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Abstract
In nature, many biological, multi-materials have complex microstructures and excellent
mechanical properties. One shellfish material called nacre has received much attention
due to its unique interlocking structure of alternating calcium carbonate tablet and soft
organic matter filler. It has microstructure features such as waviness which provide high
strength and toughness properties. As a popular topic in the study of bio-inspired
structure, it is of great significance to study the ordered microstructure and toughening
mechanism of nacre.

3D printing allows for the easy manufacture of complex structures. In this project,
inspired by the high strength and toughness of natural nacre, 3D printing technology
was used to prepare nacre-like, multi-material structure. Tensile tests, cyclic tensile test
and fracture toughness tests were carried out to investigate the relationship between
multi-material structure geometry and tensile properties, fracture modes and toughness
behaviour.

In the experimental part of this thesis, specimens of the tablet-filler with different
dovetail angles made by polylactic acid (PLA) and thermoplastic polyurethane (TPU)
inspired by the microstructure of nacre structure were prepared through Fused filament
fabrication (FFF)/ Fused Deposition Modelling (FDM) type of 3D printing technology.
The multi-material dovetail PLA & TPU specimens exhibited multi-stage deformation
under tensile testing. By comparing the tensile performance of structure made by
dovetail PLA & PLA material as well as unidirectional pure PLA specimen, it was
confirmed that the incorporation of soft TPU filler gave the opportunity for tablet
sliding, resulting in a complex multi-stage deformation mechanism of the structures.

Two modes of failure mechanisms, tablet pull-out and tablet break, were observed for
the multi-material PLA & TPU structure under tensile testing. The combination of
tablet break and pull-out modes can lead to higher strength and modulus than tablet
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pull-out. In the tablet pull-out mode, transverse expansion was observed in the larger
angle dovetail structure, and the occurrence of negative Poisson's ratio effect was
determined by calculation. In addition, there is a distinct plateau stage in the tensile
curve of multi-material PLA & TPU structure, through cyclic tensile tests identified the
plateau as a yield point, generated by short interface between tablets and filler broken.
The cyclic tensile tests also determined that the main deformation resistance of the PLA
& TPU structure was provied by the long interface broken between tablets and filler,
also the interlocking and shearing between the dovetail angle tablets.

Multi-material PLA & TPU structures with larger dovetail angles produced greater
plastic deformation and absorbed more energy during tensile testing. Multi-material
PLA & TPU with 5˚ dovetail showed the highest ultimate tensile strength 11.46 MPa
and Young’s modulus of 495.96 MPa, but 9˚ dovetail performed poorly with 6.51 MPa
and 395.48 MPa, respectively. The value even below than 1˚ dovetail (ultimate tensile
strength of 9.82 MPa, modulus of 453.38 MPa). The ultimate tensile strength and
Young’s modulus of the multi-material PLA & TPU structure are not as high as those
of unidirectional pure PLA and dovetail PLA & PLA specimen, but energy absorption
performance is improved by soft TPU filler and dovetail angles. In fracture experiments,
crack extension behaviour was observed in fracture toughness specimens.

In summary, the mechanical properties of the nacre-like, multi-material structure were
investigated by tensile behavior, fracture mode and energy absorption analysis in this
paper. It is demonstrated that the combination of stiff tablet material and soft filler
material can effectively improve the toughness of the structure. The tensile strength of
the multi-material structure can be improved by increasing the dovetail angle of the
tablet. However, it has not been observed that increasing the dovetail angle can
significantly increase stiffness. It is confirmed that the optimized design of the 3D
printed, bio-inspired, multi-material structure can change the mechanical behavior of
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the structure and improve its mechanical properties, can provide new ideas for the
development of composite materials with excellent mechanical properties.
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1 Chapter 1
Introduction
At present, to satisfy the needs of high technology, researchers have invented composite
materials based on the improvement and combination of different materials, which has
far exceeded the performance of traditional single materials and is developing towards
direction of higher stiffness, higher strength, and other ultra-high performance. Bioinspired materials is an important branch of materials science and provided much
inspiration for the study of new composite materials. After a long period of evolution,
organisms have achieved excellent overall mechanical properties between their
structures and components.

Some shellfish shells exhibit great combination of high strength and toughness, which
is almost impossible to achieve with human-made materials [1]. Their mechanical
properties result from a mixture of multi-scale toughening mechanisms, with the nacre
consisting of 95% aragonite lamellar made of calcium carbonate (or tablets) and 5% of
organic protein layers (referred to as filler) and arranged in a parallel interlocking way
[2]. This structure allows it to exhibit a higher stiffness and strength and a toughness
that can reach thousands of times that of its constituent materials [3]. It is generally
accepted that the relative sliding between the layers of aragonite tablets is the basic
deformation mechanism of nacre and the basis for their high strength and toughness [2,
4]. The waviness of the tablets in the nacre layer helps to lock in and promote largescale strain hardening. In addition, microstructures such as mineral bridges [5] and
surface roughness [2] are present in the internal aragonite lamellae of nacre, all of which
have a significant influence on the mechanical properties of nacre-like materials.
Typical deformation and failure modes such as filler viscoelastic energy dissipation and
tablet pull-out accompany the sliding process of the tablets, while tablets fracture can
significantly increase the strength of nacre-like composites [2].
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Complex biological microstructures in synthetic composites can be easily constructed
using advanced multi-material 3D printing techniques. Here, in this project, multimaterial 3D printing was used to prepare tensile specimens and toughness specimens
of multi-material structures with different dovetail angles based on the natural nacre
structure. The tensile response, fracture behavior and mechanical properties of the bioinspired, multi-material structure at different stages will be observed and analyzed. It
is of great scientific significance and engineering application to reveal the mechanism
of toughness of nacre-like materials and to develop new methods to construct humanmade, advanced materials that mimic resemble the structure and function of natural
materials.
1.1

Research objectives

The purpose of this thesis is to design and construct a 3D printing, multi-material
structure with high strength, stiffness and toughness by combining multiple materials
with different properties.

This project had the following aims:
•

Fabricate the multi-material structures through multi-material FFF/FDM 3D
printing.

•

Investigate the effect of stiff and soft material composition on the tensile
performance of the multi-material structures.

•

Investigate the effect of different dovetail angles on the tensile properties of
multi-material structures.

•

Observe the fracture behavior of the multi-material structure to confirm whether
there is a negative Poisson's ratio effect.

2

2 Chapter 2
Literature review
3D printing, also known as additive manufacturing (AM), is a rapid prototyping
technology that uses 3D modeling computer software to rapidly manufacture solid parts,
models or components [6]. It contributes three-dimensional construction through
computer control and usually printing by adding materials layer-by-layer. This
combination allows the fine and detailed structure to be printed without assembly. Since
the first equipment originally used for rapid prototyping (RP) was launched in 1988,
more than ten different forming technologies, such as fused deposition modelling
(FFF)/ fused filament fabrication (FDM) [7], selective laser sintering (SLS) [8] and
inkjet printing [9], have emerged since the development of 3D printing technology.

The existing 3D printing technology has realized efficient and low-cost manufacturing
of complex 3D structures on macro-scale [10]. Compared with traditional processing
technology, 3D printing technology has obvious advantages: 3D printing can greatly
reduce the cost of product innovation and produce complex lattice structures at a lower
cost [11]. It has the high precision to form a complex 3D structure that can simplify the
production process and reduce material waste. 3D printing also performs well at
multiple scales, enabling macro-scale structural printing and micro-nano-scale 3D
printing, respectively, and realizes the functional printing of living bodies, like the parts
of the human body [12, 13].

There are also many limitations to 3D printing, the most significant being the
limitations of materials. The filament materials used for 3D printers are limited, only
some plastics, metals or ceramics can be printed [14], and most of them cannot be
recycled. The printing machine is another issue, which limits the size of the printing
parts. Also, the printing speed is not efficient [15], and the strength of the printed part
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is not guaranteed. There are also copyright issues, the popularity of 3D printing makes
it increasingly possible to create counterfeit products [16].

Single-material 3D printing has gradually become difficult to meet the performance
requirements of products in industrial production. The developing 3D printing now can
print different materials with different properties into the same structure, realize multimaterial and multi-scale printing of composite materials and functional gradient
materials, and achieve integrated design and manufacturing of materials, structures and
functional components [17]. Multi-material 3D printing represents the future
development direction of additive manufacturing technology, with great potential and
broad application prospects [18-20].
2.1

Additive manufacturing technologies

Depending on the form of the input material, 3D printing can be divided into three types:
solid, liquid and powder [21]. The most common of the solid types is the Fused
Filament Fabrication (FFF)/ Fused deposition modelling (FDM) printing, the liquid
types are based on the same principles as traditional 2D printers, such as Inkjet printing.
The powder type printing includes Selective laser sintering (SLS) and Selective laser
melting (SLM).
2.1.1

Fused filament fabrication (FFF)/ Fused deposition modelling (FDM)

Fused filament fabrication (FFF), also known as Fused deposition modelling (FDM) (a
commercial copyright term), is one of the most widely used additive manufacturing
processes for manufacturing plastic prototypes and functional components [7]. The
working principle of FDM is to heat and melt filamentous thermoplastic materials
through a nozzle. Under computer control, the nozzle moves to the specified position
according to the G-code of the 3D model. The liquid material in the molten state is
extruded and the structure is constructed layer-by-layer. After extruding the material, it
is deposited on the solidified material of the previous layer, and the final product is
4

formed by stacking the material layer-by-layer, which also leads to anisotropic
mechanical properties [22]. It is important to study the mechanical properties of FDM
printed structures when studying different types of material filament and pattern
features.

FDM is a complex process. There are a large number of parameters that affect the
mechanical properties of the product, such as printing direction, layer thickness [23],
printing temperature [24] and feed rate, which have an important impact on the quality
and performance of FDM printed parts. Chacón et al. analysed the influence of printing
direction, thickness and feed rate on the mechanical properties of low-cost PLA 3D
printing products. The results show that 3D printing products have anisotropic
behaviour, the mechanical properties of vertical direction are the lowest, and the edge
and plane direction has the highest strength and hardness [25]. In addition, the
mechanical properties of the printed parts are enhanced with the increase of the layer
thickness as the feed rate increases. Giovanni et al. analysed PLA 3D printed parts with
filling patterns of linear filling and honeycomb filling by fracture toughness testing, the
specimen results showed the filling density has more influence on the fracture life [26].
2.1.1.1 Materials used as FDM/FFF filament:
As a hot-melting process, the thermoplastic filament should be melted before the
deposition process. Generally, the applicable materials have suitable thermal properties,
such as Acrylonitrile butadiene styrene (ABS), Polylactic acid (PLA) and
Thermoplastic polyurethane (TPU). The filament material should also have the required
bending, compressive and tensile strengths, as well as sufficient bonding between the
layers during printing [27].

ABS (Acrylonitrile butadiene styrene)
ABS is a widely used thermoplastic material in FDM, which has sufficient melt fluidity,
ideal stiffness, and strength [28]. The tensile, compressive and bending strengths of
5

FDM parts made of ABS are lower than injection moulded parts [19]. This material has
the property of shrinking while cooling and will partially peel off from the printing
plate and may peel off entire layers if printing tall objects, so heating the printing bed
is necessary.

