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A B S T R A C T   

Polyether-ether-ketone (PEEK) scaffolds have recently emerged as a promising alternative to traditional metallic 
orthopedic implants. However, reproducing the intricate microstructure of natural bone in PEEK scaffolds, while 
simultaneously matching their mechanical properties presents a significant challenge. This challenge is partic
ularly pronounced in clinical settings where prioritizing safety, efficiency, and cost-effectiveness demands 
innovative manufacturing approaches. In this study, and for the first time we designed, and 3D printed density- 
graded triply periodic minimal surfaces (TPMS) PEEK scaffolds achieved through cost-effective material extru
sion 3D printing. Notably the scaffolds integrate Gyroid, Diamond and Schwartz P unit cells. The structures 
feature a relative density transition from 22 % to 68 %, achieving graded porosity with a diverse pore size 
distribution that mirrors natural bone microstructure. Our experimental and numerical investigation examined 
the impact of unit cell and density variations on manufacturability, morphological and mechanical character
istics of PEEK scaffolds. Micro-CT imaging validated the reproducibility of all scaffolds, with minor deviations in 
pore morphology attributed to material shrinkage. Finite element analysis and compressive tests revealed hor
izontal stress concentration in all gradient structures, contrasting with lattice-dependent deformations in uniform 
structures. The gradient Gyroid scaffold exhibited superior mechanical properties, with an elastic modulus and 
strength of 200 MPa and 5.15 MPa, surpassing Diamond (178 MPa, 4.3 MPa) and Schwartz (147 MPa, 4.1 MPa). 
In summary, the Gyroid and Diamond configurations excel among gradient scaffolds, displaying mechanical 
properties like trabecular bone and facilitating optimal pore size for effective bone regeneration.   

1. Introduction 

Polyether-ether-ketone (PEEK), a semi-crystalline high-temperature 
thermoplastic polymer, has garnered increasing attention as a promising 
alternative to conventional orthopedic metal implants and load-bearing 
bone scaffolds [1,2]. PEEK has excellent biocompatibility, in vivo sta
bility, modulus of elasticity comparable to bone, high yield strength, and 
fatigue resistance, all of which make it a multipurpose biomaterial 
significantly convenient for bone tissue engineering applications [3–5]. 
In addition to material selection, the successful regeneration of bone 
requires precise design and fabrication of porous scaffolds capable of 
accurately replicating the intricate structure of natural bone required for 
tissue integration, thereby offering not only the required mechanical 

properties to match the bone at the implantation site but also a sup
portive framework to allow the flow of oxygen, nutrients and efficient 
cell activity [6,7]. 

In contrast to traditional lattice structures, triply periodic minimal 
surfaces (TPMS) based scaffolds have been recently considered benefi
cial for bone regeneration. TPMS structures exhibit symmetry in three 
dimensions, which gives them advantageous topological, mechanical, 
and mass transport properties. Their unique combination of a high 
surface area-to-volume ratio and permeable pore architecture makes 
TPMSs a promising design for fabricating porous networks that closely 
resemble the surface curvature characteristics of human bone and could 
greatly facilitate efficient nutrient and oxygen transport, cellular 
migration, and extracellular matrix deposition [8–10]. 
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In recent years, additive manufacturing (AM) techniques have 
demonstrated significant potential in the fabrication of complex TPMS 
cellular structures. However, the majority of additively-manufactured 
TPMS constructs have relied on materials in powder form and laser- 
based methods, like selective laser melting and selective laser sinter
ing [11–16]. For instance, Wang et al. [17] conducted a recent study 
wherein they designed and fabricated uniform TPMS PEEK scaffolds 
using the laser powder bed fusion (LPBF) technique. These scaffolds, 
based on Gyroid, Diamond, and I-WP unit cell designs, underwent a 
comprehensive investigation to assess the impact of unit cell type and 
volume fraction on manufacturing deviation and mechanical properties 
of LPBF-printed PEEK. Their findings revealed that the uniform Gyroid 
structure emerged as the optimal choice for both the design and LPBF 
fabrication of porous PEEK scaffolds, due to its superior manufacturing 
fidelity and relatively favorable mechanical properties. Furthermore, 
their findings confirm that the elastic moduli of PEEK TPMS scaffolds 
can match those of human trabecular bones. In another study by Chen 
et al. [18] they introduced a novel PEEK cage featuring lattice surfaces, 
fabricated through a high-temperature LPBF process. This lattice cage 
was specifically designed based on a uniform Diamond unit cell 
configuration, aiming to enhance mechanical responses, stress absorp
tion, and deformation resistance, in contrast to conventional cages uti
lizing a trabecular structure. Their research revealed that the 
compression modulus and elastic limit of the lattice cage could be finely 
adjusted by manipulating the lattice-surfaced area, all while maintain
ing efficient energy absorption. Nonetheless, laser-based additive 
manufacturing approaches come with substantial cost and safety con
siderations. On the other hand, extrusion-based AM techniques, such as 
fused deposition modeling (FDM), offer a more cost-effective and safer 
alternative, especially in a hospital setting, where ensuring safety, effi
ciency, and cost-effectiveness are top priorities. FDM is a filament-based 
3D printing technology that uses the melt extrusion method to selec
tively deposit thermoplastic filament layer-by-layer according to a CAD 
design [19,20]. 

