAM tools for AM are based on conventional geometries and processes

in AM [47]. Even with the multiple advances in FDM, there are still numerous critical

barriers that restrict the enormous utility of MMAM. Multi-material printing has the

potential to actually enable the vast industrial adoption of AM, but it suffers from the

inefficient AM slicers that are based on conventional geometrical representations suited

to old AM processes. Current MMAM slicers cannot utilize all the material information

available in the CAD to the full extent [18]. In the past, multiple approaches have been

tried to overcome the constraints in handling multi-material products. One of the ap-

proaches used to represent the multi-material model is a multi-CAD system [48]. This

multi-CAD system is a set of STL models from available CAD modellers with solid

information replaced by the material index. It requires users to specify the material

information and the printing properties for each STL model separately, which adds cer-

tain complications to MMAM. A promising CAM tool is the LDI [49], which is based on

ray-tracing. Compared to other slicing technologies like contour slicing and voxeliza-

tion, ray-tracing is computationally efficient for detecting small features in complex AM

structures [50]. Other than this, the related geometrical computations can be accelerated

by modern graphics hardware equipped with a Graphics Processing Unit (GPU) by pro-

cessing the pixels in parallel. Compared to the LDI, other existing methods may fail [51]

or give poor performance [52] when the layer-complexity of an input model is high.

Applying the LDI technique can potentially alleviate challenges in multi-material AM

to manufacture functional products.
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a b c

FIGURE 2.2: Types of Interface analyzed by Ribeiro et al. [12]. (a) T-shape (b) U-shape (c)
Dovetail shape

2.3 Interface and bonding between materials

Ribeiro et al. [12] shown in Fig. 2.2 has analyzed the effect of different mechanical inter-

locking joints on the strength of the multi-material interface. They compared different

materials and different interlocking joints (T-Shape, Dovetail Shape and U Shape) for

analyzing the adhesion and interlocking strength. It was concluded that the strength of

the interface joint is much more dependent on the macroscopic structure of the interface

(mechanical interlock) than the material compatibility. In a similar research Garziosi et

al. [53] conducted a detailed exploratory study on Fused Deposition Modeling (FDM)

process for multi-material printing and confirmed that mechanical interlocking strate-

gies results in increasing the adhesion and diffusion between different materials. Inter-

face joints play a key role in the performance of a multi-material part and have been

analyzed a lot in the past. Previously, various techniques have been tested to develop a

strong interfacial bond between materials of different compatibility. Rossing et al. [54]

presented a technique to control the bonding between flexible material like silicone and

thermoplastics through mechanical interlocking. The bonding strength between sili-

cone and thermoplastics was improved drastically using a hybrid fabrication process.

Another research [55] analyzed the adhesive behaviour between materials in each layer

and it was concluded that various printing parameters like the orientation of the print,

printing direction and geometric design of the interface that directly affect the strength

of the interface. Therefore, the strength at the interface can be improved by controlling

these parameters. Lumpe et al. [56] also showed that strength at the material interface
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is directly related to the materials and the interface design. Some structures can even

result in 20% increased strength using new multi-material designs.
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2.4 Summary

From the review of previous studies, it is evident that interfacial joints are the most

critical areas in multi-material prints and the strength of the interfacial joint between

two materials is dependent on the geometry of the interfacial joint. Moreover, design

improvements in interfacial joints can enhance the mechanical performance of multi-

material structures. However, directly developing interlocking features like T-joints and

lattice structures at the interface in the CAD model is a cumbersome and difficult pro-

cess that requires a lot of time.
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3 Methodology

Suppose an object H contains different material volumes, it can be defined as H = O1 ∪

· · · ∪ Om. All these material volumes are defined by the separate material ID that helps

in the identification of material present in that material region. There can be multiple

single materials, double material or n material regions. An overlapping material region

is a material region that has two or more material IDs. For example an overlapping

region between materials A and B, for example, can be defined as OA,B = OA ∩ OB.

Here the goal is to identify the overlapping regions efficiently in the slicing process.

By using these overlapping regions, this research generates an interlaced infill. This re-

search purposes a new Layered Depth-Material Images (LDMI) technology developed

on top of the Layered Depth Image (LDI) [49], which was developed based on the ray-

tracing technology to sparsely encode a solid model by a set of intersection points be-

tween the rays and the model. As the name suggests, the main difference is the inclusion

of material information in the sample-points. This material information present on the

sample-points is very important for the detection of different material regions in the

slicing process.The full processing pipeline of the proposed LDMI framework is shown

in Fig. 3.1.

LDMI slicing framework is developed on top of LDI technology which has been

used in previous research to perform Boolean operations i.e. Union, Subtraction and

Offsetting on the input mesh. The overlap between multi-material CAD geometries can

be easily created in the LDMI slicing tool by performing the offsetting operations for

each layer [57]. This allows us to modify mesh in the CAM phase of MMAM hence,

there is no need to modify current multi-material CAD modelling approach and the

multi-material models can be imported without any design modification.
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FIGURE 3.1: The workflow of the LDMI framework for processing and modeling multi-
material interface.