PLA (Polylactic acid)
Polylactic acid (PLA) is another commonly used thermoplastic material in FDM. It is
a biodegradable biopolymer, usually made from maize starch or sugar cane via
fermentation[29], which tends to break down naturally in about three to six months [30].
The elongation at break of PLA is lower than ABS, but the strength is higher [31].
Polylactic acid is more promising because of its high rigidity and high mechanical
strength [32].

Due to good biocompatibility, processability and degradability, PLA and its composites
are considered to be the most promising new biopolymer materials [33, 34]. 3D printing
products with PLA materials have been widely used in biomedical fields including
medical models, bone tissue repair scaffolds and drug delivery systems [35]. Tao et al.
optimized the prosthetic model, which could be printed directly from a 3D printer,
simplifying the manufacturing process. The PLA prosthesis made by the FDM method
was 62% lighter than those made by traditional methods, which is helpful to improve
the quality of life for patients [36].

TPU (Thermoplastic polyurethane)
Thermoplastic polyurethane elastomer (TPU) is an elastomer which can be melted by
heating or dissolved in solvent. It has great properties, including fine abrasion resistance,
high elongation and some types also have good biocompatibility [37]. It has good
processing performance and is widely used in national defence, medical, food and other
industries. However, there are limitations to its application due to its poor shape
forming and low mechanical strength [38].
6

Composites
The energy absorption properties of composites has been proved that can be effectively
improved by adding fibres into thermoplastic materials [39]. Carbon fibre is a fibre
composed of carbon, with a diameter of about 5 to 10 mm [40]. It has the characteristics
of light weight, good electric conduction, heat conduction and corrosion resistance [41].
Carbon fibre is mainly compounded to reinforce materials such as resin, metal, ceramic
and carbon to make advanced composite materials. Nakagawa et al. embedded
continuous carbon fibre filaments in middle of the mixtures with ASB and short-cut
carbon fibre which printed by the FDM method to create carbon fibre reinforced
plastics, the strength of carbon fibre composite can be much stronger than a single
plastic [42]. Tekinalp et al. prepared composite samples with high fibre isotropy by
adding short-cut carbon fibres to ABS by the FDM method. Compared with traditional
injection moulding samples, the tensile strength of 3D printed samples with 40% fibre
content increased by 115% , reaching 65MPa. The microstructure of the internal pores
of 3D printed composites shows comparable tensile strength and modulus [43].

Glass fibre is an inorganic, non-metallic material with excellent performance. It has
high tensile strength, high elastic modulus and good impact energy absorption, the
diameter of a monofilament ranges from 3 to 20 microns [44]. Glass fibre is commonly
used as composite materials, electrical insulation materials, insulation materials and
circuit boards, etc [45]. In contrast to carbon fibre, glass fibre can undergo more
elongation before it breaks [46]. Li et al. blended cellulose and glass fibres with PLA
to make a reinforced PLA filament that can be used for FDM printing. The impact
strength of this polymer filament was 34-60% higher than that of pure PLA filament
and the tensile strength was 43-52% higher than that of pure PLA filament [47].

Natural materials can likewise be applied to 3D printing. Guo et al. investigated the
toughening mechanism of poplar wood powder-PLA composites printed by the FDM
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method. TPU, polycaprolactone (PCL) and polyethylene-co-octene (POE) were added
as toughening agents to the wood powder-PLA composites, respectively. The addition
of TPU increased the impact strength of the composites by 51.31% and improved the
composite viscosity and modulus of the composites [48].
2.1.2

Selective laser sintering (SLS) and Selective laser melting (SLM)

Selective laser sintering (SLS) is a powder-based technology. It uses the laser as the
power source to sinter powder materials such as ceramic powder, metal powder and
polymer powder. The laser is automatically aligned to the space points defined by the
three-dimensional model, and the materials are bonded together to form a solid
structure [18]. The Selective laser melting (SLM) process allows powder materials to
be completely melted into solid three-dimensional parts, allowing fully functional parts
to be manufactured directly from metal without the use of any intermediate binders or
any additional processing steps after the laser melting operation [8].

Laser sintering may change the properties of the material. Researchers have found that
the temperature field of laser sintering is inhomogeneous and this temperature evolution
has a significant impact on the density, sizes, mechanical properties and microstructure
of the final 3D printed part [49]. Contuzzi et al. suggest that this will lead to thermal
deformation of the printed part, making it impossible to proceed to the next assembly
step [50].
2.1.3

Inkjet printing

Inkjet printers work by using a piezoelectric ceramic or heater at the nozzle [9], which
creates a transient boost of pressure at the nozzle, squeezing the ink out of the nozzle
and creating the structure. It has the ability to create microfluidic structures and is
currently gaining interest from the bioscience community [51]. Microfluidic structures
are used in chips to study or control the smallest amount of fluid in the nanolitre range,
typically in the format of 26 mm* 76 mm [35]. Walczak et al. proposed a microfluidic
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structure for spectrophotometric analysis of beverages, which provides a proof of
concept for the application of inkjet 3D printing in microfluidic structure manufacturing
[51].

Inkjet printers enable 3D bio-printing by replacing the ink with a bio-ink of similar
viscosity, which in cellular bioprinting also ensures cell viability. The combination of
3D printing technology and medicine can solve many of the challenges faced by
traditional medicine, such as the lack of transplantable organs for transplant organ
rejection. 3D printing technology can realize the 1:1 reproduction of the patient’s
amputation part and customize a perfect fit prosthesis for amputee patients [52]. 3D
printing is also expected to solve the problem of organ transplantation.
2.1.4

Droplet jet lighting curing technology

Droplet jet lighting technology involves spraying photosensitive materials from a
porous nozzle and then curing this material by ultraviolet (UV) light using a light source
located on the print head plate, which immediately reacts and cures the liquid resin,
resulting in a 3D model [53]. When spraying the material, material properties such as
print colour and strength or elasticity can be highly controlled [9].

Droplet jet lighting curing technology has been widely used for rapid prototyping of
multi-material structures. Currently, the main commercial printers are Connex series
printer from ‘Stratasys’ and Projet series printer from ‘3D Systems’. Connex500 is a
3D printer that enables large size, high precision and multi-material forming [54]. The
printer has print unit with eight print nozzles, each containing 96 nozzles with a
diameter of 50 microns [55].
2.1.5

Multi-material printing

Multi-material additive manufacturing techniques can improve the performance of 3D
printed parts by adding complexity and functionality [56]. Multi-material does not
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mean pre-mixing different kinds of materials, but rather using different materials to
create different printed parts in one printing process, which requires different materials
to be physically transferred to set spatial locations in three-dimension during the 3D
printing process [57]. In the FDM process, the multiple extruders can be installed on
the 3D printer or a single extruder with an automatic material switching program [58].
This approach allows different materials to be printed in a single print process, can print
combinations of materials with different properties, and can create arbitrary composite
structures.

Multi-material printing has great potential for applications in the traditional
manufacturing industry and in medical. Multi-material printing allows the fabrication
of embedded components as well as the printing of 3D circuits, and a system has been
developed by Malone et al. to manufacture and print conductive circuits on components
by FDM type 3D printing technology [59]. Khalil et al. have designed a multi-nozzle
bio-coating system that can extrude biopolymer solutions and live cells for the free
construction of 3D tissue scaffolds [60].

Micro-scale FDM double printing has also proved applicable, with Okwuosa et al.
printing 0.52mm tablets onto capsule molds for pharmaceuticals [61]. Multi-material
printing technology still has shortcomings, such as printing defects in multi-materials
and imperfect combinations between printed materials, which will lead to increased
costs and inefficiencies in actual manufacturing [62].
2.2
2.2.1

Mechanical testing methods and properties
Tensile test

Tensile testing is a basic materials science and engineering test in which a tensile force
is applied to a material and the response of the specimen to the stress is measured. It
determines a range of strengths and properties of the material.
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The results of the tensile test can draw the stress-strain curve of the material, and the
stress and strain can be determined by gradually applying load to the specimen and
measuring the deformation. These curves reveal many properties of materials, such as
Young's modulus, yield strength and ultimate tensile strength. The shape of the curve
reflects the brittle, plastic, yield, fracture and other deformation processes of materials
under external force. The process is generally divided into three stages: linear elastic,
strain hardening and necking. Figure 2.1 illustrates the curvilinear properties of
polymer material with different characteristics when stretched.

Figure 2.1. Typical stress-strain curve of polymer [63].

Using FDM, Lin et al. printed ABS specimens in the shape of dog bones, depending on
the orientation and different fibre diameters, and then subjected them to material tensile
tests. The mechanical properties were found to be significantly anisotropic. It has the
characteristics of elastic-plastic in the fibre direction and elastic- brittle in the vertical
fibre direction [20]. The larger the fibre diameter in the vertical fibre direction, the
greater the failure strain. Geng et al. prepared a bio-based polymer by 3D printing,
which yielded a tensile strength of 42.7 MPa and an elongation at break of 515% by
tensile testing, far exceeding the most commonly used bio-based 3D printed polymers
[64].
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2.2.2

Impact test

An impact test is a kind of experiment to study the dynamic resistance to impact force
of materials. It can determine the energy absorbed by materials in the process of fracture
and test the toughness of materials. Different from the static load, the high loading
speed will make the stress in the material increase rapidly, and the deformation speed
will affect the mechanical properties, so the material shows another different response
to the dynamic load [65]. Materials with ductile properties under static load tend to
show brittleness under impact load. In addition, some structural characteristics that may
affect mechanical properties (such as internal defects of materials) can be found, which
is not easy to be found under the static load [9], so impact test is necessary when
studying the properties of materials.

There are two types of impact test, the Charpy V-notch test and the Izod impact test. In
the impact test, the test apparatus consists of a pendulum of known mass and length
which is dropped from a known height to impact a notched material specimen [66]. The
energy absorbed by the sample is calculated based on the height the arm swings to after
impacting the sample. The difference between Izod impact test and Charpy impact test
is that the sample is kept in the cantilever configuration and in the vertical position,
while the sample of Charpy impact test is placed horizontally.

