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Abstract 1 

In recent years, the triply periodic minimal surface (TPMS) has emerged as a new method for 2 

producing open cell porous scaffolds because of the superior properties, such as the high 3 

surface-to-volume ratio, the zero curvature, etc. On the other hand, the additive 4 

manufacturing (AM) technique has made feasible the design and development of TPMS 5 

scaffolds with complex microstructures. However, neither the discrepancy between the 6 

theoretically designed and the additively manufactured TPMS scaffolds nor the underlying 7 

mechanisms is clear so far. The aims of the present study were to quantify the discrepancies 8 

between the theoretically designed and the AM produced TPMS scaffolds and to reveal the 9 

underlying mechanisms, e.g., the effect of building orientation on the discrepancy. 24 Gyroid 10 

scaffolds were produced along the height and width directions of the scaffold using the 11 

selective laser melting (SLM) technique (i.e., 12 scaffolds produced in each direction). The 12 

discrepancies in the geometric and mechanical properties of the TPMS scaffolds were 13 

quantified. Regarding the geometric properties, the discrepancies in the porosity, the 14 

dimension and the three-dimensional (3D) geometry of the scaffolds were quantified. 15 

Regarding the mechanical properties, the discrepancies in the effective compressive modulus 16 

and the mechanical environment (strain energy density) of the scaffolds were evaluated. It is 17 

revealed that the porosity in the AM produced scaffold is approximately 12% lower than the 18 

designed value. There are approximately 68.1 ± 8.6% added materials in the AM produced 19 

scaffolds and the added materials are mostly distributed in the places opposite to the building 20 

orientation. The building orientation has no effect on the discrepancy in the scaffold porosity 21 

and no effect on the distribution of the added materials (p > 0.05). Regarding the mechanical 22 

properties, the compressive moduli of the scaffolds are 24.4% (produced along the height 23 

direction) and 14.6% (produced along the width direction) lower than the designed value and 24 

are 49.1% and 43.6% lower than the µFE counterparts, indicating that the imperfect bonding 25 

and the partially melted powders have a large contribution to the discrepancy in the 26 

compressive modulus of the scaffolds. Compared to the values in the theoretically designed 27 

scaffold, the strain energy densities have shifted towards the higher values in the AM 28 

produced scaffolds. The findings in the present study provide important information for the 29 

design and additive manufacturing of TPMS scaffolds.   30 

 31 

Keywords: TPMS scaffold; Additive manufacturing, Geometrical and mechanical 32 

properties; Mechanical environment; Finite element analysis   33 
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1. Introduction 1 

In the past few years, man-made biomaterials with tailored properties have become the 2 

important substitute for human tissues and have been successfully used in many fields, such 3 

as the tissue engineering, the sutures and the drug delivery system [Doulabi et al., 2008; 4 

Goncalves et al., 2016; Russo et al., 2013]. On the other hand, the emerging techniques of 5 

additive manufacturing (AM), such as the stereolithography (SLA) and the selective laser 6 

melting (SLM), have further driven the design and production of advanced three-dimensional 7 

(3D) biomaterials [Goncalves et al., 2016; Russo et al., 2013; Shirazi et al., 2015]. Among 8 

the various man-made biomaterials, the 3D open cell porous bone scaffold is widely used to 9 

replace the damaged bone tissue. For designing bone scaffolds, the triply periodic minimal 10 

surface (TPMS) has emerged as an important and widely-used basis, because of the superior 11 

features, such as, a mean curvature of zero [Pinkall and Polthier, 1993], a high surface-to-12 

volume ratio [Yoo, 2014]. Furthermore, the AM technology has made it feasible to produce 13 

bone scaffolds with highly complex microstructures, and consequently the AM technique has 14 

been widely used to produce the TPMS-based bone scaffolds [Atae et al., 2018; Yuan et al., 15 

2019]. However, it is revealed in previous studies that the imperfections are present in the 16 

AM produced scaffolds [Han et al., 2018; Hussein et al., 2013; Soro et al., 2018; Yan et al., 17 

2017; Zhao et al., 2019], which would consequently affect the mechanical and biological 18 

performances of the scaffolds, and lead to the early failure of scaffolds [Campoli et al., 19 