Firstly, given the input multi-material solid model H (e.g., AMF file), the materials

defined in H are obtained and stored in a material library (M). Each material (m ∈ M)

is given an index so that it can be retrieved at any stage of the process. Secondly, as-

sume the build direction is aligned with the z-axis, a set of rays (γ ∈ R) is shoot from

the ground traveling along the build direction (i.e., ˆ︁γ = (0, 0, 1)) to intersect with H.

The intersection points (p ∈ R ∩ H) are stored together with its material index corre-

spondingly in each ray. Thirdly, slicing at a height is to place a two-dimensional (2D)

plane parallel to the ground at the height to intersect with all the rays. Each grid node

is corresponding exactly to one ray so that the materials of the node can be determined

by its ray. Finally, the grid nodes are grouped into different regions according to their

materials, and the interlaced infills are developed in the multi-material regions.

In summary, LDMI initially reads an input solid model H as an AMF file and devel-

ops a material library that stores the material index for each polygonal face present in an
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input mesh. Then in step 2, LDMI develops Z − LDMI images using ray-tracing tech-

nology and these LDMI images are then processed in step 3 to generate multi-material

regions. In step 4, multi-material regions are utilized for developing interlaced infill

and interlocking patterns in overlapping material regions to strengthen the interface be-

tween dissimilar materials. Lastly, tensile testing was utilized to assess the enhancement

of mechanical properties due to interlaced infill in multi-material dob-bone samples.

In the developed multi-material slicing framework all the rendering programs, ge-

ometric computations, and slicing programs are accelerated by modern graphics hard-

ware using NVIDIA CUDA kernel functions. This enables us to efficiently generate

LDMI sample-points for complex input model H in less time even when the layer-

complexity of an input model is high. This is advantageous because other slicing tech-

niques may fail [51] or give a poor performance at higher layer-complexity [52] of an

input model. The technical details are presented in the following chapters, starting from

the ray-tracing.

3.1 Ray-tracing with material information

An important process in the development of the LDMI program was to utilize the

material information available in the input model H to generate multi-material LDMI

sample-points (S). One of the most important steps in LDMI is the generation of sam-

ple points and details of the development of LDMI sample points are presented here.

LDMI represents a solid model by an image which is basically a set of the array of pix-

els viewed from a single camera with parallel rays passing through the centers of pixels

and intersecting with the model. Each intersection between the ray and a triangle of

mesh generates a sample point. These rays come out from the image perpendicularly

and all of them are parallel to each other.

Simply ray-tracing shoots a ray from the pixels to intersect the solid model obtaining

a set of sample-points and each pixel stores necessary information about the intersection

occurrence. For each sample point three values are stored which are; its coordinates,

normal vectors, and material. The coordinates and the normal vectors give the geometry
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FIGURE 3.2: Ray tracing schematic diagram.

and the orientation information locally, and the material information are used to define

the material regions. The image can be placed anywhere theoretically, but since the goal

of slicing is to capture the changes in the cross-section geometry at different heights, the

image is placed at the ground and the rays are shot in the build direction. The image

should be large enough to cover the whole model, and the image resolution is set by the

resolution of the 3D printer.

LDMI representation is dependent on the material information specified in the H so

using AMF file format LDMI takes polygonal mesh as an input. The AMF file format

is used because it is currently the most widely adopted file format for the processing of

multi-material models. The material data in the AMF file is stored for each volume of

the model defined by a set of triangular faces. The first step in the LDMI program is to

read this input AMF file for material data and vertices (A, B and C) of each triangular

face. Fig 3.2 shows ray-tracing procedure for a triangle with material A; a point P ray

with origin O and direction dir intersects a triangle defined by the vertices, A, B, and

C at intersection point S. In the second step, this information is stored in a structured

material library with the face index of the triangle. This material library containing

material information and geometric information is used in the ray-tracing process.
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FIGURE 3.3: Ray tracing process to obtain the LDMI sample points.

An example of a ray with a single material (A) is shown in Fig, 3.3 where LDMI

generates entering and exiting sample-points S for ray intersection with mat − A trian-

gles. Similarly rays in Fig 3.3 have material status of (B, C and D). The sample points

can be obtained by computing many line-triangle intersections in the mentioned ray-

tracing process as illustrated in Fig. 3.3, but it is very time consuming and inefficient.

Therefore, a similar rendering technique [49] presented in LDI is applied here, and it is

extended to include the material information.

