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Additive Manufacturing of Bio-inspired Multi-Scale Hierarchically 

Strengthened Lattice Structures 

 

 

Abstract: The next-generation medical implants require locally customised biomechanical 

behaviour to echo the properties of hard tissues, making additive manufacturing (AM) an ideal 

route due to its superior manufacturing flexibility. AM of titanium alloys with designed porosity is 

the mainstream for artificial implants, which, however, hardly balance the strength-modulus 

combination. Here a martensitic TiNi biomaterial with low modulus and asymmetric mechanical 

behaviour that mimics human bones is explored. TiNi functionally graded lattice structure (FGLS) 

is bio-inspired by bone architecture and processed by AM. Bio-inspired FGLS shows much higher 

strength and ductility than the uniform lattice despite having an equivalent structural porosity. 

Post-process heat-treatments alter the microstructure and result in a multi-scale hierarchically 

strengthened behaviour in FGLS, offering one of the highest specific strengths (about 70 kN·m/kg) 

among porous biometals, while keeping a low specific modulus and reasonable ductility. Besides, 

the deformation behaviour of FGLS is in-situ monitored, which, together with microscopic 

observations, reveal a multi-scale failure mechanism. The bio-inspired FGLS shows better 

biomechanical compatibility than the uniform lattice, including density, tension/compression 

asymmetry, modulus, and strength. The findings highlight the ability of AM in tailoring a 

modulus-strength-ductility trade-off through bio-inspired multi-scale hierarchical structure design. 

 

Keywords: Laser Powder Bed Fusion; Biomaterial; Graded lattice; Asymmetric material; 

Hierarchical structure. 
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1. Introduction 

Natural human bone has a graded structure, which is composed of dense cortical bone with a low 

porosity of 5-10 % in the outer shell, and a higher porosity of 50-90 % for cancellous or trabecular 

bone in the centre [1]. Although bone can self-repair, external intervention for skeletal repair is 

required when a bone defect caused by diseases or injury is larger than the critical healable size. 

Scaffold-based bone tissue engineering offers great potential for the treatment of osseous defects [2]. 

As widely accepted, bone scaffolds should meet the following criteria: (i) biocompatibility; (ii) 

interconnectivity through having a highly porous structure for cell ingrowth and nutrient-waste 

exchange, (iii) surface suitability for cell attachment, proliferation and differentiation; and (iv) 

mechanical biocompatibility to the host hard tissues, including having sufficient strength and a 

similar elastic modulus to prevent stress shielding [3]. Conventional metallic porous scaffolds 

processed by traditional manufacturing methods, such as powder metallurgy, gas foaming, and 

investment casting, have limited flexibility in tailoring the key structural characteristics (e.g., 

porosity, pore size, and pore interconnectivity), and accordingly, their mechanical behaviour [4]. 

Therefore, the application of additive manufacturing (AM) as a processing method for customised 

scaffolds with tailorable mechanical and morphological parameters is very timely [5]. The process 

and its geometrical flexibility can be used to harness unique structural functionalities [6], i.e., 

functionally graded structures or materials. 

 

Various studies have investigated the mechanical and biological performance of metallic lattice 

biomaterials processed by laser powder bed fusion (LPBF) AM due to its merits of high structural 

resolution with controllable architectures [7]. LPBF-processed metallic lattice scaffolds are 

generally designed using computer-aided design (CAD), implicit surface modelling, image-based 

design, and topology optimisation [8]. Generally, uniform lattice structures were investigated. 

However, the complex architecture and porosity variation in natural bones indicate the requirement 

for functionally graded lattice structures (FGLS), which have a great potential to mimic the bone 

biomechanical behaviour and improve the biological response of bone scaffolds simultaneously. 

Two kinds of metallic FGLSs processed by LPBF have been reported in the literature, i.e., 

vertically and radially graded lattices. Vertically graded FGLS demonstrated a higher energy 

absorption before densification, yet combined with lower yield strength than uniform lattice 

structures. This was attributed to layer-by-layer collapse during mechanical loading, starting with 

the collapse from the high porosity regions and then to the lower porosity regions in sequence [9, 

10]. Radially graded FGLS demonstrated high energy absorption [11] and high compressive 

strength [12], in addition to promoting cell proliferation in vitro tests [13]. Both the vertical and 

radial FGLSs have the potential to tailor the strength and Young's modulus to match that of the 

human cortical and cancellous bones. These research outcomes depicted the feasible design and 

manufacturing methodologies for developing next-generation bone scaffold substitutes. However, 

the underlying design philosophies (such as unit type, pore/unit size, structural porosity 

distributions, apparent density, etc.) have not been fully rationalised. 
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The bioinspired structure could be a promising route for developing metallic scaffolds. The 

bioinspired structure is capable of combining desirable properties and remarkable functions, such as 

unique combinations of stiff ness, strength and toughness at low density [14]. The fundamental 

challenge in designing bioinspired materials is how to achieve these unique properties and complex 

architectures. From this perspective, bioinspired lattice metal scaffolds produced by AM are known 

to capture some of the desired characteristics of natural materials. However, the bio-inspired design 

for porous metallic scaffolds is generally overlooked in the literature.  

 

Apart from the lattice structure design, the development of novel biomaterials to improve 

mechanical biocompatibility is another research spotlight. Although the modulus can be tailored 

through the design of porous structures, the strength (in particular fatigue strength) in porous metals 

significantly decreases with the increase in porosity [15]. Therefore, low elastic modulus Ti-alloys 

are more attractive than the traditional biocompatible Ti-alloys (e.g. Ti6Al4V, elastic modulus 110 

GPa) due to their enhanced biomechanical compatibility, which reduces the likelihood of stress 

shielding. New -Ti alloys composed of low modulus biocompatible elements, i.e., Ta, Nb, Zr, Mo 

(such as TiNbZr, TiTaNi, TiMoFe, TiNbTaZr, and TiMoZrFe) were developed, which demonstrate 

a typical modulus of about 55-85 GPa [8, 16]. Besides, austenitic TiNi shape memory alloys (SMAs) 

were also investigated due to their low elastic modulus (typically 48-69 GPa [8, 17]), good 

biocompatibility (better than stainless steel [18, 19] and Ti6Mo3Al titanium alloy [20]), 

superelasticity (SE) and high damping capacity (essential to avoid brittle failure) [21], and 

shape-recovery behaviour facilitating implant insertion and ensuring good mechanical stability 

within the host tissue [18].  

 

Different from existing literature, this study investigates the martensitic Ti-rich TiNi alloys since 

the martensite phase is known to have a lower modulus (21-69 GPa) than the austenite phase 

(70-110 GPa) [22]. The Ti-rich system will also reduce the extent of Ni-ion release by creating a 

thick TiO2-based oxide film on the surface of TiNi [23], ensuring that the Ni-ion release toxicity is 

well below the cytotoxic concentration [24]. Besides, martensite deforms by de-twinning, which 

results in a damping capacity, combined with an asymmetric tensile-compressive behaviour (i.e., a 

higher compressive strength than tensile) echoing the mechanical behaviour of bones [25]. To 

understand their potential, bio-inspired hierarchical TiNi FGLS were designed and fabricated by 

LPBF. The microstructures and mechanical responses were characterised in multi-scales to assess 

the relationships between hierarchical structures and biomechanical compatibility. 

 

2. Experimental Methods 

2.1. Bio-inspired design  

To mimic the human bone structure, a simulated femur-bone structure was designed on Materialise 

Mimics 19 software using anonymised medical CT captured slices from a 32-years old female. As 

noted in Fig. 1a, the bone unit, porosity and pore size distributions analyses of the femur gave 

guidance to lattice structure design. Based on the shape and size of the bone unit and the 
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manufacturability of LPBF, a skeletal structure unit was designed, consisting of spatially diagonal 

struts, a central cube and four nodes (1/4 spheres). A unit's dimension (i.e., 1.5
3
 mm

3
) was referred 

to pore size and bone unit as extructed in the Materialise Mimics 19 software (see Fig. 1a). 

Cylindrical struts were used as they are known to enhance cell penetration and proliferation 

compared with other geometrical shapes [26], since cell proliferation is favoured around smooth 

curvatures (without sharp angles) [27]. To assess the influence of lattice architecture on the 

biomechanical behaviour, radially-graded FGLS (mimicking the structure of the femoral diaphysis) 

and uniform lattice structures were both designed and fabricated by LPBF. The overall dimensions 

of the lattice samples are 15
3
 mm

3
. Both the unit cells and lattice samples were created using 

Unigraphics NX 8.5 software. 