2013].  20 

Increasing the precision of the AM technique is one of the approaches to decrease the 21 

discrepancy and thus to produce the as-designed product as precise as possible. However, 22 

because the quality of the AM products depends on many factors, such as the AM laser 23 

power, the powder size, the post-processing and the internal microstructure of the product 24 

[Guan et al., 2013; Hanzl et al., 2015], it is very challenging to completely eliminate the 25 

errors associated with the AM technique [Ravari et al., 2014]. Therefore, the second 26 

approach, which is to take into account the scaffold discrepancies in the design stage of 27 

scaffold using some advanced statistical methods, is proposed to decrease the discrepancies 28 

[Campoli et al., 2013; Ravari et al., 2014]. The latter approach is based on the fact that the 29 

degree of discrepancies is highly correlated with the geometry of the scaffold [Yang et al., 30 

2020]. Therefore, if a large amount of data can be analyzed, the relationship/function between 31 

the product discrepancy and the contributing factors can be established and consequently the 32 

discrepancy can be largely reduced by introducing these functions into the design stage 33 
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[Gorguluarslan et al., 2017; Ravari et al., 2014]. In the attempt to do this, previous studies 1 

have quantified the imperfections of the AM produced scaffolds and consequently the defect-2 

coupled model has been proposed [Huang et al., 2018; Soro et al., 2018]. However, most of 3 

the previous studies have focused on the regular lattice structures [Huang et al., 2018], the 4 

microstructure of which can be well described using the dimensional parameters. Quantifying 5 

the discrepancy in the TPMS scaffolds is far more challenging than quantifying that in the 6 

regular lattice structures, because of the presence of the curved surfaces in the TPMS 7 

structures, which have to be described using the mathematical equations. To the authors’ 8 

knowledge, a systematical quantification of the discrepancy in the TPMS scaffolds is still 9 

missing, and especially the discrepancies in the three-dimensional geometry of the scaffold 10 

and in the mechanical environment of the scaffold remain unclear.  11 

Additionally, the underlying mechanism explaining the scaffold discrepancy remains 12 

unclear and needs to be revealed. For example, regarding the discrepancy in the mechanical 13 

properties of the scaffold, one contributing factor is the discrepancy in the scaffold geometry 14 

and another one is the status of the powders, such as the bonding status between powders 15 

[Shirazi et al., 2015]. However, it remains unclear the relative contributions of each 16 

influencing factor. Furthermore, when producing the scaffold using the SLM technique, 17 

different building orientations can be selected. It has been reported that the AM building 18 

orientation has an influence on the various properties of the scaffold [Soro et al., 2018; 19 

Vilaro et al., 2012; Wauthle et al., 2015], but it remains unclear whether the building 20 

orientation plays a role in the discrepancies in the geometric and mechanical properties of the 21 

scaffold, especially in the discrepancies in the 3D geometry of the scaffold and in the 22 

mechanical environment of the scaffold.  23 

 Therefore, the aims of the present study were to investigate the discrepancies in the 24 

geometric and mechanical properties of the theoretically designed and the additively 25 

manufactured triply periodic minimal surface-based bone scaffolds and to reveal the 26 

underlying mechanism, e.g., the effect of AM building orientation on the discrepancy.  27 

 28 

2. Materials and Methods 29 

2.1 Design and additive manufacturing of the TPMS scaffold 30 

The TPMS scaffold with the Gyroid microstructure was designed using K3DSurf 31 

(K3DSurf v0.6.2, Canada). The dimension of the scaffold was 21.0×15.0×15.0 mm3, the 32 
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porosity was 76% and each scaffold consisted of 7×5×5 unit cells. The mathematical 1 

equation for the Gyroid surfaces is given as below:  2 

�� = cos��	 sin��	 + cos��	 sin��	 + cos��	 sin��	 − �    (1) 3 

where, �、�  and � are the coordinates of a point in the design space, � is the constant which 4 

is used to control the scaffold porosity and it was set to 0.8 in the present study 5 

(corresponding to the porosity of 76%). In the present study, the region with �� > 0 was 6 

defined as the scaffold and the region with �� ≤ 0 was defined as the void.  7 

The designed bone scaffold was manufactured using the SLM technique, which is one of 8 

the widely-used AM techniques (Reinishaw, Wotton-under-Edge, UK). The Ti-6AL-4V 9 

powders with the mean diameter of 19.0 ± 4.3 µm were used to manufacture the bone 10 

scaffolds. To investigate whether the AM building orientation had an influence on the 11 

properties of TPMS scaffolds, 24 scaffolds were produced along the height (21.0 mm) and 12 

the width (15.0 mm) directions of the scaffold (Figure 1a) (i.e., 12 scaffolds produced in 13 

each direction) using the same AM setting, i.e., the scan speed of 0.04 m/s, the laser power of 14 