The main difference between the LDMI and LDI technology is the recording of ma-

terial information at each intersection point of a ray. In LDMI technique, each sample-

point stores material m, depth d and normals nx and ny information. Material informa-

tion is very important for sampling solids for detection of different material regions in

the H and for developing interlaced infill and interlocking joints at a multi-material in-

terfacial bond. Applying the LDI technique here can potentially solve one of the biggest

challenges in multi-material AM to manufacture objects with multiple materials.
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Rendering a model in the 3D space is to project and convert its triangles into a raster

image located on the screen. Rasterization is usually used for rendering 3D models

and it is basically a process of converting a vector graphics format (Triangles) into a

raster image which is basically a series of pixels. Rasterization actually "projects" trian-

gles onto the screen and this means that a model is transformed from 3D space to 2D

representation using perspective projection. This is accomplished by projecting the ver-

tices of triangles of an input mesh onto the screen. In comparison to ray-tracing which

is very complex process, rasterization can only be computed in just two steps and this

makes rasterization a very efficient process. In the developed LDMI program, all the ge-

ometrical computations are accelerated by modern graphics hardware equipped with a

Graphics Processing Unit (GPU) by processing the pixels in parallel.

In engineering applications, the 3D solid models are represented in polygonal form

using usually triangular mesh and there are three conditions for triangle rasterization.

1. A mesh is not a non-manifold mesh and rasterization does not leave any holes

which means there are no non-rasterized pixels.

2. No triangle is rasterized more than once.

3. A center of a pixel in rasterization lies completely inside the triangle

Using these conditions rasterization fills up the image pixels based on the shapes of the

triangles as well as their properties like colors. In other words, if a triangle is rastered

on a pixel, it must have an intersection with the ray from that pixel. The color values

for each pixel can be used to return the required information. The color value for each

pixel was assigned during shading.

RGBA color can be defined by four floating points: (r, g, b, a), for the red, green, blue,

and alpha channels. They are used to store the point’s depth value (d), two components

of the normal vector (ny, nz), and material index (m). The depth value d is the distance

from the image, which is sufficient to retrieve the actual coordinates because the ray

equation is known, and the third component of the normal vector can be calculated

by the other two: nx = 1 − ny − nz. Simply, a LDMI sample point is represented as
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(d, ny, nz, m), and it is stored in the ray of the corresponding pixel where it is located.

Fig. 3.3 shows an example of sample points and the values are represented in the format

which are represented as (d, m, nx, ny),

With the help of a graphics processing unit (GPU), hardware acceleration can be

done to achieve real-time rendering to rasterize a 3D model and a single GPU renderer

can outperform 20 CPUs due to the number of processors. This shows how in compari-

son to ray-tracing rasterization is extremely fast and therefore used in this research. For

example, in this research: the NVIDIA GeForce 920M, generates a 1024× 1024 LDMI for

an input mesh of 282,624 triangular faces that takes only 294 ms.

3.2 Slicing for multiple materials

After processing material information available in the input CAD model and after con-

verting the CAD model to the LDMI representation, the LDMI solid is used in the slic-

ing process, which divides the model as a stack of 2D layers. LDMI representation is a

set of different sample-points and using these sample points it develops multi-material

boundaries (C) for every material present in H. By intersecting a slice plane with the

rays of LDMI, a 2D grid is formed at a particular height. It is important to mention here

that the normal for slicing plane and the LDMI rays both same direction of Z-axis. To

obtain all the geometry and material information in each 2D slice, there are two tasks:

1. Determining the materials for each grid node

2. Forming different material regions.

LDMI framework is based on ray tracing in z’ direction, hence, there are no limita-

tions of minimum layer height, as LDMI program can generate infinite number of the

slicing planes between the maximum and minimum z-coordinates of sample-points in

LDMI solid. This provides LDMI an advantage to achieve fine quality prints. In this re-

search a dual extruder Ultimaker − 3 Fused Filament Fabrication (FFF) 3D printer was

used with the layer height of 0.18 mm for fast and good quality prints.
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FIGURE 3.4: Slicing plane with classified gridnodes and material regions.

As shown in Fig: 3.4, a slicing plane is simply a set of gridnodes with different

material assigned and these gridnodes are used to form multi-material regions. De-

pending on the material of LDMI samples points and the height of the plane, LDMI

program determines whether a gridnode is inside or outside the material region. Only

the gridnodes inside the LDMI solid are classified with material status are used to de-

velop material regions which are then used to generate interlaced infill and interlocking

pattern.

Now the next step in LDMI program is development of multi-material regions and

details are presented here.

Determining materials for grid nodes

For every slicing plane, a pool of gridnodes is generated with specified resolution as

shown in Fig: 3.4, and this section explains the approach for determining material status

for grid nodes. Since the grid nodes are located in the rays, the sample points of the rays

can be used to determine whether a grid node has any material and what materials it

has. The method is illustrated in Fig. 3.5, where three rays having different sample

points are shown. Notice that the z-axis is pointing to the right instead of the top in this

figure, so virtually the grid nodes aligned vertically are from the same slice plane. The

sample points (patterned circles) are located arbitrarily in the ray because their positions

depend on the shape of the model, but the grid nodes (dots) are uniformly distributed
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FIGURE 3.5: Determining materials for grid-nodes by LDMI sample points. Note that the
z-axis is pointing to the right.

along the ray since all the layers have the same height. The solid-line and the dotted-

line circles indicates the In/Out of the sample points, where In means that the ray (γ)

is going into the model at the sample point, and Out means coming out. This In/Out

classification can be done easily by the normal vector n = (nx, ny, nz) of the sample

point. It is an In point if n · γ < 0, and it is Out if n · γ > 0. For the case n · γ = 0, the

ray is a tangent line at the point on the model surface, and it is neither In nor Out, so it

is ignored.