 
Fig.1. (a) The design process for bio-inspired unit cells, (b) unit cells with different structural porosity levels, 

(c) the LPBF-processed uniform lattice samples, and (d) the structural grading pattern, and 3D model and 

image of the LPBF-processed functionally graded lattice structures. 

 

2.2. Materials and sample fabrications 

Argon atomised pre-alloyed Ti54.8Ni45.2 (at %) powder with a size range of 25-50 μm (supplied by 

TLS Technik GmbH & Co, Germany) was used in this study. Ti-rich TiNi is more preferable for 

biomedical applications, as the higher amount of Ti can suppress Ni-ion release and eliminate its 

adverse allergic effects [28]. All the samples were built using a Concept Laser M2 Cusing LPBF 

system under argon protection, using a layer thickness (t) of 30 μm. The laser parameters are laser 

power (P) of 75 W, scan speed (v) of 400 mm/s, and hatch spacing (h) of 75 μm, based on the 

previous investigation that identified the optimum LPBF parameters for this alloy to achieve a strut 

size of 310 μm and a relative density > 99% [7]. To establish a benchmark for a fully dense 
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Ti54.8Ni45.2 material, the same TiNi powder was filled in a mild steel can and densified using a hot 

isostatic press (HIP) system at a temperature of 1000 ˚C for 3 hours under a pressure of 100 MPa, 

with a heating and cooling rate of 10 ºC/min.  

 

2.3. Post treatments of lattice samples 

The as-LPBF-fabricated (AF) samples were exposed to two post-process treatments; a standard heat 

treatment (HT) and a HIPping treatment. The HT samples were encapsulated in a quartz tube in an 

Argon atmosphere and were kept in a resistance furnace at 950 ºC for 4 hours, followed by water 

quenching based on previous work [29]. HIPping of the lattice samples was performed at a 

temperature of 920 ºC for 4 hours under a pressure of 100 MPa, with a heating and cooling rate of 

10˚C/min and 5˚C/min, respectively. The low temperature, in comparison with HT, was chosen to 

avoid any significant creep in the lattice structure. 

 

2.4. Characterisation 

2.4.1. Density and defects measurements 

Archimedes density of samples was measured using an analytical balance using pure ethanol, as per 

ASTM B962-08. The specimens were sectioned perpendicular to the build direction, polished and 

observed under an optical microscope (OM) to show the micro-pores within the lattice struts. To 

quantify the defects distributions within the struts and their characteristics, the whole lattices were 

scanned using a micro-CT system, with a maximum X-ray energy of 80 kV, 8 W beam power, using 

~9.5 μm pixel size. Closed defects analysis of the whole lattice sample was conducted using CTAn 

software. The 3D construction of the closed defects was generated to visualise the 3D distribution 

of defects, followed by the calculation of overall defects percentage (closed defects volume over 

solid material volume). 

 

2.4.2. Microstructural observation and phase transformation 

The intermetallics (Ti2Ni phase) area fractions in the AF, HTed and HIPped samples were quantified 

using ImageJ
®
 software from backscattered electron (BSE) micrographs captured using a scanning 

electron microscope (SEM) from the polished samples. Transmission electron microscope (TEM) 

samples were extracted from the struts of the AF and post-processed samples using a focused ion 

beam (FIB) system. A TEM system operating at 200 kV was used to examine the sub-structure 

using selected area electron diffraction (SAED) and energy-dispersive X-ray (EDX) spectroscopy 

analyses. The phase transformation temperatures (TTs) were determined for the powder and the 

LPBFed lattice specimens using a Differential Scanning Calorimetry (DSC) system, thermally 

cycled in the temperature range of -10 ˚C to 120 ˚C at 10 ˚C/min in flowing argon for three repeated 

cycles. The TTs were identified from the third cycle. 

 

2.4.3. Mechanical testing 

Compression tests were conducted at room temperature (about 20 ˚C) on a universal testing 

machine with a 1 mm/min crosshead speed. A 2D digital image correlation (DIC) system was used 
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for in situ monitoring of the strain and failure behaviour of the lattices. Images were acquired 

during compression testing using a monochrome 16-megapixel camera at an acquisition rate of 1 Hz. 

The natural surface features were used as the speckle pattern for the DIC analysis so that the 

mechanical properties were not affected by paint filling the voids in the structure. The resolution of 

an entire image is 1280 × 1024 pixels, while the interested area (i.e., the whole sample region) is 

about 1000 × 850 pixels, and the one-pixel size is about 15 μm. The images were analysed using the 

commercial software Davis 8.4 by LaVision, using the least-squares algorithm. Both displacement 

maps and global strain values were processed within the DaVi software. The DIC global strain was 

calculated by using the averaged strain over the gauge region along the loading direction. The 

compressive stress of lattice was calculated as the force over the top surface area (~ 15
2
 mm

2
).  

 

Micropillars were milled in the FIB system in the AF and martensitic matrix and intermetallics of 

HTed sample, using a Ga ion beam. The diameter (D) and height (H) of the micropillars in the AF 

and post-HTed samples are 3.5-3.8 μm in diameter and 10-11 μm in height, and the D×H of the 

Ti2Ni and matrix phases taken from the post-HTed sample are about 2.6×7.5 μm
2
 and 1.9×5.5 μm

2
, 

respectively. The taper angles in all micropillars are below 5 degrees. The micropillars were 

compressed on a nanomechanical test instrument using a ϕ10 μm flat punch diamond tip, with a 

constant loading rate of 10 nm/s and an unloading rate of 200 nm/s. The yield stress (YS) was 

estimated as the deviation from the 0.2% offset criterion. The corresponding fracture morphology of 

the micropillars after compression was observed under the SEM at a tilted angle of 40˚. 

 

3. Results 

3.1. Bio-inspired graded lattice character and morphology 

The structural porosity (Ps) in the lattice structures was determined as the percentage of the void 

volume to the containing volume. To construct a graded lattice structure sample, five skeletal units 

with different Ps (i.e., 40%, 50%, 60%, 70%, and 80%) were designed (Fig. 1b) by tuning the 

dimension of the central cube and the struts, while keeping the nodes as constant to achieve the 

desirable Ps. Uniform lattices were produced using LPBF, as shown in Fig. 1c. To simulate the 

porosity in bone (Fig 1a), an FGLS with graded Ps and pore sizes was designed consisting of five 

concentric units of varying Ps according to the filling pattern in Fig. 1d, and processed using LPBF. 

The characteristics of the uniform lattices and the FGLS are summarised in Table 1. The pore sizes 

of the FGLS ranged from 330 m in the periphery to 805 μm in the central region since the typical 

pore size for engineered bone tissues typically varies between 200 and 900 μm [30]. As summarised 

in Table 1, the pore size and Ps of the AF and post-HIPped samples are listed to compare with the 

design targets. The achieved Ps ranges about 43-76% in both AF and post-HIPped samples, which is 

consistent with the designed value with a minor deviation. HIP hardly affected the Ps, due to limited 

internal defects. Samples with high Ps are considered to have a larger specific surface area (ratio of 

surface area over the struts volume based on CAD file), which benefits bone tissue ingrowth. The 

FGLS and P0.5 samples share a very similar Ps (~ 54%) and specific surface area (about 70 mm
-1

). 
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The SEM surface morphologies of the LPBF-produced lattice samples are displayed in Fig. 2. The 

morphologies of the uniform lattice samples are exhibited in Fig. 2a. Fig. 2b shows the morphology 

of the AF surface of the FGLS, which exhibits a gradually varying pore size, strut diameter, and Ps 

from the centre to the edge of the sample, following the designed pattern in Fig. 1d. The inner 

highly porous structures (Ps 70%-80%) exhibit large pores and small struts, which are beneficial to 

provide sufficient storage space for the mesenchymal stem cells and promote bone tissue 

regeneration. Comparatively, the outer regions show gradually decreasing Ps to as low as 40% with 

smaller pores to match the characteristics of cortical bone [12]. Such lattice morphology is not 

altered after HIPping, as exhibited in Fig. 2c. However, the residual partially melted powder 

particles on the lattice were spread under high pressure/temperature, which enhanced the bond 

strength and reduced the detrimental effects of disintegrating loose particles to surrounding tissues 

following implantation.  