350.0 W and the hatch angle of 90 degrees.  15 

 16 

2.2 Quantification of the discrepancy in the geometric properties of TPMS scaffold 17 

The discrepancies in the geometric properties of the Gyroid scaffold, including the 18 

porosity, the dimension (height and width) and the 3D surface distance, were quantified in the 19 

present study (Figure 1). On one hand, the values for these parameters were calculated from 20 

the theoretically designed scaffolds (Figure 1a). On the other hand, the values for these 21 

parameters were calculated from the AM produced scaffolds (Figure 1b). To do this, the 22 

scaffolds were scanned using the µCT scanner (SkyScan desktop 1172, Bruker, Belgium) 23 

using an image resolution of 31.0×31.0×31.0 µm3, a voltage of 50.0 kV, a tube current of 24 

200.0 µA and an exposure time of 1180.0 ms. The µCT images were first segmented and the 25 

islands were removed in the segmented images (Figure 1c). Then the porosity of the scaffold 26 

was calculated as the value using the number of scaffold voxels divided by the total number 27 

of voxels, and the scaffold height and width were calculated as the averaged distances from 28 

one side of the scaffold to the other side. The discrepancy in the 3D surface distance of the 29 

scaffold was quantified by superimposing the unit cell model of the theoretically designed 30 

scaffold with that of the AM produced one (Figure 1d – 1f). In total, 12 unit cell models 31 

were extracted from the binary µCT images and then superimposed into the designed unit cell 32 

model of the scaffold using the rigid registration algorithm available in the image processing 33 
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software - Amira (v5.4.3. FEI Visualisation Sciences Group, France). Then the distances 1 

from the exterior surfaces of the theoretically designed scaffold to those of the AM produced 2 

ones were quantified using the in-house developed Matlab code (R2017a, MathWorks, 3 

Natick, Massachusetts, US). To visualize the geometrical discrepancy in the 3D spatial 4 

space of the scaffold, the ‘Boolean’ operation was performed in the superimposed unit cell 5 

models and then the added, the missed and the common parts between the theoretically 6 

designed and the AM produced scaffolds were quantified.  7 

 8 

2.3 Quantification of the discrepancy in the mechanical properties of TPMS scaffold 9 

The discrepancies in the mechanical properties of the Gyroid scaffold, including the 10 

effective compressive modulus and the mechanical environment, were quantified in the 11 

present study (Figure 2). Regarding the effective compressive modulus, the values were 12 

calculated from three different sources, i.e., the first one is from the theoretically designed 13 

scaffold (Figure 2a), the second one is from the AM produced scaffolds (Figure 2b) and the 14 

third one is from the µCT images of the scaffolds (Figure 2c). The effective compressive 15 

modulus of the theoretically designed scaffold was calculated using the numerical 16 

homogenization method, i.e., the finite element (FE) model of the designed unit cell of the 17 

scaffold with the application of the kinematical periodic boundary condition (KPBC) (Figure 18 

2d) [Lu et al., 2019]. The KPBC was implemented in ABAQUS using the kinematic 19 

coupling, the multi-point constraint equations and the Python code. More details on the 20 

definition of KPBC in the FE Gyroid model can be found in the authors’ previous publication 21 

[Lu et al., 2019]. The effective compressive modulus of the AM produced scaffold was 22 

calculated from the quasi-static mechanical testing of the scaffold (Figure 2e), where the 23 

reflective markers were placed on the top and bottom sides of the scaffold and all the 24 

scaffolds were compressed along the height direction. The displacements of the markers were 25 

recorded using the optical tracking technique and were used to calculate the effective 26 

compressive modulus of the scaffold so that the displacement error from the material testing 27 

system was eliminated. The third effective compressive modulus of the scaffold was 28 

calculated from the micro finite element (µFE) models created from the µCT images of the 29 