Starting sample-points for any material are represented with solid boundary pat-

terned circles and all the gridnodes that are lying between the starting and ending

sample-points are shown with a solid circle. Given the In/Out classification and the

materials of the sample points, the materials of the grid nodes can be determined based

on where they are located among the sample points. For example, the first two grid

nodes (hollow dots) in Fig. 3.5a are located before the In-point, so they are not inside
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the model and should have no material. Similarly, the last two grid nodes also have no

material as they are after the Out-point. Only the nodes (solid dots) located in between

the In- and Out-points have materials. This can be extended to multiple materials too:

if a node is located in between the In- and Out-points of material A as well as the In-

and Out-points of material B, then it contains both materials A and B, and so on (see

Fig. 3.5b & c).

For assignment of material index, LDMI program scans all the In gridnodes and

assigns material values to each gridnode using the material values stored for sample-

points during the ray-tracing process. As shown in Fig. 3.5(b) and Fig. 3.5(c) Various

active materials between the starting and ending sample-points on a ray. To store the

material index of each gridnode LDMI program utilizes the power of hash-maps and

store material information in a key-value pair with ’gridnode index’ as a key and ’mate-

rials list’ as a value. ’Materials list’ is the list of all the materials that are active for a par-

ticular gridnode. This mapped data structure enables the LDMI program to efficiently

scan for the materials index in the process of development of material boundaries for

every material region.

With the help of the LDMI sample points, the material assignment can be done ef-

ficiently, and it has a constant computational complexity: O(k), where k is the number

of sample points in a ray which is usually small up to a few tens depending on the

shape complexity of the model. It is also worthwhile to mention that, unlike other slic-

ing algorithms, the LDMI does not have to be updated even the number or the height

of layers are changed. No matter how many grid nodes are used or how they are redis-

tributed, the sample points are unaffected. This provides LDMI with an advantage to

achieve fine quality prints without extra computational costs. LDMI gridnodes classi-

fication algorithm uses CUDA atomic operations to classify gridnodes. LDMI program

uses gridnodes as an input and loop over all the possible gridnodes on a slicing plane.

For any gridnode lying on a slicing plane inside the LDMI solid should have z’ position

coordinate located in between the depth of staring sample-point and ending sample-

point of a material. Fig. 3.5 shows the starting sample-point of a material represented
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by a solid circular boundary, contrarily, the ending sample-point for the same material

is represented by a dashed circular boundary.

Forming material regions

After all the above, the grid nodes of a slice plane are assigned with materials, the 2D

grid essentially is a discrete material field. The next step is to extract clear boundaries

to bound different material regions so that the fabrication can be planned differently in

each region. The boundaries are used in the interface modelling and the development of

interlaced infill in the multi-material regions. Classified gridnodes are arranged in form

of vertices of cubic cells on the slicing plane as shown in Fig. 3.6. LDMI slicing pro-

gram sequentially scans all these cells using the marching cubes technique to identify

boundary cells which are then used to develop boundaries of different material regions.

Here, the marching squares algorithm is applied to the generation of contours for the

2D material field. Specifically, the algorithm processes four neighbour nodes at a time

forming a cell and determines contour lines needed to represent the part of the contours

that pass through this cell. The individual lines are then fused into the desired contours.

The contour lines are constructed based on the cell configuration, i.e., the material com-

bination. Some configurations and the output lines for the cells are shown in Fig. 3.6. In

short, a line is placed between the nodes having different materials. If all the nodes in a

cell have no material or the same material, no lines are generated for the cell. For a line

that is placed between a node with no material and a node with a material (Fig. 3.6(a)),

it is a part of the external boundary, i.e., the model surface. For a line that is placed

between different materials (Fig. 3.6(b-d), it is a part of the internal boundary. These

are the ones that will be used to develop the interlocking patterns. After all the cells

are processed and the contours are completed, a linear interpolation is applied along

the contours to make them smooth. All the lines that are generated for each material

region are arranged in a specific direction to form a closed contour for each material

region. These material regions are utilized in the next function of LDMI program for the

development of interlocking patterns and intertwined infill the multi-material regions.
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FIGURE 3.6: Development of contour lines in cells with ‘G’ representing grid-nodes on a
slicing plane.

3.3 Modeling multi-material interfaces

Interfacial joints in the multi-material parts are the most critical stress areas that affect

the mechanical properties of a multi-material structure. The LDMI framework utilizes

previously formed multi-material regions to develop interlocking pattern (T-joint) and

interlaced infill to enhance mechanical strength at these interfacial joints. Although

the interlocking patterns are not the focus of this paper, the details of generating the

T-joints are also presented here to demonstrate the generality of this framework. This

developed LDMI technology can generate the T-joints on-the-fly in the CAM phase and

this method does not require any cumbersome editing in the design process. Given the

material interfaces and regions defined in a 2D plane, the details for generation of the

interlaced infill and interlocking pattern are presented.