Until recently, FDM printing of TPMS structures have primarily been 
restricted to low-temperature plastics. However, recent advances in 
FDM printing technology have paved the way for processing high- 
temperature medical-grade PEEK in the form of lattice structures. 
Over recent years, several studies have extensively examined the FDM 
printing of high-performance PEEK, highlighting various critical as
pects. These include assessing the 3D printing stability of extruded 
PEEK, analyzing mechanical properties and the anisotropy of FDM- 
printed PEEK, investigating thermal conductivity, crystallization char
acteristics, and microstructures of both FDM-processed PEEK and PEEK 
composites. Overall, these studies collectively affirm the significant 
potential of FDM printing as a reliable method for processing PEEK 
material, demonstrating promising outcomes across diverse parameters 
[21]. 

Moreover, additional studies have focused on exploring FDM print
ing of conventional PEEK lattices featuring struts with flat or cylindrical 
surfaces [22–25]. These investigations consistently revealed favorable 
cell responses and mechanical properties of PEEK lattice structures that 
closely resemble those of human bone. However, there is very limited 
research investigating the viability of extrusion-based AM techniques to 
process PEEK materials for the production of TPMS cellular constructs. 
In a study conducted by Spece et al. [26], researchers explored the 
fabrication of porous PEEK structures through FDM printing. The de
signs of the porous structures were based on a simple rectilinear pattern 
and uniform Gyroid and uniform Diamond TPMS topologies. The pore 
structure morphology, mechanical properties, and in-vitro cyto
compatibility of all FDM printed scaffolds were investigated. Their 
findings revealed open and interconnected porous networks aligned 
with the intended design, with TPMS structures exhibiting the highest 
level of mechanical strength. Notably, the study demonstrated that the 
porous PEEK samples exhibited enhanced cell attachment and activity 
compared to solid samples. In another study by the same research group 

[27], they develop a predictive model aimed at establishing the corre
lation between the elastic modulus of uniform Gyroid and Diamond 
scaffolds and key parameters such as strut thickness, pore size, and 
porosity. In addition, their research explored how the build orientation 
during the FDM printing process influenced the failure mechanism and 
mechanical properties of the scaffolds. They reported that for both the 
uniform Gyroid and Diamond structures, the elastic modulus typically 
rose with enhanced strut thickness and decreased porosity. Interestingly, 
the modulus exhibited relative consistency along each porosity line. 