Flores-Johnson et al. investigated an impact resistant material inspired by nacre layer
structure. The mechanical response and ballistic properties of this layer structure were
investigated by impact tests. The experiment simulated the impact of a 10 mm steel
spherical projectile against aluminium alloy nacre-like laminates with thicknesses of
5.4 mm, 7.5 mm and 9.6 mm at initial impact velocities of 400-900 m/s. The 5.4mm
thick sample at high impact velocities showed great mechanical properties, with the
layered structure favouring local energy absorption and more global energy absorption
[67]. This is due to the larger plastic deformation area resulting from the tablet
arrangement, which is discussed in Section 2.3.2 Nacre shells.
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2.2.3

Fracture toughness testing

The ability of a structure to retain its strength in the presence of cracks or defects is one
of the fundamental requirements for the design of composite materials [68], and defects
can lead to catastrophic failure and a significant reduction in mechanical properties.
Fracture toughness describes the ability of a material containing a crack to resist
fracture. Fracture mode can be divided into three types based on the stresses at the tip
of the decomposed crack, opening mode I for stresses orthogonal to the local plane of
the crack surface, shear mode II for stresses parallel to the crack surface but orthogonal
to the leading edge of the crack, and anti-plane shear mode III for stresses parallel to
the crack surface and the leading edge of the crack [69]. The results are expressed in
terms of toughness parameters such as plane strain fracture toughness (𝐾𝐼𝐶 ), or strain
energy release rate (𝐺). The plane strain fracture toughness is defined as the toughness
parameter indicative of the resistance of a material to fracture, the strain energy is the
toughness parameter based on energy release rate required to fracture [70].
2.2.4

Cyclic loading test

Cyclic loading is the application of repeated or fluctuating stresses, strains, or stress
intensities to locations on structural components [71]. The degradation that may occur
at the location is referred to as fatigue degradation. Fatigue refers to the process in
which a material gradually produces permanent and cumulative damage under the
action of cyclic stress or cyclic strain, and cracks or sudden complete fracture occurs
after a certain number of cycles [72]. Cyclic loading tests are generally divided into
cyclic tensile tests and cyclic compression tests, in which micro cracks will start to
sprout at the stress concentration, such as voids, persistent slip bands, composite
interfaces or grain boundaries in metals [73]. The nominal maximum stress value
causing such damage may be much less than the strength of the material and is usually
referred to as ultimate tensile strength or yield strength.
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The test rate for cyclic testing is divided into high cyclic and low cyclic loading, with
the number of cycles generally determined according to the actual use scenario of the
structure.
2.3

Bio-inspired Structures

In nature, many biological structures have complex microstructures and excellent
mechanical properties. In the quest to develop high engineering performance materials,
many studies inspired by biology are prevalent in different research areas [2, 55, 7476]. Bio-inspired materials are structuring properties and functions can be further
enhanced by the study of biological structures, which are mimicked beyond natural
structures [77]. 3D printing technology can help researchers to build simplified
structural models of complex biological systems, thus making it easier to study their
mechanisms, which greatly supports the study of bio-inspired structures.
2.3.1

Fish dermal armour and 3D printing

People have been able to imitate nature since ancient times. Boats, rudders and oars
were invented in the shape of fish and their tails and fins. The underwater parts of
torpedoes, submarines and boats can be designed to mimic the shape and skin structure
of dolphins, reducing drag by 20-50% [78]. The structure of natural fish skin is divided
into a variety of scales, they are usually hard and arranged in an interlocking or buried
fashion that can perform a variety of functions such as flexible protection, improved
hydrodynamics and body support [76]. Fish skin armour is hard and arranged in an
interlocking or buried fashion to minimize resistance to water. Deep-sea sharks can
travel at speeds of up to 70km/h [79] and when the skin of sharks is viewed through a
microscope it is found that the scales are fan-shaped and have small grooves, as shown
in Figure 2.2 (a) (b). In one study, 800 model scales were assembled at different angles
to form a single surface, and the results of tests showed frictional losses of up to 10%
less than on smooth surfaces [80]. This indicates bio-inspired structures could have
benefits in improving the structural performance in practice.
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Figure 2.2. Four types of fish overlaps and scales [81]. Reprinted with permission from
Advanced Materials

The good mechanical properties of fish skin were shown to come from the arrangement
of the individual fish scales. The 3D printing model of overlapping fish scales was
established, as shown in Figure 2.3, and plane strain compression [82], three-point
bending [83] and compression were performed respectively. Experiments have shown
that bending and frictional sliding and shear deformation control the overall mechanical
behaviour of the overlapping armour, which is consistent with the behaviour of the fish
scale structure predicted by the mechanical model [84].
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Figure 2.3. 3D printing models with different overlapping sizes [82]. Reprinted with
permission from Elsevier.

Mechanical properties can be increased by interlocking simple geometries. The skin of
the boxfish consists of a highly mineralized plate with a high degree of mineralisation
and a pliable collagen matrix, the superficial plate being predominantly hexagonal with
non-mineralised collagen fibres beneath, arranged in layers of thickness through a
stepped stratum [85]. At the interface between the scales, the mineralised plates form a
serrated structure with collagen fibres beneath them bridging the gap between adjacent
scales, as shown in Figure 2.4.

Figure 2.4. (A) Ventral surface of the boxfish’s shell in 5mm. (B) Scale arrangement in 1
mm. (C) Serrated suture between adjacent scales in 50µm [85]. Reprinted with
permission from Elsevier.
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Small-scale boxfish skin samples with 0.7mm long and 2.4mm width were fabricated
by Yang et al. based on the serrated interlocking structure. In tensile and compressive
tests, the serrated interlocking greatly improved the strength and stiffness property,
being more than twice as strong as the non-serrated armour. The serrated boundary lines
remained relatively intact, while most failures occurred within the collagen fibres and
the individual scales retained their integrity. The organic material between the serrated
scales not only increases the surface area contact between the plates, but also acts as a
locking mechanism to prevent shearing and sliding between the scales [85].

Lin et al. constructed the boxfish’ skin-like samples using an Objet Connex500 3D
multi-material printer, using an acrylic-based photopolymer called Vero White for the
stiff scales and Tango Plus is rubber-like compliant material as the soft organic material
between the scales. The scale boundaries for the model were that they were antitrapezoidal, rectangular, trapezoidal and triangular as shown in Figure 2.5. Where 𝛽
indicates the suture angle measured relative to the vertical axis of the anti-trapezoid.
The influence of soft Tango Plus between scale boundaries on structural properties is
also studied [86].

Figure 2.5. (A) 3D-printed samples with anti-trapezoidal, rectangular, trapezoidal and
triangular geometries, in 10mm [86]. Reprinted with permission from Elsevier.
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The stiffness, strength and toughness of the suture interface was found to be related to
the geometrical parameters and the properties of the material, again as discussed in
Section 2.3.2. Nacre shells.

Lin et al. suggest that an increase in soft Tango Plus can generate additional strain, and
the smaller angle of tooth shape (referred to as the anti-trapezoidal) of the stiff scale’s
boundary increases the load transferred between the teeth, thus increasing the stiffness
of the structure. Larger angles of the anti-trapezoidal shape may lead to tooth
interlocking and increased ductile damage at the interface, which can improve the
overall structural toughness [86].
2.3.2

Nacre shells

Shellfish structures with fine interface shapes have also been founded. Nacre is the
famous biological hard tissue, which is beyond the reach of many modern ceramic
materials [87].The microstructure of nacre shell is shown in Figure 2.6, with calcium
carbonate and soft organic polymer arranged in columns with some overlap, was widely
concerned from researchers. These kinds of structure has various names, such as ‘brickand- mortar’ [88, 89] structure or ‘tablets-infill’ [2, 75] structures, which have high
strength and toughness mechanical. The following analysing section will use the term
‘tablet’ to refer calcium carbonate, term ‘filler’ to refer organic polymer.
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Figure 2.6. Structure of nacre shell [90]. Reprinted with permission from Springer
Nature.

2.3.2.1 Toughening mechanisms in nacre shells
Song et al. believe that the toughening agent for nacre shells lies in the deflection of
cracks, the removal of aragonite and the connection of organic bridges [91]. Crack
deflection means that when the crack propagates perpendicular to aragonite tablets, it
first extends along the organic tablets between the long interfaces of the aragonite
tablets and then deflects again at the short interface to another organic tablet parallel to
it [92]. The frequent deflection of the crack leads to an extension of the extension path,
which can increase the absorption of fracture work, significantly increasing the
resistance to extension and leading to an increase in external forces that toughening the
material. Mirzaeifar et al. tested Objet Connex500 printed nacre-like structures by
fracture toughness tests, using Vero White Plus and Tango Black Plus as the tablet and
fillers, and concluded that the layered structure of such tablets could lead to defect
tolerance properties [68].

Tablet sliding is a key mechanism for increasing the toughness of the nacre-like
structure [2]. When the layers slide, the tablets squeeze against each other thereby
increasing the sliding resistance. Tablet fracture often accompanies tablet sliding. The
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fracture mainly occurs mainly in the middle of tablet, and the tablet that fractures
remain in close contact with the filler at the long interface. The adhesion between the
organic infill and the aragonite layer will prevent further crack extension, thus
increasing the energy required for fracture and improving the toughness of the material
[93].

The waviness or rough surface of aragonite tablets in nacre shells is another key feature
in the hardening of layer structures [2, 4], as shown in Figure 2.7, where some aragonite
tablets have a dovetail feature at the end. This structure produces progressive locking
around the cracks and can withstand high tensile forces. The sliding mechanism causes
lateral expansion and locking of the tablets possessing waviness, and promotes largescale strain hardening.

Figure 2.7. The scanning electron micrograph of the tablet [90]. Reprinted with
permission from Springer Nature.

Barthelat et al. carried out tensile and shear tests on small nacre layer samples and
demonstrated that shearing of the nacre layer was accompanied by significant
transverse expansion [2]. Finite element modelling demonstrated that the waviness of
the tablets produced strain hardening and that the dovetail shape provided a strong
locking mechanism. Figure 2.8 shows the representative elementary volume (RVE)
diagram of the stress distribution in a thin aragonite tablet with a dovetail under
simulated tensile tests. The parallel aragonite tablets are locked to each other under
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stress and show a large amount of stress hardening. The mineral bridges appear to be
concentrated in the middle of the tablets, possibly strengthening the core region, and
preventing delamination of the tablets. Espinosa et al. suggest that tablet sliding
requires that the dovetail tablets should have 'bridges' to limit lateral expansion in the
core region and that the filler material should be softer relative to the tablets so that the
interface between the tablets enhances the toughness of the nacre-like layer structure,
increase the viscoelastic energy dissipation [94].

Figure 2.8. (A) The tensile stress response showing in representative elementary volume
diagram. (B) Tensile stress in a single unit. (C) Shear stress is concentrated near the
interface. (D) The out of plane stress shows compression in the overlap region and
expansion in the core region[2]. Reprinted with permission from Elsevier.

The deformation mechanism of the nacre-like structure is multi-stage [95] and can be
broadly divided into adhesion forces between the tablet and filler, sliding between the
tablets and interlocking of the tablets. Dovetail shaped tablets used to simulate the
waviness of real nacre aragonite have appeared in many studies [2, 75, 89, 93, 95, 96],
using a variety of experimental and numerical methods to model this mechanism in
synthetic composites.

21

Espinosa et al. produced tensile specimens of nacre-like structure with dovetail tablets
through FDM printing methods using ABS to produce the tablets and epoxy resin to
penetrate the interface gap between the tablets for use as a filler material. The energy
dissipation and strength properties of the multi-material structure are 50% higher than
flat tablet materials, which directly verifies the key role of induced tablet interface
hardening [90].

Another key point for interface hardening is the overlap length of the tablets. It has been
reported that high overlap ratio can improve hardening mechanism by making the tablet
sliding region larger [75, 96, 97] and creating strong cohesive forces within the tablets.
Djumas et al. did not observe this failure mechanism of similar tablet interlocking
structure in the case of short tablet overlap with 2.6mm, but found this deformation
mechanism in flat tablet composites with longer overlap length of 8mm [55].