Interlaced infills

The material regions generated from the LDMI solid for any input model H can be

classified and can have a single material or multiple materials. Generation of infill is

dependent on the material information of each material region. Interlacing infill in
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LDMI program is only dependent on the material regions developed in the previous

step and does not require any design modification in the input solid model H. A nor-

mal infill is used for a single-material region, and an interlaced infill is generated for a

multi-material region. It is important to mention here that tool-path development is an

independent process for all the material regions, and this gives much more flexibility in

developing tool-path according to the desired mechanical properties for each material

regions. This means that LDMI slicing program is efficient to vary the infill generation

properties for each material region as desired. Without loss of generality, triangular in-

fills are used here to explain the generation of interlaced infills, but other types of infills

can also be applied similarly.

To further enhance the interlacing effect, the LDMI program generates an infill to

print alternate material on top of each other for every layer. Specifically, in overlapping

region, the infill lines are interlaced between layers as well by printing them in alternate

ways such as: Layer-1 (MA at bottom, and MB at top) and Layer-2 (MA at top, MB at

bottom).

A triangular infill has three sets of parallel lines inclined at angles of 0◦, 60◦, and

120◦. The lines are placed uniformly separated by a distance ∆, which is determined

by the desired infill ratio I, i.e., the larger the infill ratio, the smaller the line distance.

To develop an interlaced infill in the multi-material regions, the overall infill ratio I

is divided by the number of materials in the region. For example, if a region has n

materials, the infill ratio for each material is Im = I/n, and the line distance is ∆m = n∆.

The infill lines of different materials should be arranged in a stagger, so an infill shift

(s) is also introduced, which is based on the line distance but applied separately to each

material, i.e., s1,...,n = {0, ∆, . . . , (n − 1)∆}.

In this section of research details of the generation of the interlaced infill in multi-

material regions is presented. First step in the generation of multi-material intertwined

infill is the specification of infill properties for every material forming the multi-material

region. Because multi-material regions are made of more than one material, due to this

reason infill of a multi-material region is evenly divided into infill for each material that
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FIGURE 3.7: Visualization of interlaced infills on a model of three overlapping cylinders
with materials A, B, and C.

makes up the multi-material region. Using the infill ratio I of whole material region,

infill ratio for each material (IA, IB, IC) can be calculated using this simple equation

IA = 1/(total materials)× I

These infill ratios are used to calculate the ’Infill Line Distance’ as shown in Fig: 3.7.

’Infill Shift’ is another important parameter that is used to shift infill lines of a material

relative to another material forming the multi-material region.

An example of three overlapping cylinders with materials A, B, and C is shown

in Fig. 3.7. There are seven different material regions, including three single-material

regions, three double-material regions (A + B, B + C, A + C), and one triple-material

region (A + B + C). An important property is the overall infill ratio I that specifies

overall infill of a material region and it can be in range of 0% − 100%. In the example

the overall infill ratio is I = 20% and thus the line distance is ∆ = 2.5 mm. In the

single-material regions, the infill shift s = 0 as there is no need to shift the infill lines.

In the double-material regions (e.g., A + B), the whole infill is constituted by the two

materials. Each of them occupies half of the infill volume, and thus the infill ratio for
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Isometric View Magnified views

FIGURE 3.8: Infill shift parameter applied to materials A, B, and C alternatively in subse-
quent layers to enhance interlacing effect.

the materials are IA = IB = 10% leading to their line distances ∆A = ∆B = 5 mm. To

alternate the materials, one material is shifted by the line distance ∆, i.e., sA = 0 mm and

sB = 2.5 mm. Similarly, in the triple-material region (A + B + C), IA = IB = IC = 6.67%,

∆A = ∆B = ∆C = 7.5 mm, sA = 0 mm, sB = 2.5 mm, and sC = 5 mm. As shown

in example Fig. 3.7 infill lines of different materials are extruded on top of each other

and edges of infill triangles are printed with different materials. To further enhance the

interlacing effect among layers, the infill shifting is applied to the materials alternatively

in subsequent layers. For example, after printing layer 1 with the above values, layer 2

uses sA = 2.5 mm, sB = 5 mm, and sC = 0 mm, so that the order is A → B → C in layer

1, then C → A → B in layer 2, and so on. This can interlace the materials not only in 2D

but also uniformly throughout the whole model and this is shown in Fig. 3.8.

T-joint

Ribeiro et al. [12] found that the T-joint is the best interlocking pattern to improve the

mechanical performance at the interface of two materials. Therefore, it is used to com-

pare with the proposed interlacing infill. Instead of adding the joints explicitly in the

CAD model, the framework is general enough to directly create these patterns at the
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material interface during the toolpath planning, and the method is presented here.