AM produced scaffolds (Figure 2f). The µFE models were generated by converting each 30 

scaffold voxel into hexahedron (C3D8) in Mimics (v20.0, Materialise, Belgium). In the FE 31 

unit cell models meshed using the second-order tetrahedron (C3D10) and the µFE models 32 

meshed using the full-integration linear hexahedron (C3D8), the homogeneous, isotropic and 33 

linear elastic material model was defined for the base material of the scaffold (i.e., Ti-6AL-34 
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4V), i.e., the elastic modulus of 110.0 GPa and the Poisson’s ratio of 0.3 were defined 1 

[Niinomi 1998]. When calculating the effective compressive modulus, the uniaxial loading 2 

along the height direction of the scaffold was defined.  3 

By comparing the effective compressive moduli calculated from three different sources, 4 

the discrepancies in the mechanical properties of the TPMS scaffold were quantified and the 5 

underlying mechanism was revealed. First, the proportion of the discrepancy, induced by the 6 

factors such as the powder bonding status, to the overall discrepancy in the mechanical 7 

properties of the scaffold was quantified by comparing the values from the mechanical testing 8 

with those from the µFE analysis. Second, the proportion of the discrepancy, induced by the 9 

difference in the scaffold geometry, to the overall discrepancy in the mechanical properties of 10 

the scaffold was quantified by comparing the compressive moduli from the unit cell analysis 11 

with those from the µFE analysis. Lastly, the overall discrepancy in the mechanical properties 12 

of the TPMS scaffold was quantified by comparing the compressive moduli from the unit cell 13 

analysis with those from the mechanical testing. 14 

Regarding the discrepancy in the mechanical environment of the scaffold, the scaffold 15 

under the loading scenario of the uniaxial compression was investigated. The strain energy 16 

density (SED) was used to characterize the mechanical environment of the scaffold, because 17 

the SED is the resultant value of the corresponding stress and strain components and is highly 18 

associated with the bone adaptation behaviors [Levchuk et al., 2014; Lu et al., 2018]. The 19 

mathematical formulation for the SED is given as below: 20 

� = �

�
����� + ���� + ���� + ��� �� + ��� �� + ��� ��	   (2) 21 

where, � is the SED, !�� �� �� ��� ��� ���" and !�� �� ��  ��  ��  ��" are the six stress and 22 

strain components, respectively. The values of the elemental SEDs can be directly fetched 23 

from the FE result files. 24 

The SEDs in the theoretically designed scaffolds were calculated from the FE unit cell 25 

model of the scaffold (Figure 2d) and the SEDs in the AM produced scaffolds were 26 

calculated from the corresponding µFE models (Figure 2f). When calculating the SED, a 27 

uniform strain of 0.1% was applied on one side of the scaffold along the height direction, 28 

while the other side was fully fixed, i.e., all the degrees of freedoms were constrained. It 29 

should be noted that because the bone adaptation activities only occur at the exterior surfaces 30 

of the scaffold, only the elemental SEDs at the exterior surfaces of the scaffold were 31 

outputted from the µFE analysis and then processed using an in-house developed Matlab 32 

code. All the FE analysis was performed using the FE software of ABAQUS (v6.14, 33 
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Dassault Systems SIMULIA Ltd., Providence, RI) and a mesh convergence study was 1 

performed for each FE analysis to ensure that the results (i.e., the effective compressive 2 

modulus and the SED) were not influenced by the mesh density, which resulted in the 3 

element size of approximately 0.06 mm in the FE unit cell model and the element size of 31.0 4 

µm in the µFE models.  5 

 6 

2.4 Statistical analysis  7 

The normality for the data within one group was checked using the Shapiro-Wilk test 8 

and further confirmed by the visual inspection. When the data were normally distributed, the 9 

experimental data were presented as the mean±standard deviation (SD), and the independent 10 

t-test was used to detect the significant difference between groups. When the data were non-11 

normally distributed, the 5th, the median and the 95th percentiles of the data were presented 12 

and the Mann-Whitney U test was used to detect the significant difference between groups. 13 

The statistical analysis was performed using the PASW statistics 18.0 (SPSS Inc., Chicago, 14 

IL) and the probability of type I error was set to 0.05 (α = 0.05), i.e., p < 0.05 was 15 

considered statistically significant.  16 

 17 

3. Results 18 

3.1 Discrepancy in the geometric properties of TPMS scaffold 19 

The discrepancies in the porosity, the height and the width of the scaffolds between the 20 

theoretically designed and the AM produced groups are significantly different (all p < 0.05) 21 