Another consideration for achieving good hardening mechanism through nacre-like
structures is the choice of constituent materials. The material of the tablet should be
stiff and have a high tensile strength to prevent the tablet fracture during sliding. The
filler between the tablets does not need to be hardened and should be made of a softer
material than the tablet material thus can withstand high strains. Barthelat et al.
considered small nacre layer specimens in the dry and in the hydrated conditions,
respectively. The dry specimen implies that the organic filler loses its water become
dry and stiff. The dry nacre layer specimens behaved like ceramic under tensile testing
and failed in a brittle fashion. Specimens under hydrated conditions exhibit linear
elastic behavior [90].
2.4

Auxetic structures

Auxetic structure usually refers to structures with negative Poisson's ratio. Poisson's
ratio is the ratio between transverse strain and axial strain. Materials subjected to
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uniaxial tension usually contract in a direction orthogonal to the applied load. A
material with a negative Poisson's ratio will expand in the transverse direction [98].

Some researchers have proposed periodic 2D geometries to achieve negative Poisson's
ratio structures [98, 99]. Hexagonal honeycomb structures are commonly found in the
core of sandwich structures, with high stiffness and flexural resistance. Honeycomb
structures have been shown to have superior energy absorption properties in both 2D
[100] and 3D metamaterial [101] structural studies. honeycomb structures have
excellent energy absorption properties. When the lattice tension in-plane, the hexagonal
honeycomb structure has a positive Poisson's ratio. Lakes [100] that structures with
internal raised microstructures expand in the direction of the vertical force during
tension. When the hexagonal honeycomb is reversed, the direction of the vertical force
becomes expanded during tension, with less deformation and show negative Poisson's
ratio values. Whereas the reversed internal raised honeycomb structure shown in Figure
2.9 is similar to the dovetail feature discussed in Section 2.3 Nacre shells, the negative
Poisson's ratio does not appear to have been analyzed in the study of dovetail feature
tablets.

A

B
Figure 2.9. (A), (B). Hexagonal honeycomb structures and inverted honeycomb
structures sketch and deformation during tension [100]. Reprinted with permission
from Springer Nature.
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3 Chapter 3
Materials and Methodology
3.1

Experimental overview

This chapter describes how multi-material structures based on the nacre were designed,
3D printed and tested. A FDM dual 3D printing method was used to produce bioinspired, multi-material structures. Stiffer polylactic acid (PLA) was chosen as the
tablet material and flexible thermoplastic polyurethane (TPU) as the filler material.
This combination structures are proposed to improve the mechanical properties of 3D
printed parts to obtain a good balance of strength, stiffness, and toughness. Tensile tests,
cyclic tensile test and fracture toughness tests are used to measure these properties.
3.2
3.2.1

Experimental preparation
3D printer and materials selection

The project was be completed using an Fused Deposition Modelling (FDM) type printer
for dual material printing. The M2 Dual 3D printer from MakerGear has two extruders
allowing printing with two different filaments at the same time. The 3D printer with
filaments on are showing in Figure 3.1.

To simulate nacre layer with stiffness and strength of brittle tablet, polylactic acid (PLA)
was chosen as the tablet material and thermoplastic polyurethane (TPU) as the soft
material to represent the soft organic filler due to its high elongation and flexible.
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Figure 3.1. MakerGear M2 dual 3D printer.

Trial printing was carried out determine the printing parameter and smallest tablet size.
Black 1.75mm PLA for trial printing was sourced from MakerGear [102]. White
1.75mm PLA for formal printing was sourced from Shenzhen eSUN. Ltd [103]. The
natural colour 1.75mm TPU was sourced from Imagin Plastics. Ltd [104]. The reported
properties and recommended printing parameter are shown in the Table 3.1.
Table 3.1. Filament technical parameters and properties [102-104].

Tensile
Filament

Print temp

Bed temp

Density

type

(℃)

(℃)

(g/cm^3)

Izod impact
Elongation at

strength

strength
break (%)

(MPa)

(KJ/m^2)

Black PLA

215-220

60-80

1.25

White PLA

190-210

60-80

1.25

65

8

4

TPU

200-240

1.16

26

660

4.2
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3.2.2

Geometry design

The design of multi-material nacre-like structures was based on Rim et al. [75] and
Espinosa & Barthelat [74]. The multi-material layer structure uses as the dovetail
interlocking structure. This structure was inspired by the microstructure of the nacre,
where the waviness features gives the tablet an interlocking deformation mechanism.

All multi-material structures were designed and prepared using the SolidWorks
software, and the models and unit volume ratios of the multi-material structures are
shown in Figure 3.2 and Figure 3.3. According to the design steps proposed by
Barthelat [2] to optimize the interlocking structure, the aspect ratio and overlap ratio of
a single dovetail tablet will follow the principle of the higher the better to maximize the
sliding region.

In the current work, the inclination angle 𝜃 of the middle narrow section will be used
as a variable by adjusting the interlocking dovetail angle to study the effects of different
dovetail angles on the interlocking deformation mechanism. The dovetail angles is 1˚,
3˚, 5˚ and 9˚ respectively. Flat tablets with a 0˚ dovetail angle will also be investigated
for comparison. All tablets will be keep at a constant length 𝐿 of 16 mm and a width
𝑊 of 2 mm (2.5 mm for 9˚, the that minimum thickness of the tablet is no less than
1mm, limitations due to printer resolution). The overlap ratio of the tablets will be
approximately 0.5 and gap 𝑡 between the tablets will be filled with flexible material
TPU. The specific pattern features will be discussed in Section 3.3 3D printing.
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Figure 3.2. (A) Periodic patterns structure with geometric parameters. (B), multimaterial structures with dovetail angle 0˚. (C),1˚. (D), 3˚. (E), 5˚. (F), 9˚. All sketches
were through SolidWorks software.

Figure 3.3. Tablets (PLA)/ filler (TPU) volume ratio for various dovetail angles of multimaterial structures.

3.2.3

Tensile test preparation

Tensile tests were carried out based on ASTM D638-10: Standard Test Method for
Tensile Properties of Plastics. The initial plan for 3D printed tensile specimens was to
follow the ASTM D638 method. In practice, due to the small size of the tablets and
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difficult printing TPU, the printing speed was 900 mm/min and the time required to
print a dog-bone specimen was 1 h 50 mins. To save time and material, it was decided
to print only narrow sections and to reduce the thickness of the specimen, using acrylic
sheets as tabs at both ends. The acrylic sheets will be fixed with epoxy resin (Araldite
Super Strength from Selleys, Australia). The details are shown in Figure 3.4 and Table
3.2, where 𝐿𝑡 is the length of tensile test sample, 𝑤𝑡 is the width of sample and 𝑡𝑡 is
thickness of sample.

Figure 3.4. Parameter of tensile test specimens.

Table 3.2. Tensile test specimen and acrylic tab parameters.

3.2.4

𝐿𝑡

110mm

𝑤𝑡

13mm

𝑡𝑡

2mm

Length of tabs

25mm

Width of tabs

19mm

Thickness of tabs

2mm

Fracture toughness test preparation

The fracture toughness tests was based on ASTM D5045-14 standard test methods for
plane-strain fracture toughness and strain energy release rate of plastic materials. The
single-edge-notch bending (three-point bending) method and the compact tension (CT)
method are both standard methods for measuring fracture toughness [70]. Single-edgenotch bending (SENB) test is used in this project. Unlike tensile specimens, the
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specimens used in the fracture toughness test have prefabricated fatigue cracks to
simulate micro-cracking defects in the actual component, as shown in Figure 3.5. The
parameter for SENB specimen is showing in Table 3.3, where the crack length 𝑎
ranges from 0.45< a/W < 0.55.

Figure 3.5. SENB specimen from ASTM standard D5045-14 [70].

Table 3.3. Parameter for the geometry of fracture toughness specimens.

Width (W)

10mm

Thickness (B)

5mm

Length (4.4W)

44mm

Crack (a)

4.5-5.5mm
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3.3

3D printing

Although 3D printing technology can carry out rapid and fine manufacturing, it is
necessary to determine appropriate printing parameters through trial prints. Therefore,
many trial prints were conducted to determine the print parameters and whether the
material printed well. In previous studies of 3D printed, nacre-like, multi-material
structures, the width of the tablets was under the 5 mm range [68, 75, 95]. To maximize
the aspect ratio of the tablets and achieve an overlap ratio close to 0.5 [74], trial prints
were also required to determine the minimum print size for the narrow middle section
of the tablet and the soft organic filler because of the limitations of the printer resolution.
Figure 3.6 shows photographs of the 27 trial prints.

The overall print quality is strongly influenced by the bonding between the print
materials, the print speed, the outline profile and the nozzle temperature. The nozzle
temperature is set to 215 °C and the print bed temperature to 80 °C, which prevents
unnecessary distortion of the specimen during cooling. PLA/ TPU multipliers indicate
the mass flow of the filament, increasing the multiplier will increase the extrusion
capacity of the filament.

Trial printing black PLA specimen shows that even 1˚ can be printed by a 0.35mm
nozzle diameter print extruder. With extrusion multiplier being 1.05 for PLA and 1.5
for TPU, a width of 0.4mm of TPU between PLA tablets can be printed, but the PLA
will be joined together and the TPU filaments are very thin and hidden between the
PLA and not visible. After adjusting the extrusion multiplier of the PLA to 0.9 and the
extrusion multiplier of the TPU to 1.7, the 0.6mm TPU can be shown clearly.

When printing with the above extrusion multipliers, white PLA was not printed as
effectively. 18 more trial prints were conducted to eliminate the air gap between the
white PLA and TPU as shown in Figure 3.7 (A). The TPU filament stopping printing
usually happened during the printing process. As shown in Figure 3.7 (B), the TPU was
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blocked in the channel between the printing extruder and the filament feeder, probably
because the speed of printing was too fast for printing TPU through a narrow nozzle.
The printing speed also affects the print quality. Low print speeds improve print quality
but are less time efficient. Therefore, it is important to adjust a reasonable speed. The
overall printing speed is 900 mm/min and the print speed for the first layer is set at 50%
of the overall printing speed. To improve the surface finish of the printed parts, an
outline profile is created in the print. The outline underspeed can be adjusted so that the
outermost perimeter speed is reduced to improve the surface finish of the model without
reducing the overall printing speed. Solid infill underspeed are usually faster than any
other part of the print, it has to be percentage reduced from overall printing speed to
prevent the printer itself from vibrate when filling thin-walled gaps [105].

The final print parameters and pattern sizes for the 3D printed, multi-material, dovetail
angle structure was determined as shown in Figure 3.7 (C) and Table 3.4, respectively.
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Figure 3.6. (A) Trial printing with black PLA. (B), (C) Trial printing with white PLA.
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Figure 3.7. (A) Air gap between PLA and TPU. (B) TPU blocked between filament
feeder and printing extruder. (C) Final printing settings printed PLA & TPU structure.

Table 3.4. Final printing parameters and geometric pattern parameters.