Recall that the contours are generated in Section 3.2 for the external (model surface)

and internal boundaries (between material regions). The internal boundaries are the

material interfaces, and they can be altered to form T-shapes. To develop new T-joint

sticks, the LDMI algorithm takes number of required T-joints as an input to define the

dimensional properties of a T-joint. Specifically, a T-shape as shown in Fig. 3.9 can be

defined by its widths at the top (Wt) and the bottom (Wb) as well as its heights for the

top-half (Ht) and the bottom-half (Hb). One T-shape can be drawn by seven line seg-

ments (l1, l2, . . . , l7), where l1 = l7 = Hb, l2 = l6 = Wt − Wb, l3 = l5 = Ht, and

l4 = Wt. These seven segments are stored as a subprogram and programmed in incre-

mental coordinates (e.g., G91 in G-Code), so that the subprogram can be called directly

to generate the T-joints at the desired locations.

The T-joints are created at the time of toolpath generation for the internal boundaries.

When a part of the internal boundaries is at least Wt, the original segment of length Wb

is removed and replaced by the subprogram of the T-shape, based on the orientation

of the original segment. After one T-joint is generated, the tool travels a distance of Wh

before the next T-joint. In this way, a T-joint is also made in the opposite side. This

process is done for both materials sharing the boundary, and the result is illustrated

in Fig. 3.9. The offset for the line width is done using the tool radius compensation in

G-code (i.e., G41 or G42). The amount of interlocking required at the interfacial joint

is directly related to the T-Joints and by using desired value the desired percentage of

interlocking can be varied within a range. Its important to mention here that a T-joint is

saved as a preset for a model, and whenever a T-joint is needed, this preset can simply

loaded by the user to replace an original sticks with T-joint. In this way, the inclusion of

T-joints can be done simply in slicing stage rather than complex design modifications in

CAD model.
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FIGURE 3.9: Development of T-joints at the interface.

3.4 Summary

This chapter of research presents details about the ray-tracing and the rasterization tech-

nology which are the main techniques used in the LDMI program to develop sample

points with material information from the input solid model H. In the second part of

this chapter details about the development and classification of grid-nodes with ma-

terial information is presented. These grid nodes were utilized in the development of

different material regions which were utilized in the development of different inter-

locking features (T-joint and interlaced infill) at the interfacial joint between different

materials. The details for the generation of material regions are presented in last section

of this chapter.
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4 Results

The proposed LDMI slicing framework was implemented as a C++ program with Mi-

crosoft Visual Studio 2017. All the examples shown here are tested with Intel CORE

i5 7th Generation with 8GM RAM and Nvidia GeForce 920M graphics card. The de-

veloped LDMI framework, can efficiently model the multi-material interface, and this

section tests the initial hypothesis that the interlacing infill increases interface strength.

This research is conducted on the hypothesis that interlocking features like T-joint and

interlaced infill can enhance the mechanical properties in a multi-material structure. So

to asses, the enhancement in mechanical properties due to different joint configurations

and to measure the multi-material interface strength, samples with a dog-bone shape

were fabricated with two materials touching at the middle of the dog-bone, as shown

in Fig. 4.1. The overall infill ratio is set as 40 %, and the samples are 3D printed with

an Ultimaker-3, which are made sure to have the same amount of material. These dog-

bone samples were analyzed using tensile test and stretched to their breaking point

with a tensile tester – Mark-10 ESM750SLC (see Fig. 4.2), and the stress-stain data are

obtained for the analysis.

T- Joint

10 mm interlaced 20 mm

FIGURE 4.1: The dog-bone samples for tensile test.
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FIGURE 4.2: The experimental setup for tensile test.

Three sets of experiments are designed. For tensile test analysis, three sets of exper-

iments were designed. For the first test case in this research, the same material (PLA)

was used to print the dog-bone samples but with two different colors (orange and yel-

low). This allows us easily to compare the interface strength among various joint con-

figurations. In the second experiment of this research, effectiveness of overlapping and

interlacing was verified by analyzing the tensile tests of the different materials which

are PLA, PETG and ASA. Lastly, in the end, results from the tensile tests were criti-

cally analyzed and a relationship was established between the interface strength and

the overlapping amount of materials.

For all the different joint configurations of dog-bone samples, three samples were

tested and all the tensile tests results were very similar. The results from all the config-

urations are averaged (±0.1 MPa). As a reference, all the materials used in the exper-

iments are also tested individually with the same dog-bone shape, and their data are

reported in Fig. 4.3, including the Young’s modulus (E) and the ultimate tensile stress

(UTS). It can be seen that the PLA is much stronger and stiffer than the other two mate-

rials (PETG and ASA) and can carry at least two times more load before fracture.
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FIGURE 4.3: Tensile test data for single-material samples.