(Figure 3). When the scaffolds are produced along the height and the width directions, the 22 

porosities of the AM produced scaffolds are 9.7% and 10.2% lower than the designed value 23 

(76%), respectively (i.e., 68.65 ± 0.64% vs. 76%, and 68.22 ± 1.13% vs. 76%). Regarding the 24 

discrepancy in the dimension (height and width), when the scaffolds are produced along the 25 

height direction, the width is 3.3% longer than the designed value, i.e., 15.50 ± 0.08 mm vs. 26 

15.00 mm, and the height is 3.0% shorter than the designed value, i.e., 20.37 ± 0.04 mm vs. 27 

21.00 mm. When the scaffolds are produced along the width direction, the width is 4.1% 28 

shorter than the designed value, i.e., 14.39 ± 0.05 mm vs. 15.00 mm, and the height is 2.1% 29 

longer than the designed value, i.e., 21.44 ± 0.09 mm vs. 21.00 mm. There is no significant 30 

effect of the building orientation on the porosity of the AM produced scaffolds (p = 0.12). 31 

However, the height and the width of the scaffolds produced along the height and width 32 

directions are significantly different (both p < 0.05) (Figure 3).  33 
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The deviations (distances) from the exterior surfaces of the AM produced scaffolds to 1 

those of the theoretically designed scaffold are not normally distributed. Therefore, the 5th, 2 

the median, and the 95th percentiles of the data are reported (Figure 4). The 5th, the median, 3 

and the 95th percentiles of the surface deviations from the AM produced scaffolds to the 4 

theoretically designed scaffold are -0.089 mm, 0.195 mm and 0.552 mm for the scaffolds 5 

produced along the height direction and those are -0.095 mm, 0.181 mm and 0.464 mm for 6 

the scaffolds produced along the width direction (Figure 4). The surface deviations in the 7 

scaffolds produced along the height direction are significantly bigger than those in the 8 

scaffolds produced along the width direction (p < 0.05) (Figure 4).  9 

The common parts between the theoretically designed and the AM produced scaffolds are 10 

91.2 ± 5.0%, the missed parts are 9.8 ± 4.9% and the added parts are 68.1 ± 8.6% (taking the 11 

volume in the theoretically designed scaffold as the reference). To visualize the distribution 12 

of the added materials in the 3D spatial space of the scaffold, the distribution of the 13 

probability of the occurrence of the added materials is plotted in Figure 5, where the dark 14 

grey region represents the theoretically designed scaffold, the 100% region represents the 15 

places where the added materials occurred in all the AM produced scaffolds and the 10% 16 

region represents the places where the added materials only occurred in 10% of all the AM 17 

produced scaffolds, etc. Additionally, it is shown in Figure 5 that the further the distance 18 

from the surfaces of the AM produced scaffold to the surfaces of the theoretically designed 19 

scaffold, the lower the probability of the occurrence of the added materials. Furthermore, the 20 

added materials are mostly distributed in the places opposite to the building orientation.  21 

 22 

3.2 Discrepancy in the mechanical properties of TPMS scaffold 23 

Regarding the discrepancy in the effective compressive modulus, when the scaffolds are 24 

produced along the height and the width directions, the compressive moduli of the AM 25 

produced scaffolds are 3269.9 ± 90.5 MPa and 3691.1 ± 171.9 MPa, respectively, which are 26 

24.4% and 14.6% lower than the designed value (4323.3 MPa) respectively (taking the 27 

designed value as the reference) (both p < 0.05) (Figure 6). The compressive modulus is 28 

significantly higher in the scaffolds produced along the width direction than those produced 29 

along the height direction (p < 0.05). The representative stress-strain curves from the 30 

mechanical testing are shown in Figure 7, which shows that slightly different mechanisms 31 

are present when the scaffolds are compressed along the height and width directions. When 32 

the discrepancy in the scaffold geometry is eliminated, i.e., comparing the results between the 33 

AM produced scaffolds and the corresponding µFE models, the compressive moduli of the 34 
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AM produced scaffolds are 49.1% and 43.6% lower than the µFE counterparts (taking the 1 

µFE value as the reference), i.e., 3269.9 ± 90.5 MPa vs. 6429.2 ± 282.2 MPa when the 2 

scaffolds are produced along the height direction, and 3691.1 ± 171.9 MPa vs. 6539.3 ± 3 