PLA multiplier

0.9

TPU multiplier

2.8

Outline underspeed

90%

Solid infill underspeed

90%

Length of tablet (𝐿)

16mm

Width of tablet (𝑊)

2/ 2.5mm

Dovetail angle (𝜃)

0˚-9˚

Thickness of filler (𝑡)

0.6mm

Thickness of narrow section (𝑡0 )

0.4mm

33

3.4

Mechanical testing

In order to determine the influence of dovetail angle on the mechanical performance of
multi-material structures, tensile tests, cyclic tensile tests and fracture toughness tests
were carried out in the experimental section to analyze the special mechanical response
under loading, which will be discussed through tensile strength, yield strength, energy
absorption properties and other parameter and criteria.
3.4.1

Tensile testing

All tensile testing of the printed multi-material dovetail structure specimens were
performed using the universal testing machine 100kN Tester (5982 from Instron, USA)
with a 5kN load cell shown in Figure 3.8A. A smartphone (iPhone 11Pro from Apple,
USA) was used for videoing acquisition during the tensile tests. The experiments were
loaded with a crosshead displacement rate of 5mm/min according to ASTM standards.
Strain was measured using 25mm extensometer fitted the samples. All 3D printed,
multi-material specimens were tested four replicates of each sample until the
displacement was 20 mm, one replicate specimen was tested to complete break.

In order to reduce the actual printing time and to assist gripping the specimen in the test
apparatus, four laser cut acrylic plates were used as specimen support tabs each, two on
either face of the planar specimen and glued by epoxy resin. Sandpaper is used to
roughly abrade the acrylic tabs to ensure optimal adhesion of the epoxy resin and epoxy
resin was allowed to cure for 48 hours. Support tab holders were used for positioned
that all samples had the same effective length, shown as Figure 3.8 B,C. All specimens
were put in constant climate chambers (KBF 115 from Binder, Germany) at 23℃ and
50% relative humidity for over 48 hours before testing.
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Figure 3.8. (A) Instron 100kN tester with 5kN load cell during tensile test. (B) multimaterial with 1˚ dovetail tensile specimen with acrylic tabs. (C) Tab holders.
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3.4.2

Cyclic tensile test

Based on the results of tensile test shown in Section 4.1, the multi-material structure
shows the multi-stage and non-linear mechanical behaviour during tensile test.
Structure with different dovetail structures show the distinct plateaus (inflection points)
with same tensile stress at the beginning of the tensile curve. Considering the possibility
of a yield plateau, cyclic tensile tests were carried out to see what happens to the multimaterial structures with dovetail 0˚ and 9˚ in the plateau region of the tensile curve
when repeatedly loaded and unloaded. The experimental method for the cyclic tensile
tests is same with the formal tensile test based on the ASTM D638-10 method.

The experiment procedure has the the following additional experimental setup. There
are 5 cyclic loading conditions with 5 repetitions for each cycle was subjected to
specimens, then do the tensile test and stopped at displacement of 20mm at final step,
as shown in Table 3.5.

The range of Cycle 1 is between 0 to 0.8MPa, corresponds to the first elastic stage
shown in figure 4.2 tensile stress-strain curve. The stress range for Cycle 2 includes the
plateau range to capture damage and mechanical properties close to the yield point. The
range for Cycle 3 is the tensile stress before the ultimate tensile strength (UTS) point.
The range for Cycle 4 and Cycle 5 is strain based, strain 2.7% In the tensile test, the
sample with dovetail 0˚ has reached the UTS point at a strain of 2.7%, while the 5˚
dovetail sample had not yet reached it. The purpose of this cycle is to check the
mechanical response of the dovetail 0˚ sample during the UTS. Cycle 5 is set to check
the secondary strain hardening response in Section 4.2.1.3.
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Table 3.5. Cyclic tensile test procedure.

3.4.3

Range

Repetitions

Cycle 1

Tensile stress from 0MPa to 0.8MPa

5

Cycle 2

Tensile stress from 0MPa to 1.5MPa

5

Cycle 3

Tensile stress from 0MPa to 4MPa

5

Cycle 4

Tensile strain from 0% to 2.7%

5

Cycle 5

Tensile strain from 0% to 4.2%

5

Stage 6

Displacement extension to 20mm

Fracture toughness

The fracture toughness test of 3D printed multi-material specimens was also conducted
by universal testing machine 100kN Tester (5982 from Instron, USA) equipped with
5kN load cell. The crosshead displacement rate with 10mm/min was applied to
specimens. Figure 3.9 (A) shows the fracture toughness test set up with loading rigs
and supporting pins, Figure 3.9 (B) shows the fracture toughness test specimen with
notching.

Due to the small size of the fracture toughness specimens, the prefabricated cracks
cannot be cut using a standard notching machine, instead a hacksaw is used to make
the notch and the cracks are sharpened by a fresh knife blade. Pre-test conditions was
same as tensile test, contain with temperature in 23℃ and humidity in 50% RH for 48+
hours.
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Figure 3.9. (A) Fracture toughness test set up. (B) Fracture toughness specimen with
notching.

Linear elastic fracture mechanics suggests that the component is safe when the stress
intensity factor 𝐾 < 𝐾𝐼𝐶 at the tip of the crack, when 𝐾 = 𝐾𝐼𝐶 , the component is in
a dangerous critical state, and when 𝐾 > 𝐾𝐼𝐶 , the crack will expand unstably [106].
The key to determining 𝐾𝐼𝐶 is to determine the ultimate load 𝑃𝑄 value that the
specimen can withstand at the time of unstable crack growths. The value of 𝑃𝑄 can be
determined from the diagram shown in Figure 3.10.
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Figure 3.10. Diagram to determine the C and 𝑷𝑸 , axis unit U is displacement [70].

The experiment requires that the slope of the line AB be determined from the test results
by plotting the slope of the line, the reciprocal of which is the initial compliance C. The
second line, AB', is 5% more compliant than the line (AB), from which the line AB'
can be plotted .

The ASTM standard [70] requires that if the maximum load 𝑃𝑀𝐴𝑋 of the specimen
falls within the line AB and AB', 𝑃𝑀𝐴𝑋 can be used to calculate K. If 𝑃𝑀𝐴𝑋 falls
outside the line AB and the line AB', the intersection of the line AB' and the load curve
is used as 𝑃𝑄 . If the ratio of 𝑃𝑀𝐴𝑋 to 𝑃𝑄 is less than 1.1, 𝑃𝑄 is used in the calculation
of 𝐾𝑄 . However, if the ratio of 𝑃𝑀𝐴𝑋 to 𝑃𝑄 is bigger than 1.1, then the test will be
invalid.
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4 Chapter 4
Results and Discussion
4.1

Tensile Results

The tensile test results for the 3D printed, nacre-like, multi-material structure specimens
are shown in Figure 4.1. All specimens exhibited multi-stage fracture, for specimens
with a dovetail angle of less than 3˚, the stress-strain curve shows five stages: elastic
region, yield plateau, strain hardening, interface damage and flexible material
elongation. For multi-material structure specimens with dovetail angles of 5˚ and 9˚,
the graph lines show 6 stages with addition of a secondary strain hardening stage.

To investigate the effect of soft filler pattern on hardening mechanism of nacre-like
multi-material structures, PLA was used as both the tablet material and filler material,
and specimens were printed under the names ‘dovetail PLA & PLA’. Single-material
unidirectional tensile specimens of pure PLA were also printed for comparison. Figure
4.2 illustrates the tensile curves for pure PLA specimen and dovetail PLA & PLA with
0˚ and 5˚ dovetail specimens, both structures show a fracture property of brittle material
with high stiffness and modulus but insufficient toughness. The tensile strength and
Young’s modulus for all specimen during tensile test is showing in Figure 4.3. The
Young’s modulus of the specimens was calculated from the linear region before
reached the UTS point because some of the specimens had a plateau stage in curve.
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Figure 4.1. Tensile stress- strain curve of 3D printed, multi-material PLA & TPU
structure specimens with dovetail angle (A), 0˚. (B), 1˚. (C), 3˚. (D), 5˚ and (E), 9˚. (F)
Stress- strain curve up to 8% strain.
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Figure 4.2. Tensile stress-strain curve of dovetail PLA & PLA multi-material structure
with (A) 0˚ and (B) 5˚ dovetail specimens. (C) Stress- strain curve for unidirectional
pure PLA tensile specimen. (D) Stress-strain curve comparison.
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Figure 4.3. Ultimate tensile strength and Young’s modulus from tensile testing of multimaterial, dovetail structures and pure PLA specimens. Error bars are standard
deviation.

4.1.1

Tensile test results calculation

Due to the size limit of strain gauge, the area where the tablet is pulled out may be
outside the strain gauge during the tensile process of 3D printed, multi-material
structure. Figure 4.4 shows the un-measurable and measurable interval sample during
the test. When the tablets pull-out occurs outside the strain gauge, the strain data
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recorded by the machine will not be the right value, the actual strain needs to be
calculated by measuring the displacement change in the recorded screenshot.

Figure 4.4. (A) strain gauge with un-measurable interval. (B) Strain gauge with
measurable interval.

The specific calculation process was as follows: screenshots were selected for times of
0s, 60s, 120s, 180s and 240s (after start of elongation), inserted into an Excel sheet and
measured the displacement through the screenshots. The lengths between holding grips
were known and the actual displacement at these tensile times could be calculated from
the ratios, which in turn gave the ratio of time to tensile displacement and ultimately
the actual strain values.
4.2

Tensile testing stress-strain relationship

Stress-strain curves for dovetail PLA & PLA with 0˚ and 5˚ dovetail specimens and
pure PLA tensile specimens show a single stage. The stress-strain curves for the multimaterial structure show multiple stages, the combination of stiff and soft material
provided sufficient modulus difference to produce complete interface broken, which is
key to obtaining multi-stage deformation [95].
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The softening stage of the multi-stage corresponds to the tensile deformation of the soft
material at the short interface, while the hardening stage corresponds to the shear
deformation of the soft material along the long interface. In 3D printed composites, this
softening followed by hardening deformation behaviour has been reported in studies of
3D printed, multi-material structures that are influenced by boxfish skin interlocking
structures [86] and other nacre structures [75, 95].

The tensile profile of the multi-material structure can be divided into six stages. The
tensile curve with stages for the 5˚ dovetail structure is shown in Figure 4.5 (A). During
the tensile process, the specimen shows mostly elastic deformation at first, after which
the short interface between the end of the tablet and the filler first yields, resulting in
the stress-strain curve reaching a yield plateau and reaching Stage 2. The short
interfaces and long interfaces are shown in Figure 4.5 (B). This is followed by shear
deformation and interlocking between the tablet and filler, leading to hardening Stage
3. With further tension, the interlocking mechanism fails showing Stage 4 and then the
long interface between TPU and PLA fails as shown in Stage 5. Finally Stage 6 is the
elongation of individual TPU filaments from the long surface until complete fracture.
The details of the mechanical response will be discussed in the following sections, with
name of First elastic stage, Plateau stage, Strain hardening, Long interface broken and
Flexible TPU filler elongation.
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Figure 4.5. (A) Stress-strain curve up to 20% strain of multi-material PLA & TPU
structure with 5˚ dovetail showing 6 stages. (B). Short interface in orange colour and
long interface in blue colour.
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4.2.1.1 First elastic stage
The results of tensile and cyclic tensile tests all shows that the first stage is the linear
elastic stage, where the multi-material structure starts to be stressed and most of elastic
deformation occurs. The stress is proportional to the strain and obeys Hooke's law. The
end of this stage is the plateau stage.
4.2.1.2 Plateau
When the tensile stress reached the 1 MPa (varying by no more than 0.1 MPa), the
plateau stage occurs in stress-strain curve for all multi-material specimens, and strain
of the plateau was consistent on duration. Multi-material structures with 1˚ dovetail
does not show the plateau during the testing, extra repeat samples were tested but only
1 of 8 samples shows the plateau. The initial test of five tensile specimens with multimaterial dovetail 1˚ structure did not show a plateau during the test, additional replicates
were tested, but only one of the eight samples showed.