 
Fig.2. The surface morphologies of the lattice samples: (a) uniform lattice samples, (b) functionally graded 

lattice structures (FGLS), and (b) post hot isostatic pressed (HIPped) FGLS. 

 

Table 1. The parameters of the designed, as-fabricated and post hot isostatic pressed (HIPped) uniform and 

graded lattice samples. 

Specimens 
Pore size (μm) Structural porosity (%) Designed specific 

surface area (mm
-1

) Designed As-fabricated Designed As-fabricated Post-HIPped 

P0.4 

P0.5 

P0.6 

P0.7 

P0.8 

FGLS 

330 

450 

580 

710 

805 

330-805 

339±19 

451±29 

591±53 

682±42 

757±44 

339-757 

40 

50 

60 

70 

80 

Ave. 51 

43.1±0.6 

53.9±0.5 

61.0±0.2 

68.5±0.3 

76.1±0.3 

Ave. 54.1±0.2 

43.3 

54.2 

61.5 

68.8 

76.2 

55.3 

61 

69 

83 

103 

161 

72 

Jo
urn

al 
Pre-

pro
of



                                                                                       8 / 24 

 

3.2. Densification via post HIP treatment 

The Archimedes density of the powder HIPped sample was measured as 6.219±0.005 g/cm
3
, which 

has a porosity level of about 0.007% (i.e., relative density (RD) of 99.93 %) as measured by using 

image analysis. Hence, the theoretical density for this TiNi material was estimated at 6.223 g/cm
3
, 

which is the benchmark for the lattice samples. The Archimedes density of the uniform lattices and 

FGLS is shown in Fig. 3a. It was found that despite using the same laser parameters, the P0.8 sample 

achieved a density of 6.201 g/cm
3
, while the P0.4 sample reached only 6.172 g/cm

3
 (99.16% RD) 

since higher energy is needed to consolidate thicker struts. However, the capability of process 

optimisation in obtaining full density is limited, as further increasing the heat input will lead to 

adverse outcomes, including impairing the structural resolution, higher residual stresses, and even 

cracks in the lattices [7]. The HIP treatment, therefore, was applied to reduce the defects within the 

lattice struts. Notably, the HIP treatment increased the RD of the lattices (higher than 99.5% 

overall), especially in the P0.4, P0.5, and P0.6 samples with larger struts (see Fig. 3a). The density in 

the AF FGLS was increased from 6.186 g/cm
3
 (indicating ~0.595 % defects) to 6.207 g/cm

3
 

(~0.257 % defects) after post-HIPping. The OM images (in Supplementary Fig. S.1) of the 

post-HIPped FGLSs further demonstrated that the defects in the struts were reduced significantly. 

CT reconstruction of the AF and post-HIPped FGLS was used to visualise the graded pore features 

and 3D distributions of defects in the entire samples (Fig.3b), which confirmed that the HIP 

treatment reduced the defects (from 0.339 % to 0.226 %, more visible in Supplementary Video).  

 
Fig.3. Densification of the lattice samples via hot isostatic press (HIP) treatment. (a) Archimedes density, 

and (b) CT sections and tomographs, showing 3D distributions of defects measured from CT in the 

as-fabricated and post HIPped graded lattice samples. 

 

3.3. Microstructural observations 

The microstructures were observed by both SEM and TEM. The AF sample demonstrates a cellular 

microstructure with a continuous interdendritic Ti2Ni phase (Fig. 4a and d). The dendrite arm 
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spacing is ~1 m, which is typical in LPBF due to the rapid cooling rates. Following the HIP 

treatment, the continuous interdendritic Ti2Ni was replaced by a distribution of mostly discrete and 

rounded Ti2Ni particles within the matrix (Fig. 4b). However, the Ti2Ni fraction increased after HIP, 

which may adversely affect the ductility [11]. Therefore, HT is essential to improve chemical 

homogeneity. The microstructure of the HTed sample shows a scattered distribution of coarser 

Ti2Ni particles in the matrix, with varying sizes from sub-micron to several microns (Fig. 4c). The 

interdendritic Ti2Ni area fraction in the AF was reduced from 0.19±0.01 to 0.17±0.01 after post HT, 

as quantified from BSE images. Slow cooling during HIPping facilitated the precipitation and 

coarsening of Ti2Ni, leading to an increased Ti2Ni fraction. In contrast, the high cooling rate of the 

water quench in the HT caused the dissolution of the Ti2Ni into the matrix. The different treatments 

also changed the morphology of Ti2Ni, from interconnected morphology in the AF condition to 

rounded shape after post-HT. It is expected that different fraction and distribution morphology of 

Ti2Ni will be reflected in the mechanical properties in terms of strength and ductility [29]. 

 
Fig.4. Microstructures of the graded lattice sample. (a) As-fabricated (AF), (b) post hot isostatic pressed 

(HIPped), and (c) post heat-treated (HTed). Transmission electron microscope (TEM) micrographs of the AF 

sample showing (d) cellular structure, (e) zoomed-in micrograph for the cellular structure with distinct 

morphologies along the cell boundary and twinned martensites within the cell core, and (f) elements 

mapping analysis of selected cell region. 

 

A zoomed-in scanning transmission electron microscope (STEM) micrograph in Fig. 4e shows the 

Ti2Ni along the cell boundary, with twinned martensite in the cell core. The thickness of the 

randomly oriented twin lath martensites is ~10-20 nm. A SAED pattern for the martensite 

confirmed it to be the TiNi phase (B19′, monoclinic). The chemical composition of the cellular 

structure is shown in Fig. 4f. The high-angle annular dark-field (HAADF) imaging (Z-contrast 

imaging) shows a high atomic number at the cell boundary, which along with the Ni and Ti 

elemental distributions indicating the presence of Ti2Ni intermetallic phase in the Ti-rich cell 

boundaries.  
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Fig.5. Transmission electron microscope (TEM) analysis of the heat-treated graded lattice sample. (a) TEM 

image showing Ti2Ni particles, (b) nanotwins and Ti2Ni particle (with insert SAED), (c) graded twins and 

different orientations twins, (d) the interface between Ti2Ni and matrix, (e) high-resolution TEM image along 

with the diffraction patterns of the interface showing amorphous structures, and (f) high-resolution TEM 

image of the martensitic matrix. 

 

The microstructure of the HTed FGLS is shown in Fig. 5. The cellular structure in the AF sample 

was replaced by randomly distributed Ti2Ni particles surrounded by dislocations within the 

martensitic matrix, Fig. 5a. The Ti2Ni phase composition was determined as Ti63.59Ni36.41 at. % 

using EDX, and its structure was confirmed as cubic Ti2Ni via SAED from the [01-1] zone axis in 

Fig. 5b. Additionally, the nanotwins are also observed in Fig. 5b, which seems to grow from the 

Ti2Ni-matrix interface. Furthermore, the nanotwins with graded size and different orientations were 

observed in Fig. 5c. The nanotwins (NTs) appear to be caused by the misfit stress between the Ti2Ni 

particles and the matrix, as reported by Lopez et al.[31]. Those NTs enhance the SME as the 

martensite deforms through reorientation and de-twinning of the martensite lattice structure. 

Besides, the de-twinning process leads to the atomic displacements along the original twin planes, 

and a large amount of plastic deformation could be introduced in these twin bands, resulting in a 

strain hardening of the specimens [32]. The NTs suggest an improved mechanical performance for 

the HTed sample. The interface between the particles and the matrix demonstrates three distinct 

regions: a) the Ti2Ni particle, b) the interface, c) and matrix are indicated in Fig. 5d. An interfacial 

amorphous structure is exhibited in Fig. 5e, which reduces the mismatch while increasing the 

bonding between the precipitate and matrix. Specifically, the cubic Ti2Ni (a=11.278 Å) precipitate 

and monoclinic TiNi (a=2.885, b=4.622, c=4.12 Å) matrix have distinct crystallographic parameters. 

The direct bonding of these two phases will lead to significantly high crystallographic mismatch 
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strain at the interface. However, the amorphous structure in the interface could possibly mitigate the 

interfacial strain. Beyond this amorphous region, crystalline Ti2Ni particle and martensite matrix 

can be found in Fig. 5d and f, respectively. 