298.8 MPa when the scaffolds are produced along the width direction (both p < 0.05) (Figure 4 

6). The compressive moduli in the two µFE groups are not significantly different from each 5 

other (p = 0.45). The compressive moduli calculated from the µFE models are 48.7% 6 

(scaffolds produced along the height direction) and 51.3% (scaffolds produced along the 7 

width direction) higher than the designed value (taking the designed value as the reference) 8 

(both p < 0.05) (Figure 6), implying that some added materials are present in the AM 9 

produced scaffolds.  10 

The average SEDs are 1.21 ± 0.20 mJ/m3 and 1.15 ± 0.07 mJ/m3 in the scaffolds 11 

produced along the height and the width directions, respectively, which are slightly higher 12 

than the value (1.14 mJ/m3) in the theoretically designed scaffolds. To visualize the 13 

distribution of the SEDs, the SEDs are divided into five sub-regions and the percentages of 14 

the SEDs within each sub-region are counted and plotted in Figure 8, which shows that the 15 

SEDs have shifted towards the higher values in the AM produced scaffolds, e.g., 71.6 ± 4.24% 16 

(scaffolds produced along the height direction) and 72.0 ± 1.18% (scaffolds produced along 17 

the width direction) vs. 74.2% (the designed value) for the SEDs between 0.0 mJ/m3 and 1.0 18 

mJ/m3, and 2.07 ± 0.23% and 2.11 ± 0.14% vs. 1.6% for the SEDs between 4.0 mJ/m3 and 19 

5.0 mJ/m3. The SEDs in the scaffolds produced along the height and the width directions are 20 

not significantly different from each other, e.g., 13.2 ± 1.78% vs. 13.3 ± 0.34% for the SEDs 21 

between 1.0 mJ/m3 and 2.0 mJ/m3 (p = 0.55) (Figure 8). 22 

 23 

4. Discussion 24 

In the present study, the discrepancies in the geometrical and mechanical properties of 25 

the theoretically designed and the additively manufactured triply periodic minimal surface 26 

(TPMS) scaffolds were investigated.  27 

Compared to the studies in the literature, several novel techniques were used in the 28 

present study. First, an image superimposition method was used to visualize and quantify the 29 

discrepancies in the 3D spatial space of the scaffold. Second, the µFE models generated from 30 

the AM produced scaffolds were analyzed to investigate the influence of the factors, such as 31 

the powder bonding, on the discrepancy in the mechanical properties of the scaffold. 32 

Therefore, the contributing factors such as the discrepancy in the scaffold geometry are 33 
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decoupled from other factors. Third, the FE modeling technique was used to calculate the 1 

mechanical environment in the theoretically designed and the AM produced scaffolds so that 2 

for the first time the discrepancy in the mechanical environment of the scaffold was 3 

quantified. Using these novel analysis techniques, several interesting yet important findings 4 

are revealed in the present study.  5 

First, it is revealed from the ‘Boolean’ operation between the theoretically designed and 6 

the AM produced scaffolds (after superimposition) that the selective laser melting (SLM) 7 

technique produced more materials in the scaffolds. The proportion of the added material to 8 

the total material is approximately 68.1%, while the proportion of the missed material to the 9 

total material is only 9.8%. Additionally, the data (in the present study) on the distribution of 10 

the distances between the theoretically designed and the AM produced scaffolds revealed that 11 

the added materials were mostly distributed in the places opposite to the building orientation. 12 

Previous studies also revealed that the porosity of the scaffolds produced by SLM is lower 13 

than the designed value [Huang et al., 2018; Soro et al., 2018]. The reasons for the 14 

relatively large proportion of added materials in the produced scaffolds could be that the 15 