The initial rise and fall of stress in the nacre-like structure was considered to be related
to interface adhesion [75]. Once the adhesion between the tablet and the filler is
overcome, the short interface will break. This is borne out by the results of tensile
specimens of 3D printed unidirectional pure PLA and dovetail PLA & PLA which show
no plateau region. Considering plateau stage may cause by the yield occurs, cyclic
tensile tests were carried out to confirm see Section 4.5 Cyclic tensile test.

By comparing the different aspect ratios of nacre-like, multi-material structures [75,
95], there was no significant plateau showing in the results, which may be since the
width of the tablets remained the same for all specimens in this experiment. Ko et al.
determined the bonding force between FDM printed PLA and TPU in nacre-like, multimaterial structures, the simulation and actual tensile results shows that the bonding
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force is 600 N, which is much higher than the plateau with 36 N in this experiment
[107].
4.2.1.3 Strain hardening
The third stage is called the strain hardening stage. As the tensile elongation continue,
the tablets begin to interlock to resist deformation, at which point the curve follows a
linear trend, rising from the plateau stage until reach the ultimate tensile strength (UTS).
The hardening of all multi-material structure specimens began at around strain 1% and
UTS increases significantly with increasing dovetail angle. The hardening range (until
reached the UTS point) for multi-material structure with 0˚ and 1˚ dovetail specimens
is around strain 2.2%, 3˚ dovetail specimens have hardening range of strain 3.3% and
5˚ dovetail specimens have a total hardening range of around strain 4.7%. Stress levels
also increase with dovetail angle growth, when the dovetail of multi-material structures
at larger angles, with UTS for 0° being 5.93 MPa and 12.19 MPa for 5˚, increasing of
2 times. This variation could be due to the interlocking effect, resulting in increased
shear resistance leading to strain distribution across the short and long interfaces [75].

The multi-material structure with 9˚ dovetail specimen does not show the expected
stress-strain response, with a hardening range of around strain 4.5% , which is same
with the results of 5˚ dovetail specimen, but the ultimate tensile strength is only 6.51
MPa, which is even lower than the 1˚ dovetail specimen (still higher than the noninterlocking 0˚ angle specimen). The 9˚ dovetail specimen was subjected to a
comparison experiment with eight re-prints, with new printing parameters being
adjusted on the last two re-prints, such as increasing the multiplier of PLA or install the
new printing nozzle to avoid potential nozzle ware being a possible cause. PLA & TPU
9˚ dovetail specimens with the new print parameters are shown in the Figure 4.6, but
the tensile results were still similar and showed lower UTS than the 5˚ dovetail
specimen. Assuming this is due to a printing defect in the printer. Another reason is that
5˚ dovetail is the best choice for multi-material structure and 9˚ dovetail has lower
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performance due to mechanical reasons. A computer simulation test should be
considered for future work.

Figure 4.6. New (above)/ original (below) printing parameter for multi-material
structure 9˚ dovetail specimen.

4.2.1.3.1 Secondary strain hardening
The stress drop after UTS is caused by the start short interface broken and the reduction
of the overlap area or transverse compressive stress area, leading to a drop in stress
levels during subsequent loading. Shear deformation along the long interface of the
tablet then dominates. Before entering the long interface broken stage, the stress-strain
curve for the multi-material structure with larger dovetail angle (5˚ and 9˚) specimens
has a small rise, indicating secondary hardening. This is due to the larger angle of the
tablets beginning to interlock to resist tension, which leads to high shear deformation
during sliding [2], resulting in the non-linear deformation.

The secondary hardening strength of the multi-material structure with dovetail 5˚
specimen is approximately 4.9 MPa, which is similar with the first hardening capacity
of the non-interlocking, multi-material structure with dovetail 0˚. The presence of this
significant secondary hardening due to the dovetail angle is interesting and effectively
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improves the energy absorption performance of the structure, it has not been found in
other studies of nacre-like, multi-material dovetail structures [75, 95].
4.2.1.4 Long interface broken
As the tension progressed, the tablets began to be gradually pulled out and localised
shear damage occurred along the long interface of the tensile specimen. Figure 4.7
shows the shear diagram and force model for the long interface between the noninterlocked structure and the interlocked structure fracture section respectively. In
tension, only parallel lateral shear effects occur in the non-interlocked structure, while
the shear effects in the interlocked structure become greater due to the interlocking of
the tablets [87]. At this point the cohesion between TPU and PLA at the long interface
will not match the pull-out force and slowly fail, as shown by a small drop trend in the
stress-strain curve. Multi-material structure with dovetail angle 0˚ and 1˚ long interface
failures are both at around strain 11%, while dovetail angle with 3˚, 5˚ and 9˚ specimens
are at around strain 17%. This corresponds to a large dovetail interlock structure will
bear greater shear to resist tablet pull-out.

50

Figure 4.7. The image and stress model multi-material structure with 0˚ and 9˚ dovetail
during tablets pull-out, where blue color is tablets, yellow color is filler [88]. Reprinted
with permission from Elsevier.

4.2.1.5 Flexible filler material elongation
After the tablet is completely pulled out, the remaining mechanical response comes
from the elongation of the TPU mainly at the long interface where the structural fracture
occurs. In the experiment, it was also found that this stage may contain a portion of
short interface rupture and oblique long interface TPU fracture as shown in the Figure
4.8, multi-material structure with dovetail 9˚ specimen underwent both long and short
interface broken during tensile test and the red cycle with dash line in Figure 4.9 shows
the oblique TPU strands from long interface. This occurred because the overall
structure of the layer multi-material structures would cause the entire tablets to
gradually ‘lock up’ during loading, extending the damage to a large number of tablets,
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thus causing the short interface at the non-ruptured interface to break along with the
long interface at the ruptured interface.

Figure 4.8. After tablet fully pulled-out, long and short interface broken of multimaterial structure with 9˚ dovetail during TPU elongation section.

Figure 4.9. Oblique TPU strands at long interface of multi-material structure with 9˚
dovetail specimen during tensile test.

Several samples also selected for the experiment make strain to complete fracture, it
takes 40 minutes due to high elongation at break of TPU. Long periods of TPU tensile
process were also found in the experiments by Ko et al. [107]. Figure 4.10 displays the
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gradual fracture of the filaments of the TPU, which caused low stress fluctuations in
the stress-strain curve showing in Figure 4.11 at strain between 100% and 400%.

Figure 4.10. The gradual fracture process of TPU filament of multi-material structure
with 5˚ dovetail.

Figure 4.11. Stress-strain relationship of multi-material structure with 5˚ dovetail
specimen for elongation to break.

4.2.2

Tensile test failure mode

Failure modes of nacre-like, multi-material structures can be broadly classified as tablet
pull-out and tablet break fracture [75]. Both failure modes were observed in this
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experiment. Tablet break was commonly happening in the middle narrow section of
tablets, it will occur when the maximum stress exceeded the tablet strength. When the
maximum stress does not exceed the strength of the tablet, the tablet pull-out will
happen. Tablet pull-out is the ideal failure mode to improve the structural toughness of
the nacre-like multi-material layer structure.

The combination of tablet pull-out and tablet break was proposed to create maximum
stress and energy absorption properties [75], corresponding to increase the area under
the stress-strain curve for the maximum stress the material can withstand before failure.
The comparison tensile results and photographs of two failure mode were shown in
Figure 4.12 and Figure 4.13. The tensile strength of the combination of the two fracture
modes is 5 MPa higher than that of tablet pull-out alone.

Figure 4.12. Comparison tensile curve of tablet pull-out and tablet pull-out & break
from multi-material structure with 3˚ dovetail.
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Figure 4.13. (A) Photographs for multi-material structure with 1˚ dovetail showing
tablet pull-out. (B) Multi-material structure with 5˚ dovetail showing tablets break, as
seen in red dash line square.

4.2.2.1 Tablet pull-out mode
Reza et al. [108] proposed that there are two types of tablets pull-out fracture in
interlocking multi-material structures during deformation, namely columnar and noncolumnar fracture, as shown in Figure 4.14. Both fracture modes were indeed observed
in the tensile tests. The multi-material structures with small dovetail angles 0˚, 1˚ and
3˚ specimens were all appears columnar fractures with only a single non-columnar
fracture observed. As the dovetail angle of multi-material structures increased, the
occurrence of non-columnar fractures increased, all specimens of multi-material
structure with 9˚ dovetail were non-columnar fractures or a combination of both, as
shown in Figure 4.15.

Ghimire et al. [95] suggest that an increase in the number of non-columnar fractures
will allow the non-linear deformation mechanism to occurrence, increasing the strength
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of the overall structure and absorbing more energy, but this was not found in the results
of this experiment.

Figure 4.14. Sketch of columnar, and non-columnar fracture, where the yellow color is
tablets, blue and red color line is the fracture type [95]. Reprinted with permission from
Elsevier.

Figure 4.15. (A), (B) Columnar fractures in multi-material structure with 1˚ dovetail
specimen. (C) Non-columnar fractures in multi-material structure with 9˚ dovetail
specimen. (D), (E) The combination of two tablets pull-out fracture types in 9˚ dovetail
specimen.

4.2.2.2 Tablet pull-out & break mode
In this experiment, tablet break usually accompanied tablet pull-out, tablet break in
whole cross-section was only found in specimens printed under the new printing
parameters as shown in Figure 4.16, which may be due to excessive joint between TPU
and PLA filament, allowing the interface to withstand much greater forces than the
strength of the tablet.
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Figure 4.16. (A), (B) All tablets break for multi-material structure with 3˚ dovetail
specimen under new printing parameters. (C), (D) Combination of tablets pull-out and
break fracture mode on multi-material structure with 3˚ and 9˚ dovetail.

4.3

Poisson’s ratio

The width of the multi-material structure was observed to expand under large dovetail
angle, showing the effect of a negative Poisson's ratio. Figure 4.17 shows the width
expansion response of the multi-material PLA & TPU with 9˚ dovetail specimen during
the tensile test. The transverse strain of the specimen was measured and calculated in
the same way as the longitudinal strain, at the section of the structure where fracture
occurred.