3.4. Phase transformation behaviour 

Fig. 6 shows the DSC traces for the powder, AF, and post-processed FGLS samples, identifying the 

austenite (B2) ↔ martensite (B19′) TTs, which are summarised in Table 2. For this alloy to be 

usable in the human body, the alloy needs to be thermally stable and martensitic in the body 

temperature. Compared with the powder, the austenite finish temperature (Af) and martensite start 

temperature (Ms) of the AF sample decreased, with the martensite finish temperature (Mf) occurring 

below the body temperature range and displaying broader transformation peaks. Following HIPping 

and HT, the Af and Ms increased in comparison to the powder. It is known that the TTs can be 

affected by the impurities pick-up (carbon and oxygen), as well as by the disturbance in the TiNi 

matrix due to the Ti2Ni intermetallic phase content. Oxygen pick-up decreases the Ms by about 93 

˚C/wt.% [33], while increasing carbon content decreases the Ms temperature by 73-100 ˚C/at.% [33, 

34]. These impurities can react with the active Ti, thereby forming secondary phases such as TiC, 

TiO2, Ti2NiOx [35]. Such Ti-rich secondary phases increase the Ni concentration of the matrix by 

withdrawing more Ti atoms. Also, the intermetallic phases TiC particles along with their 

surrounding stress field, promote the nucleation and formation of B19′ [34]. Similarly, Ti2Ni 

depletes the matrix from Ti, which shifts the TiNi matrix composition to a higher Ni content [7]. 

Notably, the different TTs between the post-HTed and HIPped conditions is very limited despite the 

variations of Ti2Ni fraction in the HTed (~0.17) and HIPped (~0.26) samples, since the influence of 

the Ni-content on the TTs is negligible for the Ni-content less than ~50 at% [35]. Nonetheless, both 

the HTed and HIPped conditions had a TTs range (i.e. As-Af and Ms-Mf) narrower than the powder 

and AF condition, since the treatments eliminated the chemical segregation within the matrix. The 

TTs range and the TTs themselves are affected by the inhomogeneity of the matrix, as Ti-content 

inhomogeneities will possibly end up with a wider TTs range and peak area, resulting in increased 

enthalpies of B2 and B19′ [29].  
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Fig.6. Differential scanning calorimetry (DSC) traces for the powder, as-fabricated and post-processed 

graded lattice samples. 

 

Table 2. The phase transformation behaviour of LPBF-processed TiNi alloy at different conditions. 

Specimens 
Heating Cooling 

As (ºC) Af (ºC) EA (J/g) Ms (ºC) Mf (ºC) EM (J/g) 

Powder 

AF 

AF+HTed 

AF+HIPped 

62 

33 

73 

75 

92 

86 

92 

95 

16.0 

18.9 

15.6 

18.7 

62 

56
 

57 

60 

34 

17 

37 

38 

-16.4 

-17.5 

-16.0 

-18.4 

 

3.5. Multi-scale biomechanical responses 

3.5.1. Mechanical property of bulk and lattice TiNi 

The uniaxial tension and compression tests of the powder HIPped samples (see Supplementary Fig. 

S.2) suggested an asymmetric tension/compression stress-strain responses of martensitic TiNi, with 

a compressive strength of 1625 MPa compared with a tensile strength of only 452 MPa. 

Additionally, the elastic modulus of the dense alloy also varied from 48.6 GPa in tension and 55.6 

GPa in compression. 

 

Uniaxial compression test results of the lattice samples are shown in Fig. 7, and the correlative data 

is summarised in Table 3. The HTed samples showed higher strength and ductility than the 

corresponding AF and post-HIPped lattice samples. The modulus is performed using two 

approaches: nominal modulus (E
*
) captured from a linear elastic region of the nominal compressive 

stress-strain curves based on the crosshead displacement without an extensometer (Fig. 7a), and 

authentic elastic modulus (E) obtained from DIC strain-correlated curves (Fig. 7b). Without the 

extensometer, the displacement is measured as the displacement of the crosshead of the machine, 

which includes inaccuracies from the displacement of machine components and fixtures. Hence, the 

E
*
 is generally lower than E. Comparatively, the calculated E

*
 of the HTed FGLS was only 1.58 

GPa, which is lower than the DIC-estimated modulus E of 4.46 GPa. It was noted in Fig. 7c that the 

strength levels including ultimate compressive strength (UCS) and yield strength (YS) of the FGLS 

in all conditions (AF, post-HIPed and HTed) were higher than their equivalent for the P0.5 uniform 

lattices, despite sharing almost the same Ps of about 54%. Also, the HIP and HT increased the 

strength by ~156-166% and ~250-320%, respectively, compared with the AF condition. The full 

compressive stress-strain stages monitored with DIC are given in Supplementary Fig. S.3; the 

fracture strain of HTed FGLS reaches 5.3%, much higher than its AF condition (3.4%). 
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Fig. 7. Tunable compressive response of LPBFed uniform and graded lattices. (a) Nominal compressive 

stress-strain curves, (b) digital image correlation (DIC) modulus measured from linear-stage of curves, and 

(c) ultimate compressive strength of lattice samples in different conditions.  

 

Table 3 Mechanical properties of the uniform and graded lattice samples. 

Specimens YS (MPa) UCS (MPa) Nominal E
*
 (GPa) DIC E (GPa) 

P0.5 -AF 

P0.5 -HTed 

P0.5 -HIPped 

Graded -AF 

Graded -HTed 

Graded -HIPped 

46.5±2.1 

152.0±12.7 

79.0 

71.5±0.7 

181.5±5.7 

116.0 

49.8±0.9 

159.7±13.5 

82.8 

79.1±1.1 

197.4±12.0 

123.8 

0.74 

1.37 

0.83 

1.20 

1.58 

1.34 

0.75 

3.82 

0.92 

1.65 

4.46 

2.15 

 

3.5.2. Microscale mechanical property of TiNi 

Previous work showed that the laser energy needed for LPBF of TiNi lattices is lower than that used 

for the processing of bulk samples, with different laser energy levels affecting the phase fractions 

and subsequently the mechanical properties [7, 29]. To rationalise the mechanical properties of the 

lattice struts and internal phases, micropillars were FIB-extracted from the lattice struts for further 

mechanical investigation. Compressive stress-strain curves were used to calculate the elastic 

modulus of micropillars extracted from the AF and HTed FGLSs are shown in Fig. 8. The YS (0.2% 

offset criteria) of the AF and HTed solid TiNi materials was ~1770 and ~1880 MPa (Fig. 8a), 

respectively. The elastic moduli (E) of the post-HTed samples was determined as 65 GPa from the 

unloading curves within the elastic deformation range [36], while the E of AF is lower than HTed 

sample as observed from the loading curves.  
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Fig.8. Compressive stress-strain curves and fracture morphologies of the compressed micropillars extracted 

from the as-fabricated (AF) and post heat-treated (HTed) graded lattice samples: (a) stress-strain curves of 

AF and HT samples with insert elastic unloading curves to determine the elastic modulus of HT sample; (b) 

stress-strain curves of the Ti2Ni precipitate and the martensitic matrix taken from the post-HTed lattice 

correlative to the regions in (c) and insert elastic unloading curves showing the elastic modulus of Ti2Ni; the 

SEM fracture images of (d) Ti2Ni and (e) martensitic matrix micropillars in the post-HTed sample.  