SLM technique relies on the powders to support the produced structure and thus more 16 

powders may be melted at the exterior surfaces of the scaffold [Huang et al., 2018; Soro et 17 

al., 2018], especially at the hanging sites. On the other hand, the large surface-to-volume 18 

ratio of the TPMS structure (Gyroid) could be the reason that more added materials are 19 

produced in the TPMS structure than those in the regular lattice structure (e.g., cubic) [Yang 20 

et al., 2018]. Regarding the effect of building orientation on the distribution of the added 21 

materials, it was revealed that there is no significant difference in the scaffolds produced 22 

along the height and width directions, the reason of which could be that the Gyroid scaffold 23 

possesses the property of the cubic symmetry [Lu et al., 2019].  24 

Second, it is revealed that the compressive modulus of the AM produced scaffolds is 25 

approximately 19.5% lower than the designed value, although more materials are produced in 26 

the AM produced scaffolds (The porosities are 76% and 68.4% ± 0.8% in the theoretically 27 

designed and the AM produced scaffolds, respectively). When the discrepancy in the scaffold 28 

geometry is eliminated, the compressive modulus of the AM produced scaffolds is even 29 

lower (46.4%) than the value calculated from the numerical (µFE) counterpart. It should be 30 

noted that the µFE model of the scaffold is an ideal representation of the scaffold. While in 31 

the present study, the measurement errors in the mechanical testing are well controlled by 32 

using the technique such as the optical tracking to record the displacement, it is believed that 33 

the discrepancy in the compressive modulus of the scaffolds obtained from the mechanical 34 
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testing and the µFE analysis is mainly due to reason that the powders are not fully bonded in 1 

the AM produced scaffolds, especially at the scaffold exterior surfaces where some un-melted 2 

or partially melted powders are present [Gong et al., 2014; Lewandowski and Seifi, 2016; 3 

Rao et al., 2016]. To confirm this scenario, the scaffolds were imaged using the scanning 4 

electron microscope (SEM) with the magnifications of 250 times (Figure 9a) and 1250 times 5 

(Figure 9b). Indeed, some partially melted powders were found at the scaffold surfaces 6 

(Figure 9). It should be noted that the imperfect bonding and partially melted powders may 7 

alter the homogeneity property of the scaffold, which in turn could induce the discrepancies 8 

in the mechanical properties of the scaffold, such as the mechanical environment. Regarding 9 

the effect of building orientation on the compressive modulus of the scaffold, the 10 

compressive modulus in the scaffolds produced along the width direction is significantly 11 

higher than those produced along the height direction, which agrees well with the literature 12 

data [Ataee et al., 2018; Hanzl et al., 2015; Vilaro et al., 2012; Yadollahi et al., 2017]. 13 

Vilaro et al. (2012) reported that because of the growth of the columnar grain, a strong 14 

anisotropy as a function of the building orientation is present in the samples produced by 15 

SLM. Guan et al. (2013) reported that the tensile properties of the SLM produced samples are 16 

the highest at the building orientation of 90 degrees because the direction of the load is 17 

perpendicular to the columnar grains. Therefore, when designing and additively 18 

manufacturing the TPMS scaffolds, the effect of building orientation on the mechanical 19 

properties of the scaffold should be taken into account in the future.   20 

Third, it is revealed that the mechanical environment (strain energy density) in the AM 21 

produced scaffolds is different from that in the theoretically designed scaffolds. Compared to 22 

the values in the theoretically designed scaffolds, the strain energy densities are shifted 23 

towards the higher values, the reason of which could be the discrepancy in the scaffold 24 

porosity. It should be noted that the mechanical environment in the AM produced scaffolds is 25 

calculated from the µFE analysis, and not from the experimental measurement. It has been 26 

shown in the present study that because of the issues related to the imperfect bonding and 27 

partially melted powders, the effective compressive moduli of the scaffold obtained from the 28 

mechanical testing and the µFE analysis are significantly different from each other. Therefore, 29 

the mechanical environment calculated from the µFE analysis may also be affected by the 30 

imperfect bonding and the partially melted powders. Nevertheless, there is still no feasible 31 

experimental technique available to measure and quantify the mechanical environment (strain 32 

energy density) in the AM produced scaffolds. 33 
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Some limitations related to the present study should be discussed. First, only one type of 1 

the TPMS scaffold is investigated. There are many other types of TPMS scaffolds, such as 2 

the Diamond, the Fischer-Koch S, the Double Diamond, etc. [Blanquer et al., 2017] and the 3 

AM discrepancies in different scaffolds may be different. However, one of the main aims in 4 

the present study is to demonstrate the novel approach for quantifying the discrepancy in the 5 

geometric and mechanical properties of the TPMS scaffold, e.g., the application of the image 6 

superimposition to quantify the geometric discrepancy in the 3D spatial space of the scaffold. 7 