4.1 Joint configurations

The bonding strength of dog-bone samples with different interface and different joint

configurations was compared and analyzed and the results are presented here:

1. Butt Joint.

2. Interlocking T-joint.

3. Proposed overlapping joint with interlaced infill

Butt joint was developed by placing the materials closely next to each other without any

kind of design modification. To print dog-bone samples with butt joint a dog-bone sam-

ple was simple divided into two equal parts and a different material was assigned to

each half part. The interface strength for this joint purely depends on the material com-

patibility and the adhesion between the material surfaces introduced in the 3D printing

process. It is used as the baseline to show the improvement achieved by other con-

figurations. The strategy for the development of the T-joints and interlaced infill joint
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FIGURE 4.4: Tensile test data for different joint configurations.

configurations is explained in 3 In the tested dog-bone samples featuring T-joint con-

figuration the T-joint has sizes of Wt = 2.10 mm, Wb = 0.85 mm, Ht = 1.35 mm, and

Hb = 0.62 mm. In the tested dog-bone samples featuring interlaced infill, has an over-

lap size of 10 mm. To make the effect of joints prominent, similar materials (orange PLA

and yellow PLA) are tested in this experiment.

The testing results are shown in Fig. 4.4 and the fractured samples are shown in

Fig. 4.5. For the butt joint configuration, the observed E value is 359 MPa and the

observed UTS is 5.79 MPa, which are far less than the strength of the PLA materials

themselves (see Fig. 4.3 – E is around 500 MPa and UTS is around 8.7 MPa). In case

of butt joint the fractured samples shows that the fracture happens exactly at the joint

interface. This reveals that the weakest location of a multi-material structure is indeed

at the interface, and the amount of reduced strength is significant (∼ 40 % reduction).

The T-joint in the samples, at the interface, introduces a mechanical interlock effect in

addition to the adhesion. The tensile test results of the dog-bone samples are in line with

the findings in the previous work [12] that the T-joint can improve the interface strength.

These results show that T-joint achieved 20 % increase in UTS compared to the butt joint
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FIGURE 4.5: Fractured samples of butt joint, T-joint, and interlaced infill.

(6.95 vs. 5.79 MPa). However, it is still 20 % weaker than the PLA materials, and the

fracture also happens at the joint. The proposed interlaced infill shows a very promising

result. The sample actually fractured at a distance of 12 mm away from the joint area,

meaning that the joint is at least as strong as the materials. This is evidenced by the

observed E = 544 MPa and UTS = 8.88 MPa, which is not only a 53 % improvement

compared with the butt joint, but also as strong as the PLA materials. The results prove

that overlapping and interlacing materials can increase the interface strength between

similar materials.

4.2 Materials with distinct properties

In this research practicality of the developed LDMI multi-material slicer is demon-

strated by the printing of dog-bone samples with material combination of (PLA-ASA,

PLA-PTEG). In the previous experiment, two similar materials (orange PLA- yellow

PLA) were used, so in this experiment the interlaced infill was analyzed using the dis-

tinct materials to further confirm the effectiveness of interlaced infill. After analyzing

the tensile test results of different interfacial joint configurations, the 10 mm interlaced

infill joint configuration achieved the best mechanical performance. This shows that



4.2. Materials with distinct properties 35

0
50

100
150
200
250
300
350
400
450
500

0 0.004 0.008 0.012 0.016

St
re

ss
 (N

/m
2 )

x 
10

00
0

Strain (mm)

E=345 MPa

E=354 MPa

E=223 MPa

E=233 MPa

(PLA-ASA) Butt Joint

(PLA-ASA)interlaced

(PLA-PETG) interlaced

(PLA-PETG) Butt Joint

Materials Joints E (MPa) UTS (MPa) Improve

PLA-ASA
Butt 354 3.58 —-
Interlaced 345 4.79 34 %

PLA-PETG
Butt 233 2.38 —-
Interlaced 223 3.74 57 %
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even for the material combination of multi-material dog-bone samples, 10 mm overlap

will have the strongest interfacial bond.

Each material combination is tested with both the butt joint and the interlaced infill,

and the overlap size for the interlaced infill is also 10 mm in this experiment. The testing

results are shown in Fig. 4.6 and the fractured samples are shown in Fig. 4.7. Both

material combinations show the same trend with the results in the experiment using

similar materials. The tensile test results show that the interface strength of the butt

joint is lower than the weaker material in the material combination and this happened

due the material incompatibility between the dissimilar material forming the butt joint.

For example, the UTS of the material ASA is 4.85 MPa, but the UTS of the combination

PLA-ASA is only 3.58 MPa. Additionally, like the previous example the fractures of the

butt joint always happen at the interface. In contrast, the samples with interlaced infill

fractured inside the weak material at a distance away from the joint. They also have the

UTS of the weak material, achieving an improvement of 34 % and 57 %, respectively for

PLA-ASA and PLA-PETG, compared with the butt joint. This reveals that the interface
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FIGURE 4.7: Fractured samples of butt joints and interlaced infills for the material combi-
nations: PLA-ASA and PLA-PETG.

is even stronger than the weak material and it is because the interlace infill is developed

with PLA material which is much stronger than the either ASA or PETG.

The results of these two experiments verify initial hypothesis that the interlaced infill

can enhance the multi-material interface strength in 3D printing. The present method

can also be potentially used for reinforcement by interlacing a stronger material with a

weaker one.