 

The change in the elastic modulus for FGLS in different conditions is associated with the changes in 

microstructure, especially the fraction of Ti2Ni precipitates. The micropillar compressions of the 

Ti2Ni precipitates and matrix in Fig. 8b, as correlated to the circled regions in Fig. 8c was carried 

out to reveal their individual mechanical properties. The YS of the matrix and Ti2Ni precipitate are 

about 1790 and 1730 MPa, respectively, and the E measured from the unloading curves during the 

elastic deformation range of the Ti2Ni is 78 GPa (Fig. 8b). The E of the TiNi matrix can be 

calculated as 62 GPa according to the linear mixture rule based on the fraction of 17 % Ti2Ni in 

HTed samples (see Fig. 4c). The recovered plastic strain of the TiNi matrix (~3.4 %) is higher than 

the precipitates (~2 %) despite the slightly higher strain that was applied to the matrix (Fig. 8b), 

suggesting a better strain recovery for the matrix compared with the precipitate. Nanotwinned 

structures can efficiently block the motion of dislocations, promoting strain hardening for the 

enhancement of the matrix pillar in Fig. 8b [37]. Additionally, the fluctuated curves in the matrix 

after yielding (Fig 8b) is a typical multi-stage slip feature, which originates from a large number of 

slip planes, suggesting high plastic deformability. The high plastic deformability led to a higher 
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strain hardening capacity, i.e., the compressive strength of the matrix increased with the strain after 

yielding, which enable a much higher fracture strength than the YS. In contrast, the compressive 

strength of Ti2Ni precipitate drops down immediately after yielding, with the compaction stage 

starting earlier at the strain of about 6.4%. SEM micrographs of the fractured micropillars of the 

Ti2Ni (Fig. 8d) and matrix (Fig. 8e) further demonstrate a ductility of the matrix higher than that of 

Ti2Ni. The Ti2Ni micropillar shows inclined slip lines and shear fracture behaviour, which is a 

typical brittle fracture. Conversely, the matrix micropillar showed the "bulge effect" yet showed no 

cracking or shear fracture. These findings explain the changes in the mechanical properties in the 

different conditions (AF, HIPped and HTed), which were altered due to the changes in the 

morphology and fraction of the Ti2Ni phase. 

 

3.5.3. Deformation behaviour and multi-scale failure mechanism 

The deformation behaviour of the uniform P0.5 and FGLS samples was monitored using DIC during 

compression testing. The DIC deformation map of the uniform lattices at 1% global strain shows a 

diagonally-oriented deformation band, indicating the development of a shear band at an angle of 45º 

to the loading axis (Fig. 9a). The final failure mode was via shear of struts at an angle of 45º to the 

loading direction, which can be explained by the schematic of the stress analysis diagram in Fig. 9a. 

In contrast, as revealed by the DIC results in Fig. 9b, the FGLS sample showed a unique 

deformation behaviour, where the maximum compressive deformation was present at the edges, 

while the central cross-region showed significantly lower deformation at 1 % global strain. The 

highly deformed region gradually grew, transforming from a cross-shaped band into an ellipsoidal 

region normal to the loading direction at the 3.4 % global strain. The FGLS sample fractured in two 

steps, as illustrated in the schematic diagrams in Fig. 9b. First, the localised strain at the corners 

promoted the failure of the dense outer shells (i.e. the regions with 40 % cells). Subsequently, a 45º 

inclined shear fracture occurred (identical to the 50 % uniform sample) after the outer 40 % cells 

peeled off. 

 
Fig. 9. Digital image correlation monitored deformation distributions at different strain stages, and the 

schematics showing fracture behaviour of LPBF-processed (a) 50 % uniform lattice with a fracture strain of 

2.8 %, and (b) graded lattice with a fracture strain of 3.4 %. 
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Fig. 10. Backscattered electron micrographs of the fractured graded lattice samples. (a) The fractured lattice 

at low-magnification, and zoom-in microstructural observations of the fractured struts in (b) as-fabricated 

(AF) and (c) post heat-treated (AF+HTed) conditions. 

 

Further microstructural observation on fractured lattice struts was conducted to investigate the 

effect of microstructures (e.g., Ti2Ni morphology and content) on the fracture mechanism in the AF 

and HTed samples. Microstructures were observed from the fractured struts as given in Fig. 10a. 

The cracks tend to propagate among the inter-dendritic Ti2Ni regions easily once initiated (see Fig. 

10b), which could increase crack growth rate and lead to poor mechanical properties [29]. Similar 

fracture behaviour was also observed in the powder HIPped samples, as shown in supplementary 

Fig. S.2a. In contrast, the HT completely rejuvenated the microstructure, replacing the continuous 

interdendritic Ti2Ni with a dispersion of Ti2Ni particles in the matrix. More importantly, the matrix 

of the HTed condition sample was strengthened through solid solution via dissolving Ti2Ni 

precipitates (see reduced fraction in Fig. 4c). The fracture morphology of the HTed sample was 

therefore altered, with the cracks cutting through the Ti2Ni particles (Fig. 10c). It appears that the 

interfacial amorphous structure (see Fig. 5f) reduced the matrix-particle mismatch while increasing 

the bonding between the precipitate and matrix, accordingly leading to shearing of the Ti2Ni rather 

than along the matrix-particle interface. As such, the improved strength in the HTed sample can be 

attributed to the dissolution of Ti2Ni in the matrix, discontinuous Ti2Ni distributions (avoided the 

interdendritic crack propagation) and particle strengthening via the Ti2Ni fine dispersion. 

 

4. Discussions 

4.1. Biomechanical compatibility analysis 

The biocompatibility of TiNi lattices was tuned by the design of the FGLS, mimicking the 

properties of natural bones in terms of density, tension/compression asymmetry, modulus, and 

strength. 

(i) Relative density: The relative density of the FGLS ranges from 1.24-3.71 g/cm
3 

(1.24 in P0.8 

region and 3.71g/cm
3
 in P0.4 region), and the average relative density of FGLS is about 2.86 

g/cm
3
, which is close to the density of human bones (Ulna to Femur) with a range of 

1.24-3.10 g/cm
3
 [38]. 

(ii) Tension/compression asymmetry: The uniaxial tension and compression tests of the powder 

HIPped samples suggested an asymmetric tension/compression stress-strain responses of 
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martensitic TiNi, with a compressive strength of 1625 MPa compared with a tensile strength 

of only 452 MPa, which is similar to bones with a higher compression strength than tensile 

strength [8]. The elastic modulus of the dense alloy varied from 48.6 GPa in tension and 

55.6 GPa in compression, also echoing the mechanical behaviour of bone [39]. 

(iii) Concerning the modulus: the graded porosity in FGLS will result in a stiffness gradient as 

different pore density will show distinct elastic moduli [40]. The FGLSs have moduli range 

from 1.65-4.46 GPa, which is tunable through post-process treatments (e.g. HIP, HT). Such 

modulus is close to the elastic modulus of natural bones (cortical and trabecular bones) 

ranging from 0.5-20 GPa [8, 41]. Besides, the DSC analysis in Fig. 6 suggested that this 

TiNi can be thermally stable and martensitic in the body temperature. 

(iv) Regarding the strength: the YS of the HTed FGLS reached 181.5 MPa, similar to the 

strength of cortical bone (131-205 MPa) [8]. The much higher YS of FGLS (Ps 54%) than 

the P0.5 sample (Ps 54%) in Fig. 7c, despiting sharing almost the same RD, can be explained 

by the Gibson-Ashby equation of the AF lattice samples (see Supplementary Fig. S.4). The 

YS achieves exponential growth by increasing the relative density. In this case, the dense 

outer regions (Ps 40%) act as a support component during compression, as revealed by DIC 

in Fig. 9. Therefore, the YS of the whole FGLS is enhanced. The increased strength in FGLS 

is similar to the multi-phase hardening behaviour in the crystal-inspired architected lattice 

materials, as this mimics the crystallographic mesostructure, leading to strengthening and 

high damage-tolerant architected materials [42]. 

 

4.2. Effect of hierarchical structures on the mechanical properties 

  The microstructure in the HTed FGLS shows hierarchical structures from macro to sub-nano 

scales, which is illustrated in Fig. 11. Hierarchical materials or structures allow achieving the 

maximum strength for a given density by optimising the equivalent strength and topology at each 

hierarchical level [43]. As outlined in Fig. 12, the HTed FGLS showed ultra-high specific strength 

(UCS to RD ratio) of about 70 MN·Kg
-1

, while achieving a low specific stiffness (E to RD ratio) in 

comparison with other porous structural biomaterials (CP-Ti, Ti6Al4V, β-Ti alloys, Ti-Ta, Pure Ta, 

316L stainless steel, AlSi10Mg, Ni-rich NiTi and Cu-Cr-Zr, etc.). Although a higher specific 

strength than that of the TiNi FGLS can be achievable in lattice Ti6Al4V, a higher specific stiffness 

is also associated due to the higher stiffness and lower density of Ti6Al4V. The high strength in 

HTed FGLS is related to the structures in different hierarchies, as illustrated in Fig. 5, which cover 

the following length scales: 

 

(i) In the macro-scale, bio-inspired graded lattice design increased the load-bearing capability, 

as discussed in Section 4.1. Therefore, the YS of HTed FGLS reached 171.5 MPa, much 

higher than the LPBFed P0.5 lattices. 
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Fig.11. The post heat-treated functionally graded lattice structures (FGLS) show hierarchical structures from 

macro- to sub-nano scales: (a) the CAD model of the FGLS (overall size 15 mm), (b) graded unit cells with 

different strut diameters (0.2~0.5 mm), (c) Ti2Ni particles (˂10 μm), (d) high-density nanotwins (˂200 nm), 

(e) lath martensite (˂50 nm), (f) the interface between Ti2Ni and matrix along with high-resolution 

micrograph showing an amorphous interface, (g) high-resolution micrograph of the amorphous structure at 

the interface and martensitic matrix, (h) high-resolution micrograph of the Ti2Ni particles. 