Figure 4.17. Expand width of multi-material PLA & TPU structure with 9˚ dovetail
during tensile process.
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The calculation results for PLA & TPU 5˚ and 9˚ dovetail specimens are shown in
Figure 4.18. The Poisson's ratio values are negative, with larger values for the 9˚
specimens, confirming the presence of a negative Poisson's ratio effect in the larger
dovetail structure during tablet pull-out process. There was no observed shrinkage due
to the Poisson effect in the tablets in the experiments because tablet sliding was the
dominant mode deformation in PLA & TPU dovetail specimen. When the tablets slide
against each other, there may be some lateral expansion in the transverse direction
counteract the normal positive Poisson’s effect [2].

Figure 4.18. Relationship between Poisson’s ratio and longitudinal strain of multimaterial structure with 5˚ and 9˚ dovetail specimen.

Multi-material structure specimens with dovetail PLA & PLA with 0˚ and 5˚ dovetail
and unidirectional pure PLA specimens were used as a comparison to discuss the effect
of soft fillers on tablet sliding. The experimental results are shown in Figure 4.2. The
failure mode is shown in Figure 4.19. Both specimens exhibited brittle material fracture
characteristics and did not show any observable width extension during the test. It can
be determined that brittle filler cannot withstand large deformations (may fail at small
strains) [2]. The presence of a soft filler allows the interface to deform and maintain
cohesion between the tablets at larger strain, which is important for the tablets to slide
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and achieve large tensile strength. Experiments by Smith et al. [109] proved that the
soft organic interface has the ability of large extension through tablet arrangement.

Figure 4.19. Failure mode of unidirectional pure PLA specimen and dovetail PLA &
PLA structure with 5˚ dovetail specimen.

4.4

Fracture toughness results

Multi-material structures with 0°, 5° and 9° dovetail were selected for the fracture
toughness testing and the force-displacement results are shown in Figure 4.20. The
curve has approximately the same trend and are divided into three stages. As the
specimen begins to be loaded, the tablet under the crack begins to rupture, causing the
rise in force. After the tablets was broken, the crack continues and deflects along the
nearest long interface, at which point the tablets interlocks to resist deformation,
resulting in a slight increase in force level. In the final stage the interlocking effect fails
and the cracking proceeds along the short interface or the rupture of the next tablet until
the specimen is completely ruptured.

Lin et al. suggest that the crack extension along the long interfaces during fracture
provides a damage tolerance feature for the structure as the stress level recovers after
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the first failure event and has a significant effect on the overall toughness of
interlocking structures due to the presence of soft material fillers [86].

Figure 4.20. Relationship between force and displacement of selected 0˚, 5˚ and 9˚
dovetail specimens.

4.4.1

Fracture toughness test results calculation

The ASTM test standard requires a check of the ratio of 𝑃𝑄 and 𝑃𝑚𝑎𝑥 . 𝑃𝑄 can be
calculated by the force-displacement curve showing in Figure 4.21. The slope of the
line AB can be obtained by plotting the line against the raw data set and fitting a
polynomial metric with order 6. The slope of the line AB' can be obtained by selecting
a linear data interval and the slope of the line AB' according to the 1.05*compliance
line AB slope. These three line all pass through the x-axis, from which the curve
formulae for both can be derived. The co-ordinate points of 𝑃𝑄 were found using
MATLAB. Unfortunately, the 𝑃𝑚𝑎𝑥 /𝑃𝑄 values for tested multi-material structure with
0˚, 5˚ and 9˚ dovetail specimen all above 1.1, these was not invalid experiment results
according to the ASTM standard.
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Figure 4.21. Force-displacement curve for 5˚ dovetail specimen showing row data, line
AB and line AB’.

4.4.2

Fracture toughness failure mode

Figure 4.22 shows the fracture process of multi-material with 0˚ dovetail specimen.
Cracks are expanding along the boundary of the tablet. The specimen size chosen for
this experiment was too small, larger sizes were tested in other studies [55, 68, 110].
Crack development was observed in a direction perpendicular to the original crack,
expanding only through the flexural filler patterns, leading to the eventual failure of the
multi-material structure. Figure 4.23 illustrates the crack expansion path of other
fracture toughness specimen study with multi-material structures, where the crack can
be seen to move along the boundary of the tablet.

This pattern of crack extension is thought to be a characteristic toughness mechanism
for a particular alignment, as the large difference stiffness between the tablet and filler
material is conducive to the crack propagation through soft material in terms of energy.
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The energy principle is applied to predict that the crack will choose the path with the
least resistance, which is the most favorable energy path [110].

Figure 4.22. Fracture process of multi-material structure with 0˚ dovetail.

Figure 4.23. Crack propagation for 3D printed, nacre-like, multi-material structure with
a pre-crack 30% the total length [68].

4.5

Cyclic tensile test results

The comparison stress-strain curve for 3D printed, multi-material structure with 0˚ and
5˚ dovetail specimen under tensile test and cyclic tensile test is shown in Figure 4.24
(A) and Figure 4.25 (A). And the cyclic tensile stress-strain curves of 0˚ and 5˚ dovetail
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specimen for each cycle are also shown. The results for the 0˚ dovetail specimen only
show three stages, Cycle 1, Cycle 2, Cycle 3 and Stage 6. The other cycles disappear
presumably because the maximum stress did not reach 4 MPa in Cycle 3 and was
skipped to the next cycle, however the 0˚ dovetail specimen also did not reach the strain
range for Cycle 4 and Cycle 5, so the specimen went straight to the final step of uniaxial
tensile test. For the results of 5˚ dovetail specimens, the change in the first three cycles
was not significant, and there was a large change from Cycle 4 to 5, indicating mostly
plastic deformation in the last two cycles.

Figure 4.24. (A) Comparison results of multi-material structure with 0˚ dovetail under
tensile test and cyclic tensile test. (B) Cyclic tensile stress-strain curve of 0˚ dovetail
specimen for Cycle 1. (C) Stress-strain curve for Cycle 2. (D) Stress-strain curve for
Cycle 3 and Stage 6.
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Figure 4.25. (A) Comparison results of multi-material structure with 5˚ dovetail under
tensile test and cyclic tensile test. (B) Stress-strain curve of 5˚ dovetail specimen for
Cycle 1. (C) Stress-strain curve for Cycle 2. (D) Stress-strain curve for Cycle 3. (E)
Stress-strain curve for Cycle 4. (F) Stress-strain curve for Cycle 5.

4.5.1

Plateau region in cyclic tensile test

The results of multi-material structures with 0˚ and 5˚ dovetail cyclic tensile tests
showed permanent changes in the repletion of the curve for Cycle 2 as shown in Figure
4.24 (C) and figure 4.25 (C), indicating the plastic deformation.

Although the results are not similar to the other studies, it is still assumed that that the
occurrence of plateau is the yield of multi-material structure, and large tensile strain
occurs at the short interface at the end of some of the tablets in the specimen (no evident
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crack damage were seen in the recording), resulting in appearance of the plateau zone.
The after loaded to 1MPa specimens were observed by microscopy and the short
interfaces showed irrecoverable pores and gaps, as shown in Figure 4.26. Structures
with plateau stage under force could be used as a protective material for applications,
where the structure remains shape un-changed when subjected to damage below the
yield stress.

Figure 4.26. (A), (B) Pores and gaps (black dashes frame) in short interface of loaded
multi-material 5˚ dovetail structure. (C) Preloaded short interface, in 500 m.

4.5.2

Strain hardening in cyclic tensile test

Figure 4.27 shows the cyclic tensile test and fracture morphologies for multi-material
structure with 5˚ dovetail specimen. Both Cycle 4 and Cycle 5 underwent substantial
plastic deformation during the first loading. Inspection of the recordings shows that the
short interface has fractured before the first loading starts. By the time the cyclic tensile
curve reaches the peak point, the tablet is in the process of pulling out and the locking
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of the dovetail angle with the shearing of the tablet provides a substantial rise in stress.
The loading response of Cycle 5 is considered to be continuation of the Cycle 4, during
which the tablet is repeatedly partially pulled out and the long interface between the
tablet and the filler is broken.

Comparing the results of the two tests, Figure 4.27 (A) shows that Cycle 4 and Cycle 5
are occurring under the range of strain hardening stage and secondary strain hardening
stage. It can be demonstrated that the maximum stress used to resist deformation when
the multi-material structure under loaded comes from the shearing and rupture of the
long interface between tablets and filler when the dovetail tablets are starting to pulled
out.
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Figure 4.27. Fracture morphologies for 5˚ dovetail specimen during cyclic tensile test in
(A) Cycle 4 and (B) Cycle 5.

4.6

Energy absorption and damage

It is important to understand the energy dissipation as multi-material structure is loaded
to fracture, this can be expressed as energy absorption properties, corresponding to the
toughness of structure. The energy absorption results of area under the stress-strain
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curve before the UTS point and area under the whole curve for all specimens are shown
in Figure 4.28.

Figure 4.28. Energy absorption of multi-material structures (A) Area under curve
before ultimate tensile strength. (B) Area under whole curve (end at elongation distance
20mm). Error bars are standard deviation.

The area under the curve before the appearance of UTS corresponds to the energy
absorption properties during short interface broken and interlocking. The UTS of the
multi-material PLA & TPU structure specimens increases with dovetail angle growth
and the energy absorption values increase accordingly. Considering that the multimaterial structure with 1˚ dovetail specimens does not show a yield plateau region, it is
expected that the values will decrease slightly if yielding occurs, which is still
consistent with this pattern.
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Area under the whole curve include the same elongation displacement of the TPU after
the tablet starts to be pulled out. Considering the higher volume percentage of TPU in
the multi-material with 1˚ and 3˚ dovetail structures, it can resist more forces during
tension, the stress level is higher in the long interface broken and TPU elongation region,
which has a higher energy absorption value. In the tablet pull-out mode, the structure
with higher filler volume will have higher energy absorption properties due to the high
ductility of the filler [75]. Compared with the energy absorption performance of 3D
printed, nacre-like structure by Ghimire et al. [95], the values are approximately twice
high. For both dovetail PLA & PLA and unidirectional pure PLA specimens, the energy
absorption performance in this region was much lower than that of multi-material PLA
& TPU specimens, even lower than that of 0˚ dovetail specimens. It can be concluded
that the addition of soft filler TPU can effectively increase the energy absorption
performance of the structure, corresponding to the toughness of the structure.

The calculated damage resistance values for each cycle of the cyclic tensile test are
shown in Figure 4.23. This result is calculated from the hysteresis of the load-unload
curve. Using the traditional concept of continuum damage mechanics, damage is
usually defined as a deterioration of the elastic modulus, which was found to occur in
constant-amplitude tests [111, 112].
𝐷=1−

𝐸𝐷
𝐸0

where 𝐸𝐷 is the residual modulus of the damaged material and 𝐸0 is the modulus of
the undamaged material.

For the multi-material structure with 5˚ dovetail specimen, the first three cycles are
mainly elastic deformation, the damage resistance level is very low. The last two cycles
correspond to the region where the hardening mechanism occurs, showing a large
energy dissipation. When damage resistance values are close to 1, large irrecoverable
damage has occurred with the structure losing most of its stiffness. Elastic strain occurs
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mainly in the first loading cycle. After the first loading, the values gradually decrease
to a stable level as the number of cycles loaded. After this time, the energy loss due to
damage may be mainly related to the long interface broken between the tablets and
shear energy dissipation.