Additionally, the method developed in the present study can be easily transferred to analyze 8 

other types of scaffolds. Second, only the discrepancies in the geometric and mechanical 9 

properties of the TPMS scaffold are investigated. Some other properties of the scaffold, such 10 

as the permeability and the cell behavior, are not investigated. It should be noted that both the 11 

scaffold permeability and the cell behavior can be influenced by the scaffold geometry 12 

[Callens et al., 2020; Castro et al., 2019]. Therefore, the discrepancy in the scaffold 13 

geometry will induce the discrepancies in the scaffold permeability and the cell behavior, but 14 

the extent of the influence still needs further investigations in the future. Third, only the 15 

effective compressive modulus of the scaffold under the uniaxial quasi-static loading is 16 

investigated in the present study. Some other mechanical properties of the scaffold, such as 17 

the fatigue life, the poroviscoelastic behavior, are also crucial when designing scaffolds and 18 

the discrepancies in these properties should be addressed in the future studies. Fourth, the 19 

mechanical property for the base material of the scaffold (i.e., Ti-6AL-4V) is simplified as 20 

homogeneous and isotropic and the FE results presented in the present study should only be 21 

interpreted within this context. Previous studies showed that the mechanical property of Ti-22 

6AL-4V is nonhomogeneous and anisotropic [Hayes et al. 2017; Szafranska et al., 2019]. 23 

Therefore, the multiscale FE model of the scaffold needs to be developed and the research 24 

questions investigated in the present study, such as the discrepancy caused by the imperfect 25 

bonding of the Ti-6AL-4V powers, have to be revisited in the future. Last but not the least, 26 

only the scaffolds produced using the selective laser melting (SLM) technique are 27 

investigated. There are many other AM techniques, such as the electron beam melting, the 28 

inkjet 3D printing, etc. [Shirazi et al., 2015] and the discrepancy in the scaffold property 29 

may depend on the AM technique. However, on one hand, the SLM is the technique with a 30 

high manufacturing precision and widely used for producing the TPMS scaffold. On the other 31 

hand, the methodology developed in the present study is independent of the AM technique 32 

and can be easily applied to investigate the discrepancy in the scaffolds produced using other 33 

AM techniques.  34 
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In summary, it is revealed in the present study that the selective laser melting technique 1 

produced more materials in the scaffolds and the added materials are mostly distributed in the 2 

places opposite to the building orientation. The compressive moduli of the additively 3 

manufactured scaffolds are lower than the designed values due to the imperfect bonding and 4 

partially melted powders. These findings provide important information for additively 5 

manufacturing the as-designed 3D scaffold, for example, they can help reduce the 6 

discrepancy between the theoretically designed and the AM produced scaffolds. 7 
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 1 

 2 

Figure 1: Workflow for quantifying the discrepancy in the geometric properties of the TPMS 3 

scaffold  4 
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 1 

Figure 2: Workflow for quantifying the discrepancy in the mechanical properties of the 2 

TPMS scaffold  3 

 4 

 5 

Figure 3: Quantification of the discrepancies in the porosity, the height and width of the 6 

scaffold in the theoretically designed and additively manufactured Gyroid scaffolds (* p<0.05) 7 
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 1 

Figure 4: Quantification and distribution of the deviations (distances) from the exterior 2 

surfaces of the produced scaffolds to those of the designed scaffold (the positive values 3 

represent the surfaces of the AM produced scaffold are in the outside spaces of the designed 4 

scaffolds, while the negative values represent the surfaces inside the designed scaffold) 5 
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 1 

Figure 5: Distribution of the occurrence probability of the added materials in the 3D spatial 2 

space of the scaffold (blow arrow represents the building orientation of the additive 3 

manufacturing) 4 
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 1 

Figure 6: Quantification of the discrepancies in the effective compressive modulus of the 2 

scaffolds among the theoretically designed, the mechanical testing and the µFE analysis 3 

values (* p<0.05) 4 
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 1 

Figure 7: The representative stress strain curves from a scaffold produced along the height 2 

direction and a scaffold produced along the width direction. All the mechanical compression 3 

tests are performed along the scaffold height direction.  4 
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 1 

Figure 8: Distribution of the strain energy density (SED) in the theoretically designed and 2 

the additively manufactured scaffolds  3 

 4 

 5 

Figure 9: Scanning electron microscope (SEM) images of the scaffold made by the selective 6 

laser melting technique, (a) magnification of 250 times and (b) magnification of 1250 times 7 
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