 

(ii) In the meso-scale, the microstructural characteristics of the different conditions in the FGLS 

sample significantly contribute to mechanical behaviour. The AF sample is characterised by 

a cellular microstructure and interconnected Ti2Ni phase along the cell boundaries, resulting 

in a low YS and a brittle collapse manner. The interconnected Ti2Ni at the cellular 

boundaries in the AF sample acts as a source of crack initiation during deformation, which 

could increase crack growth rate along the interdendritic regions [29]. As demonstrated in 

both Fig. S.2a and Fig. 10b, the cracks propagated in the Ti2Ni-containing regions in AF 

conditions. In contrast, samples containing discrete Ti2Ni particles in the HTed condition 

(Fig. 4c) suppressed the fracture along the Ti2Ni regions, which changed fracture behaviour 

and increased the fracture ductility, as proved by DIC results (Fig. 9b). For the post HIPped 

lattice sample, the continuous interdendritic Ti2Ni was replaced by a primarily discrete 

distribution, which could improve the strength and ductility. However, the higher fraction 

Ti2Ni in the post HIPped sample could lead to an inferior mechanical property compared 

with the HTed sample.  
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Fig. 12. The relationship between the specific strength and specific modulus of porous structures in our work 

and the literature (porosity ranges 40-80 %) [17, 44-61]. The specific strength is defined as: UCS 

/(Archimedes density × (1- Ps) ); and the specific stiffness is defined as: E /(Archimedes density × (1- Ps) ). 

 

(iii) In the micro-scale, the dissolved Ti2Ni induced solution strengthening in the matrix, 

combined with the formation of discrete Ti2Ni particles, impede the movement of 

dislocations to some extent at the early stage of deformation. The plastic deformation in the 

HTed samples led to dislocations cutting through the Ti2Ni particles (Fig. 10c) since the 

ultimate strength and strain hardening capacity of the matrix is higher than the Ti2Ni 

particles, as revealed by micropillar compression testing in Fig. 8b. In contrast, the high 

fraction of Ti2Ni particles (26 %) in the post HIPped sample depleted Ti from the martensitic 

matrix; hence the solution strengthening in the HTed sample is much stronger than that of 

the post HIPped sample. In addition, the Ti2Ni particle sizes in the HTed and HIPped 

conditions are in micro-scales, which suggests the particle strengthening is limited. 

Specifically, if we assume the Ti2Ni particle can resist dislocation movement before yielding, 

then the strengthening follows the Orowan equation [62]: 

 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝜑𝐺𝒃

𝑑
(

6𝑉

𝜋
)

1
3⁄

 

where 𝜑 is a constant around the order of 2 [62]; G is the shear modulus, which is around 

62 GPa in HT samples as estimated by micropillar compression tests in section 3.5.2. The b 

(below 0.5 nm in metals) is the Burgers vector of the matrix; and 𝑉 is the fraction of 

particles, which can be estimated form Fig. 4. The average Ti2Ni particle sizes are estimated 

0.5 and 1 μm in the post HTed and HIPped samples, respectively, as observed from Fig. 4. 

As such, the 𝜎𝑂𝑟𝑜𝑤𝑎𝑛 in post HTed and HIPped are only several MPa. Hence, the primary 

strengthening mechanism is solid solution in the HTed samples. 
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(iv) In the nano-scale, the reorientation and de-twinning of martensitic nanotwins in the HTed 

condition (Fig. 4d) could induce a large amount of plastic deformation in these twin bands 

and result in a strain hardening of the specimens [63]. Besides, the de-twinning process 

could contribute to the improved elasticity and damping capacity of the HTed sample. In 

contrast, the deformation of martensite twins in the AF sample could be hindered by the 

cellular boundaries (shown in Fig. 4e), which could cause a lower plastic deformation 

capability.  

(v) In the sub-nano scale, the transitional amorphous structure between the lattice fringes of the 

Ti2Ni particles and the matrix may reduce the interface mismatch while preventing 

interfacial fracture. 

 

5. Conclusions 

In this work, Ti-rich martensitic TiNi biomaterials with uniform lattice and radially-oriented 

functionally graded lattice structures (FGLS) inspired by the natural human bones were designed 

and manufactured by laser powder bed fusion (LPBF). Post-LPBF treatments, including hot 

isostatic press (HIP) and heat-treatment (HT) were adopted to enhance densification and improve 

the mechanical response. The morphology, microstructure, phase transformations and 

biomechanical and biomedical compatibilities were characterised and discussed. Main conclusions 

include: 

(1) The reconstruction of human bone structures inspired the design of FGLS. The FGLS is 

characterised by graded porosity levels and pore sizes in the range of 43-76 % and 340-760 μm, 

respectively. All the lattices reached a relative density of >99.4% using optimised laser 

parameters, while post-process HIPping further reduced the defects from 0.339% down to 0.226% 

(relative density ~99.8%). 

(2) The post-treatments altered the morphology and fraction of the intermetallic Ti2Ni. AF FGLS 

showed typical cellular morphology with inner cell lath martensites, while the HTed FGLS 

exhibited hierarchical structures. The differential scanning calorimetry (DSC) analysis 

suggested that this TiNi can be thermally stable and martensitic in the body temperature.  

(3) The FGLS exhibited superior mechanical properties to the uniform lattices. The digital image 

correlation (DIC) results demonstrated that the moduli taken from the compressive stress-strain 

curves without an extensometer were biased. The Young's modulus and strength were tunable by 

post-treatments (HIP and HT), and the underlying reasons were explained by micropillar 

compression. The heat-treated FGLS was hierarchically strengthened and toughened in 

multi-scales, achieving an ultrahigh specific strength (about 70·kN·m/kg) in comparison to 

other porous biomaterials while keeping the low Young's modulus (4.46 GPa), and favourable 

ductility. The deformation behaviour was revealed by DIC observations. The uniform lattices 

showed a one-step 45º inclined fracture, while the FGLS presented two steps.  

(4) The biomechanical compatibility of TiNi lattices was tuned by the design of the FGLS, 

mimicking the natural bones in terms of density, tension/compression asymmetry, modulus, and 

strength. 
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Bio-inspired FGLS scaffolds, which mimic real bone structures, can better accommodate native 

tissues and satisfy various biological needs, and improve the mechanical compatibilities with 

minimised undesirable bone-implant interactions, such as mechanical mismatch, stress shielding, 

and implant failure. Undoubtedly, AM of bio-inspired FGLS scaffolds using bio-inspired materials 

is a trend for next-generation scaffolds in customised tissue engineering. Besides, findings in this 

work can also be extended to other application regions. For instance, this graded lattice structure 

has higher compressive strength than uniform lattice (despite sharing the same relative density) 

when subjected to uniaxial load, inspiring aerospace components' lightweight design to enhance the 

load capacity without increasing the weight.  

 

Supplementary Materials  

Supplementary figures and videos can be found at the end. 

Data Availability 

The datasets generated and analysed during this study are available from the corresponding author 

on reasonable request. 

 

References 

[1] M. Fousova, D. Vojtech, J. Kubasek, E. Jablonska, J. Fojt, Promising characteristics of gradient porosity Ti-6Al-4V 

alloy prepared by SLM process, Journal of the mechanical behavior of biomedical materials, 69 (2017) 368-376. 

[2] F.J. O'Brien, Biomaterials & scaffolds for tissue engineering, Materials Today, 14 (2011) 88-95. 

[3] S.J. Hollister, Scaffold design and manufacturing: from concept to clinic, Advanced materials, 21 (2009) 3330-3342. 