4.3 Overlap size and interface strength

For detailed study of interlaced infill, dog-bone samples with different overlap/interlace

size (5 mm, 10 mm, 15 mm, 20 mm) were compared and a relation was developed be-

tween the mechanical properties and the size of the interlaced infill. To make the effect

of interlace infill more prominent we printed the dog-bone samples with similar mate-

rials (orange PLA and yellow PLA) are tested in this experiment. After knowing that
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interlacing infills is effective, this experiment wants to find out how critical the size of

overlap is to the interface strength and what their relationship is.

The experiment is set up in the following way. First, the materials with similar prop-

erty (orange PLA and yellow PLA) are used to better observe the changes due to the

joint area. Second, four different sizes of overlap are tested: 5 mm, 10 mm, 15 mm, and

20 mm. The testing results are shown in Fig. 4.8 and the fractured samples are shown

in Fig. 4.9 (the 10 mm one can be found in Fig. 4.5). From the data, it is observed that

as the size of overlap increases from 5 mm to 10 mm, the interface strength in terms of

UTS is also higher from 8.25 MPa to 8.88 MPa. This shows about 7.09% improvement

in the value of UTS with 5 mm increase in size of interlace infill. It can also be seen that

the sample of 5 mm overlap fractures in the joint area, so that the joint is indeed weaker

than the PLA materials (∼ 8.7 MPa), but the difference is not large, and it is still better

than the T-joint (6.95 MPa). By observing the fractured dog-bone samples it was clear

that 5 mm interlaced infill size is not enough to create significant interlacing effect that

can prevent fracture at the location of the interfacial joints.
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15 mm interlaced

20 mm interlaced 20 mm

FIGURE 4.9: Fractured samples of interlaced infills with different overlaps: 5 mm, 15 mm,
and 20 mm.

The 10 mm, 15 mm, and 20 mm samples all fracture outside the joint, and they have

similar UTS (8.77 − 8.88 MPa). All these samples fractured (10 mm, 15 mm and 20 mm)

at the distance of about 12 mm from the boundary of interlaced infill; this shows that

interlace infill size above 5 mm can effectively create an interlocking effect at interfa-

cial joint that can prevent fracture at the location of the joint. The tensile test results of

samples with (10 mm, 15 mm and 20 mm) interlaced infill reveals the performance is

already maximized at the overlap size of 10 mm, and the results are consistent beyond

this size. Therefore, the overlap size can be set between 5 and 10 mm in practice, which

can already provide a better property than mechanical interlocking joints. Overall af-

ter carefully analyzing the tensile tests for all different sizes of interlaced infill; it was

concluded that in multi-material structures can achieve better mechanical properties by

interlacing infill and for a certain size that can in multi-material structures can achieve

best mechanical properties for a certain size of intertwined infill.
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5 Conclusion and Future Work

Based on the observation that materials in nature are often intertwined to increase in

strength, this paper hypothesizes that overlapping and interlacing infills of different

materials enhances the interface strength between the materials of a multi-material part.

However, existing slicers do not have the capability to generate the interlaced infill.

To test the hypothesis, this paper also develops a novel slicer for multi-material addi-

tive manufacturing (MMAM) to process the material information efficiently – named

layered depth-material images (LDMI). The LDMI framework takes a multi-material

computer-aided design (CAD) model as an input and applies rendering techniques to

encode the material data into the sample points of the model. The encoded data are

then used in the slicing process to identify different material regions in each slice plane,

and the interlaced infills are generated in the multi-material regions. The framework

can also generate the interlocking T-joints without any extra process in the CAD model.

Experiments are conducted to compare different joint configurations (butt joint, T-

joint, and interlaced infill) and different material combinations (PLA-PLA, PLA-ASA,

and PLA-PETG). The tensile test results show that the T-joints are better than the butt

joints, but the interlaced infills outperform both. The samples of interlaced infill even

fracture at somewhere outside the joint area, meaning that the interlacing leads to a

joint at least as strong as the materials. The trend is the same for different material

combinations. This verifies the hypothesis, and the approach is promising to create

strong multi-material parts. The method can also be applied to the reinforcement of

a weaker material by interlacing it with a stronger material. It is also found that an

overlap size of 5− 10 mm is sufficient to have the full interlacing impact on the interface.

The major limitations of the present work include it is only tested with the triangular
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infills, the dog-bone shapes, and the fused filament fabrication (FFF) process. Triangular

infill is normally the strongest infill pattern because triangles are least likely to deform.

It will be interesting to find out whether the interlacing has the same impact on other

infill patterns as well. We also plan to extend the present work to functionally graded

infills by varying the infill ratio of each individual materials, which will require a new

way to interlace the materials to achieve the desire mixing ratio. In addition, more com-

plex shapes and loading conditions should be tested to further confirm the method’s

capability. Finally, it should also be tested on other MMAM process like MultiJet print-

ing (MJP) to validate its generality.
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