The multi-material with 0˚ dovetail structure demonstrates a low level of damage for
Cycle 1 and Cycle 2, though failed completely at Cycle 3. It can be determined that the
dovetail interlocking structure design prevents shear deformation and pull-out at the
long interface and can absorb energy during the hardening stage more effectively than
the non-interlocking design.

Figure 4.29. Damage for each cycle of multi-material structure under cyclic tensile test
with (A) 5˚ dovetail and (B) 0˚ dovetail.
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4.7

Summary

By comparing the tensile curves of pure PLA, dovetail PLA & PLA and multi-material
PLA & TPU with dovetail angle specimens, it was determined that the presence of TPU
(soft filler) can make the structure mechanical behavior complex, which exhibits
multiple stages in stress-strain curve. The UTS value can be improved by adjusting the
dovetail angle of the tablet, but the choice of the soft filler material is important. In the
absence of the soft TPU filler situation, the stress-strain response of the dovetail PLA
& PLA 0˚ and 5˚ dovetail specimen did not show differ significantly and behaved as a
brittle material, same as the case of pure PLA specimen. The Young’s modulus values
of the multi-material PLA & TPU structures did not show a significantly increase with
the dovetail angle growth. Therefore, it is not observed that increasing dovetail angle
can improve the stiffness of multi-material, dovetail structures. The UTS and modulus
of the multi-material PLA & TPU structure are not as high as those of pure PLA and
PLA & PLA specimen, but energy absorption performance is improved by soft TPU
filler and dovetail angles.

The cyclic tensile test has determined that the multi-material PLA & TPU structure
plateau stage is yielding mechanism. The structure with the yield plateau stage can be
used as a protective material in applications, where the structure remains shape
unchanged after loaded when subjected to a force below the yield plateau stress.
However, the fracture of the PLA tablet was observed in the multi-material PLA &
TPU tensile test. In order to avoid this situation to maximize the sliding of the tablet,
the size of the tablet (increasing the width of the central narrow section of the tablet) or
the use of a harder tablet material should be considered. The cyclic tensile tests also
determined that the resistance to deformation of the multi-material PLA & TPU
structure when subjected to load is mainly due to interlocking and shearing between the
dovetailed tablets.
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In summary, the experimental results demonstrate that the addition of soft TPU filler
reduces the overall stiffness of the structure, but effectively improves the toughness.
With the addition of soft TPU filler, the hardness of the multi-material structure can be
effectively improved by increasing the dovetail angle of the tablet. However, the
optimal angle of the dovetail of the tablet has not yet been fully demonstrated in this
thesis.
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5 Chapter 5
Conclusion
Inspired by the high stiffness and toughness of the natural nacre structure, this thesis
used 3D printing technology to prepare bio-inspired, multi-material structures and
tested the relationship between dovetail angle and tensile behavior, failure modes and
fracture toughness under the combination of soft and stiff materials by combining
tensile test, cyclic tensile test and fracture toughness test.

In the experiments, multi-material structure tensile specimens with different dovetail
angles, cyclic tensile specimens and crack-containing toughness specimens were
prepared using an FDM-type 3D printer, based on the layer structure of the nacre. The
tensile tests were carried out to investigate in detail the deformation of the tensile
specimens during the multi-stages such as short interface failure, tablet interlocking,
tablet pull-out and break, long interface failure and soft filler elongation, as well as the
energy absorption in the strain hardening region.

The experimental results show that the presence of soft TPU filler can make the tensile
stress-strain curves exhibit multiple stages. The 0˚ and 5˚ of dovetail PLA & PLA
specimen without soft TPU filler exhibited brittle material behavior under tensile
testing, same as the unidirectional pure PLA specimens. Two failure mechanism modes
were observed in the tensile test of multi-material PLA & TPU dovetail structure: tablet
pull-out and tablet break. The combination of tablet break and pull-out mode can lead
a higher tensile strength than tablet pull-out. Interestingly, in the tablet pull-out mode,
transverse expansion was observed in the 5˚ and 9˚ dovetail structure during tension,
with negative Poisson's ratio values obtained.

It was observed that the multi-material dovetail PLA & TPU structure had a distinct
plateau stage during tensile test, and cyclic tensile test identified the generation of this
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stage as the yield point, occurred at the short interface between PLA and TPU. The
plateau stage was not reported in previous studies of nacre-like, multi-material
structures. Cyclic tensile test also determined that the forces resisting deformation in
the multi-material PLA & TPU structure mainly from the interlocking and shear
between the dovetail tablets. Large dovetail angle tablets provide greater shear for the
interlocking mechanism of tablet sliding, allowing more plastic deformation and
absorbing more energy. In fracture toughness test, crack extension behavior was
observed in fracture toughness specimens even though the experimental data proved to
be invalid according to ASTM standard.

The multi-material PLA&TPU structure with 5˚ dovetail exhibited the highest ultimate
tensile strength of 11.46 MPa and Young’s modulus of 495.96 MPa, and the ultimate
tensile strength increased with the dovetail angle increase until 5˚ but declined for the
9˚ dovetail specimen. The 0˚ dovetail specimen only had 5.6 MPa in tensile strength.
Although the ultimate tensile strength and Young’s modulus for dovetail PLA & TPU
both less than the unidirectional pure PLA (ultimate tensile strength of 47.16 MPa,
modulus of 2711.71 MPa) and 5˚ dovetail PLA&PLA structures (ultimate tensile
strength of 27.73 MPa, modulus of 2712.42 MPa), but the energy absorption
performance results far exceeded the indirection pure PLA specimens. This
demonstrates that the combination of stiff and soft materials reduces the overall
stiffness of the structure but can effectively improve the toughness. The ultimate tensile
strength of the multi-material structures can be effectively improved by increasing the
dovetail angle of the tablets with the incorporation of stiff and soft tablets and filler
materials. But the large increase in stiffness with dovetail angle was not observed in the
experiments. Experimenting with different materials and computer simulation tests
should be considered in future work.

These observations in this thesis suggest that the design of 3D printed, bio-inspired,
multi-material structures and the combination of effective materials can optimize the
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mechanical behavior of the overall structure and improve its mechanical properties,
could be an effective way to explore high-performance materials in the future.
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6 Chapter 6
Recommendations
The results and observations of this project provide a basis for further research into the
toughening mechanisms of 3D printed, nacre-like, multi-material structures. The
following are some suggestions for future work in this area:
•

Investigate the effect on mechanical properties at different tablet overlap ratio.

•

Investigate the effect of different sizes of tablets on tensile properties.

•

Investigate the shear transfer mechanism of stresses in nacre-like multi-material
structures when subjected to forces.

•

Establish the simulation experiment as a comparison to reduce the impact of
print quality on the laboratory results.

•

Build larger size tensile test specimens and toughness test specimens to
complete the study of crack behaviour.

•

Increase the width of the middle tablet or consider using a stronger tablet
material to eliminate tablet fracture during tensile.

•

Optimize the design of the tablet pattern to find the configuration that dissipates
the most energy without breaking through the tablet sliding.
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Appendix
Table 6.1. Energy dissipation of multi-material structures for each cycle under cyclic
tensile test.

Damage
Modulus

resistance
(mJ/mm^3)

0degree

unloading

first loading repetition

15.004

cycle 1

last unloading repetition

15.852

-0.057

cycle 2

last unloading repetition

13.995

0.067

unloading

first loading repetition

12.906

cycle 1

last unloading repetition

13.250

-0.027

cycle 2

last unloading repetition

11.620

0.100

cycle 3

last unloading repetition

10.194

0.210

cycle 4

last unloading repetition

0.596

0.954

cycle 5

last unloading repetition

0.301

0.977

5degree
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Table 6.2. Tensile results for all specimens.
UTS (MPa)

Max
force(N)

Modulus
(MPa)

Area before
UTS
(mJ/mm^3)

Total area
(mJ/mm^3)

sample 1
sample 2
sample 5
sample 4
Average

5.93
6.06
5.96
4.45
5.60

209.58
221.68
160.40
159.86
187.88

491.60
403.65
395.45
394.95
443.28

5.75
5.62
4.22
4.09
4.92

65.83
67.56
56.92
58.64
62.24

Standard
deviation

0.77

32.76

68.35

1.17

5.09

sample 1
sample 2
sample 4
sample 5
Average
Standard
deviation

9.96
9.69
8.85
10.76
9.98

323.66
317.83
294.43
362.94
327.40

450.25
348.36
515.06
499.86
453.38

14.28
17.57
9.72
14.64
14.35

80.39
86.69
78.98
90.35
85.77

0.79

28.44

75.28

3.24

5.35

sample 1
sample 2
sample 3
PLA&TPU- sample 4
3degree new nozzle
Average
Standard
deviation

7.01
12.43
10.56
9.68
13.16
10.57

227.55
433.95
354.01
322.27
397.00
346.96

460.44
398.78
526.29
444.05
473.96
347.49

10.13
28.74
16.47
17.49
24.60
18.20

96.46
107.43
81.90
80.41
99.76
91.55

2.43

79.04

234.55

7.74

12.82

sample 1
sample 2
sample 3
PLA&TPU- sample 4
5degree new nozzle
Average
Standard
deviation

11.56
10.73
12.19
10.25
12.58
11.46

378.26
351.41
408.83
342.54
389.94
374.19

22.08
17.59
21.67
23.09
22.96
20.45

87.69
93.24
73.82
89.72
76.32
84.92

0.97

27.32

2.49

10.00

6.02
7.48
6.35
5.35
5.36
5.69
6.91
8.94
6.51

194.92
244.82
20.09
168.84
183.65
196.97
191.07
261.72
182.76

11.86
11.32
11.29
11.45
10.43
9.72
7.40
11.06
10.58

108.64
74.98
87.86
76.98
82.73
85.74
82.15
78.68
86.46

1.23

72.86

1.81

13.28

PLA&TPU0degree

PLA&TPU1degree

PLA&TPU9degree

Pure PLA

PLA&PLA0degree

PLA&PLA5degree

sample 1
sample 2
sample 3
sample 5
sample 6
sample 7
new nozzle 1
new nozzle 2
Average
Standard
deviation
sample 1
sample 2
Average
Standard
deviation
sample 1
sample 2
Average
Standard
deviation
sample 1
sample 2
Average
Standard
deviation

458.43
492.51
536.96
486.85
555.97
495.96
39.38
218.03
398.26
274.31
324.46
267.24
446.63
519.80
567.02
395.48

51.74
42.57
47.16

150.88
1345.53 2646.06
1263.69 2777.36
1304.61 2711.71

6.49
23.37
32.51
27.94
6.46
24.46
31.01
27.73
4.63

60.97
52.40
56.68

51.66
47.54
49.60

57.87
92.84
775.09 2538.23
1061.62 2667.97
918.35 2603.10

6.06
11.51
32.32
21.91

2.91
13.70
38.66
26.18

202.61
91.74
783.01 2811.72
954.59 2613.13
868.80 2712.42

14.72
13.29
21.52
17.40

17.66
13.66
23.67
18.66

5.82

7.08

121.33
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140.42