[4] S. Van Bael, Y.C. Chai, S. Truscello, M. Moesen, G. Kerckhofs, H. Van Oosterwyck, J.P. Kruth, J. Schrooten, The 

effect of pore geometry on the in vitro biological behavior of human periosteum-derived cells seeded on selective 

laser-melted Ti6Al4V bone scaffolds, Acta biomaterialia, 8 (2012) 2824-2834. 

[5] C. Yan, L. Hao, A. Hussein, D. Raymont, Evaluations of cellular lattice structures manufactured using selective 

laser melting, International Journal of Machine Tools and Manufacture, 62 (2012) 32-38. 

[6] C. Tan, X. Zhang, D. Dong, B. Attard, D. Wang, M. Kuang, W. Ma, K. Zhou, In-situ synthesised interlayer 

enhances bonding strength in additively manufactured multi-material hybrid tooling, International Journal of Machine 

Tools and Manufacture, 155 (2020) 103592. 

[7] C. Tan, S. Li, K. Essa, P. Jamshidi, K. Zhou, W. Ma, M.M. Attallah, Laser Powder Bed Fusion of Ti-rich TiNi 

lattice structures: Process optimisation, geometrical integrity, and phase transformations, International Journal of 

Machine Tools and Manufacture, 141 (2019) 19-29. 

[8] X. Wang, S. Xu, S. Zhou, W. Xu, M. Leary, P. Choong, M. Qian, M. Brandt, Y.M. Xie, Topological design and 

additive manufacturing of porous metals for bone scaffolds and orthopaedic implants: A review, Biomaterials, 83 

(2016) 127-141. 

[9] D.S.J. Al-Saedi, S.H. Masood, M. Faizan-Ur-Rab, A. Alomarah, P. Ponnusamy, Mechanical properties and energy 

absorption capability of functionally graded F2BCC lattice fabricated by SLM, Materials & Design, 144 (2018) 32-44. 

[10] C. Han, Y. Li, Q. Wang, S. Wen, Q. Wei, C. Yan, L. Hao, J. Liu, Y. Shi, Continuous functionally graded porous 

titanium scaffolds manufactured by selective laser melting for bone implants, Journal of the mechanical behavior of 

biomedical materials, 80 (2018) 119-127. 

Jo
urn

al 
Pre-

pro
of



                                                                                       22 / 24 

[11] S. Li, S. Zhao, W. Hou, C. Teng, Y. Hao, Y. Li, R. Yang, R.D.K. Misra, Functionally Graded Ti-6Al-4V Meshes 

with High Strength and Energy Absorption, Advanced Engineering Materials, 18 (2016) 34-38. 

[12] X.Y. Zhang, G. Fang, S. Leeflang, A.A. Zadpoor, J. Zhou, Topological design, permeability and mechanical 

behavior of additively manufactured functionally graded porous metallic biomaterials, Acta biomaterialia, 84 (2019) 

437-452. 

[13] E. Onal, J. Frith, M. Jurg, X. Wu, A. Molotnikov, Mechanical Properties and In Vitro Behavior of Additively 

Manufactured and Functionally Graded Ti6Al4V Porous Scaffolds, Metals, 8 (2018) 200. 

[14] U.G. Wegst, H. Bai, E. Saiz, A.P. Tomsia, R.O. Ritchie, Bioinspired structural materials, Nature materials, 14 

(2015) 23-36. 

[15] L.J. Gibson, M.F. Ashby, Cellular solids: structure and properties, Cambridge university press, 1999. 

[16] M. Kaur, K. Singh, Review on titanium and titanium based alloys as biomaterials for orthopaedic applications, 

Materials science & engineering. C, Materials for biological applications, 102 (2019) 844-862. 

[17] M. Elahinia, N. Shayesteh Moghaddam, M. Taheri Andani, A. Amerinatanzi, B.A. Bimber, R.F. Hamilton, 

Fabrication of NiTi through additive manufacturing: A review, Progress in Materials Science, 83 (2016) 630-663. 

[18] A. Bansiddhi, T.D. Sargeant, S.I. Stupp, D.C. Dunand, Porous NiTi for bone implants: A review, Acta 

biomaterialia, 4 (2008) 773-782. 

[19] M. Taheri Andani, C. Haberland, J.M. Walker, M. Karamooz, A. Sadi Turabi, S. Saedi, R. Rahmanian, H. Karaca, 

D. Dean, M. Kadkhodaei, Achieving biocompatible stiffness in NiTi through additive manufacturing, Journal of 

Intelligent Material Systems and Structures, 27 (2016) 2661-2671. 

[20] M. Niinomi, Shape memory, superelastic and low Young's modulus alloys, (2012) 462-490. 

[21] C. Lexcellent, Shape-memory alloys handbook, John Wiley & Sons, 2013. 

[22] M. Niinomi, Shape memory, superelastic and low Young's modulus alloys, in:  Biomaterials for Spinal Surgery, 

Elsevier, 2012, pp. 462-490. 

[23] V. Muhonen, R. Heikkinen, A. Danilov, T. Jämsä, J. Tuukkanen, The effect of oxide thickness on osteoblast 

attachment and survival on NiTi alloy, Journal of Materials Science: Materials in Medicine, 18 (2007) 959-967. 

[24] D. Mantovani, Shape memory alloys: Properties and biomedical applications, Jom, 52 (2000) 36-44. 

[25] Y. Liu, Z. Xie, J. Van Humbeeck, L. Delaey, Asymmetry of stress–strain curves under tension and compression for 

NiTi shape memory alloys, Acta Materialia, 46 (1998) 4325-4338. 

[26] N. Taniguchi, S. Fujibayashi, M. Takemoto, K. Sasaki, B. Otsuki, T. Nakamura, T. Matsushita, T. Kokubo, S. 

Matsuda, Effect of pore size on bone ingrowth into porous titanium implants fabricated by additive manufacturing: An 

in vivo experiment, Materials science & engineering. C, Materials for biological applications, 59 (2016) 690-701. 

[27] S. Dadbakhsh, M. Speirs, J. Van Humbeeck, J.-P. Kruth, Laser additive manufacturing of bulk and porous 

shape-memory NiTi alloys: From processes to potential biomedical applications, MRS Bulletin, 41 (2016) 765-774. 

[28] K. Fujimoto, An Experimental Study of Ti-Ni binary alloy as the material for implant, J Jpn Soc Oral Implant, 7 

(1986) 25-55. 

[29] S. Li, H. Hassanin, M.M. Attallah, N.J.E. Adkins, K. Essa, The development of TiNi-based negative Poisson's ratio 

structure using selective laser melting, Acta Materialia, 105 (2016) 75-83. 

[30] A.P. Moreno Madrid, S.M. Vrech, M.A. Sanchez, A.P. Rodriguez, Advances in additive manufacturing for bone 

tissue engineering scaffolds, Materials Science and Engineering: C, 100 (2019) 631-644. 

[31] H.F. Lopez, A. Salinas, H. Calderón, Plastic straining effects on the microstructure of a Ti-rich NiTi shape memory 

alloy, Metallurgical and Materials Transactions A, 32 (2001) 717-729. 

[32] Y. Liu, Z.L. Xie, J. Van Humbeeck, L. Delaey, Effect of texture orientation on the martensite deformation of NiTi 

shape memory alloy sheet, Acta materialia, 47 (1999) 645-660. 

Jo
urn

al 
Pre-

pro
of



                                                                                       23 / 24 

[33] T. Honma, Shape Memory Alloys, ed. by H, Funakubo,(New York, Gordon and Breach Science Publishers, 1987) 

pp, (1987) 61-115. 

[34] J. Frenzel, Z. Zhang, C. Somsen, K. Neuking, G. Eggeler, Influence of carbon on martensitic phase transformations 

in NiTi shape memory alloys, Acta Materialia, 55 (2007) 1331-1341. 

[35] W. Tang, B. Sundman, R. Sandström, C. Qiu, New modelling of the B2 phase and its associated martensitic 

transformation in the Ti–Ni system, Acta materialia, 47 (1999) 3457-3468. 

[36] P.-A. Eggertsen, K. Mattiasson, On the identification of kinematic hardening material parameters for accurate 

springback predictions, International journal of material forming, 4 (2011) 103-120. 

[37] L. Sun, G. Wu, Q. Wang, J. Lu, Nanostructural metallic materials: Structures and mechanical properties, Materials 

Today, (2020). 

[38] S. Ahmadi, S.K. Sadrnezhaad, A novel method for production of foamy core@compact shell Ti6Al4V bone-like 

composite, Journal of Alloys and Compounds, 656 (2016) 416-422. 

[39] G.L. Niebur, M.J. Feldstein, J.C. Yuen, T.J. Chen, T.M. Keaveny, High-resolution finite element models with 

tissue strength asymmetry accurately predict failure of trabecular bone, Journal of biomechanics, 33 (2000) 1575-1583. 

[40] F.P. Melchels, K. Bertoldi, R. Gabbrielli, A.H. Velders, J. Feijen, D.W. Grijpma, Mathematically defined tissue 

engineering scaffold architectures prepared by stereolithography, Biomaterials, 31 (2010) 6909-6916. 

[41] C. Yan, L. Hao, A. Hussein, P. Young, Ti-6Al-4V triply periodic minimal surface structures for bone implants 

fabricated via selective laser melting, Journal of the mechanical behavior of biomedical materials, 51 (2015) 61-73. 

[42] M.S. Pham, C. Liu, I. Todd, J. Lertthanasarn, Damage-tolerant architected materials inspired by crystal 

microstructure, Nature, 565 (2019) 305-311. 

[43] X. Zheng, W. Smith, J. Jackson, B. Moran, H. Cui, D. Chen, J. Ye, N. Fang, N. Rodriguez, T. Weisgraber, C.M. 

Spadaccini, Multiscale metallic metamaterials, Nature materials, 15 (2016) 1100-1106. 

[44] A. Ataee, Y. Li, M. Brandt, C. Wen, Ultrahigh-strength titanium gyroid scaffolds manufactured by selective laser 

melting (SLM) for bone implant applications, Acta Materialia, 158 (2018) 354-368. 

[45] H. Attar, L. Löber, A. Funk, M. Calin, L.C. Zhang, K.G. Prashanth, S. Scudino, Y.S. Zhang, J. Eckert, Mechanical 

behavior of porous commercially pure Ti and Ti–TiB composite materials manufactured by selective laser melting, 

Materials Science and Engineering: A, 625 (2015) 350-356. 

[46] P. Heinl, L. Muller, C. Korner, R.F. Singer, F.A. Muller, Cellular Ti-6Al-4V structures with interconnected macro 

porosity for bone implants fabricated by selective electron beam melting, Acta biomaterialia, 4 (2008) 1536-1544. 

[47] E. Marin, S. Fusi, M. Pressacco, L. Paussa, L. Fedrizzi, Characterisation of cellular solids in Ti6Al4V for 

orthopaedic implant applications: Trabecular titanium, Journal of the mechanical behavior of biomedical materials, 3 

(2010) 373-381. 

[48] C. Yan, L. Hao, A. Hussein, P. Young, Ti–6Al–4V triply periodic minimal surface structures for bone implants 

fabricated via selective laser melting, Journal of the mechanical behavior of biomedical materials, 51 (2015) 61-73. 

[49] N. Soro, H. Attar, X. Wu, M.S. Dargusch, Investigation of the structure and mechanical properties of additively 

manufactured Ti-6Al-4V biomedical scaffolds designed with a Schwartz primitive unit-cell, Materials Science and 

Engineering: A, 745 (2019) 195-202. 

[50] S. Li, Y.-w. Kim, M.-s. Choi, T.-h. Nam, Highly porous Ni-free Ti-based scaffolds with large recoverable strain for 

biomedical applications, Intermetallics, 116 (2020) 106657. 

[51] Y.J. Liu, X.P. Li, L.C. Zhang, T.B. Sercombe, Processing and properties of topologically optimised biomedical Ti–

24Nb–4Zr–8Sn scaffolds manufactured by selective laser melting, Materials Science and Engineering: A, 642 (2015) 

268-278. 

Jo
urn

al 
Pre-

pro
of



                                                                                       24 / 24 

[52] Y. Liu, S. Li, W. Hou, S. Wang, Y. Hao, R. Yang, T.B. Sercombe, L.-C. Zhang, Electron Beam Melted Beta-type 

Ti–24Nb–4Zr–8Sn Porous Structures With High Strength-to-Modulus Ratio, Journal of Materials Science & 

Technology, 32 (2016) 505-508. 

[53] Y.J. Liu, H.L. Wang, S.J. Li, S.G. Wang, W.J. Wang, W.T. Hou, Y.L. Hao, R. Yang, L.C. Zhang, Compressive 

and fatigue behavior of beta-type titanium porous structures fabricated by electron beam melting, Acta Materialia, 126 

(2017) 58-66. 

[54] W. Xu, J. Tian, Z. Liu, X. Lu, M.D. Hayat, Y. Yan, Z. Li, X. Qu, C. Wen, Novel porous Ti35Zr28Nb scaffolds 

fabricated by powder metallurgy with excellent osteointegration ability for bone-tissue engineering applications, 

Materials Science and Engineering: C, 105 (2019) 110015. 

[55] N. Soro, H. Attar, E. Brodie, M. Veidt, A. Molotnikov, M.S. Dargusch, Evaluation of the mechanical compatibility 

of additively manufactured porous Ti–25Ta alloy for load-bearing implant applications, Journal of the mechanical 

behavior of biomedical materials, 97 (2019) 149-158. 

[56] R. Wauthle, J. van der Stok, S. Amin Yavari, J. Van Humbeeck, J.-P. Kruth, A.A. Zadpoor, H. Weinans, M. 

Mulier, J. Schrooten, Additively manufactured porous tantalum implants, Acta biomaterialia, 14 (2015) 217-225. 

[57] T. Tancogne-Dejean, A.B. Spierings, D. Mohr, Additively-manufactured metallic micro-lattice materials for high 

specific energy absorption under static and dynamic loading, Acta Materialia, 116 (2016) 14-28. 

[58] S. Ma, Q. Tang, Q. Feng, J. Song, X. Han, F. Guo, Mechanical behaviours and mass transport properties of 

bone-mimicking scaffolds consisted of gyroid structures manufactured using selective laser melting, Journal of the 

mechanical behavior of biomedical materials, 93 (2019) 158-169. 

[59] I. Maskery, N.T. Aboulkhair, A.O. Aremu, C.J. Tuck, I.A. Ashcroft, R.D. Wildman, R.J.M. Hague, A mechanical 

property evaluation of graded density Al-Si10-Mg lattice structures manufactured by selective laser melting, Materials 

Science and Engineering: A, 670 (2016) 264-274. 

[60] L. Wei, X. Zhang, L. Geng, Microstructure and properties of NiTi foams with 69% porosity, Vacuum, 162 (2019) 

15-19. 

[61] Z. Ma, D.Z. Zhang, F. Liu, J. Jiang, M. Zhao, T. Zhang, Lattice structures of Cu-Cr-Zr copper alloy by selective 

laser melting: Microstructures, mechanical properties and energy absorption, Materials & Design, (2019) 108406. 

[62] Y. Zou, C. Tan, Z. Qiu, W. Ma, M. Kuang, D. Zeng, Additively manufactured SiC-reinforced stainless steel with 

excellent strength and wear resistance, Additive Manufacturing, 41 (2021) 101971. 

[63] Q. Lu, Z. You, X. Huang, N. Hansen, L. Lu, Dependence of dislocation structure on orientation and slip systems in 

highly oriented nanotwinned Cu, Acta Materialia, 127 (2017) 85-97. 

 

 

Jo
urn

al 
Pre-

pro
of



Acknowledgements 

This work was financially supported by the National Natural Science Foundation of China 

(52005189), Guangdong Basic and Applied Basic Research Foundation (2019A1515110542), 

Guangzhou Foreign Cooperation Project (201907010008) and Guangdong Academy of 

Sciences projects (contracts 2020B1212060049 and 2018GDASCX-0402), in collaboration 

with the University of Birmingham (contract 17-0551). The author C Tan acknowledges the 

support from China Scholarship Council (CSC). Thanks to Danli Zhang from the State Key 

Laboratory for Mechanical Behaviour of Materials for the kind support with micropillar tests. 

 

 

 

Jo
urn

al 
Pre-

pro
of



 

Highlights 

 Mechanically asymmetric martensitic TiNi echoes bone mechanical behaviour. 

 Bio-inspired functionally graded lattices can mimic natural bone properties. 

 Graded lattice achieves an ultrahigh specific strength among porous biometals. 

 A multi-scale hierarchical microstructure created unique properties. 
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