While the current literature primarily focuses on the FDM printing of 
uniform TPMS PEEK scaffolds, it’s imperative to acknowledge the 
inhomogeneous and non-uniform hierarchical structure found in natural 
bone tissue. Natural bone exhibits graded porosity with varied pore size 
distribution, and diverse property profiles [28]. Studies have shown the 
dual advantages of gradient porous structures for tissue-engineered 
scaffolds. Firstly, they closely mimic the complex anatomy of natural 
human bones better than uniform structures. Secondly, by allowing for 
variable structural parameters, they enable the balancing of both bio
logical and mechanical properties of the scaffold. Therefore, the devel
opment of graded porous scaffolds is expected to facilitate the 
establishment of a functional environment conducive to enhanced 
cellular activity and reproduction [29–31]. Liu et al. [11] discovered 
that the TPMS method effectively generates gradients in multiple pat
terns, akin to natural tissue, in terms of both continuous topology and 
interconnectivity. Additionally, Han et al. [32] used SLM method and 
developed continuous functionally graded TPMS porous scaffolds based 
on the Schwartz Diamond architecture. They highlighted that a wide 
range of graded changes could optimize scaffold properties and pore 
space for bone tissue regeneration. 

In this study, for the first time we designed and 3D printed density- 
graded TPMS PEEK scaffolds achieved through cost-effective FDM 
printing technology. Notably, these scaffolds integrate Gyroid, Dia
mond, and Schwartz P unit cells and the graded structures feature a 
continuous linear variation in wall thickness, ensuring a smooth density 
transition while maintaining porosity level. The manufacturability and 
accuracy of FDM printed graded TPMS scaffolds are investigated, with 
the focus on the main limitation associated FDM printing of complex 
designs and curved contours within these structures. Morphological 
properties of the scaffolds are characterized through optical microscopy, 
and micro-CT imaging. Both mechanical testing experiments and nu
merical investigations are conducted to investigate the impact of unit 
cell types and gradient structures on the mechanical properties, defor
mation mechanisms, and stress distribution of all FDM printed TPMS 
PEEK scaffolds. To better evaluate the impact of gradient structures on 
scaffold performance, we also design and fabricate uniform structures 
sharing the same average porosities and unit cell type, comparing their 
morphological properties, printability, and mechanical properties 
against the graded structures. 

This study not only enhances our understanding of the spectrum of 
intricate structural and mechanical properties achievable through FDM 
printed PEEK TPMS scaffolds but also contributes to advancements in 
the field of bone tissue engineering by introducing fast, safe, and cost- 
effective approaches for the manufacturing of porous and custom
izable bone scaffolds resembling the intricate structure of natural bone. 

2. Experimental details 

2.1. Scaffold design and fabrication 

TPMSs are complex 3D periodic surfaces that minimizes surface area 
within a specified boundary. These surfaces divide the space into mul
tiple interlocked regions, where each region forms a single, inter
connected, and infinite component without enclosed empty spaces. 
Structures based on TPMS can be formed by the thickening of the 
minimal surface to generate sheet-based cellular constructs or by 
consolidating the volumes enclosed by the minimal surfaces to produce 
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skeletal-based cellular structures [12,33]. In this study, we focus on 
TPMS sheet scaffolds due to their exceptional mechanical properties and 
notably large surface area. To approximate TPMS structures, an implicit 
method is commonly employed, which represents surfaces through 
nodal equations and identifies zero-valued surfaces [34]. The nodal 
approximations for Schwarz P, Gyroid, and Diamond surfaces with cubic 
symmetries are described as follows in following Equations.  

1. Schwarz P implicit surface: 
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3. Gyroid implicit surface: 
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where parameters a, b, and c are the unit cell size in the directions X, Y, 
and Z, and C is the strut level parameter that regulates a unit’s volume 
fractions (porosity). Consistently, a uniform unit cell size of a, b, c = 6.25 
mm was applied to all scaffolds, replicated four times in each direction, 
resulting in overall dimensions of 25 × 25 × 25 mm3 for the designed 
structures. For the uniform structures, the strut thickness of Gyroid, 
Diamond, and Schwarz scaffolds were set at 1600 µm, 1400 µm, and 800 
µm, respectively. This deliberate adjustment was made with the specific 
goal of achieving a total porosity of 55 % (relative density of 45 %). 
Achieving an average porosity exceeding 50 % throughout the entire 
scaffold is crucial for fostering optimal bone ingrowth and promoting 
effective osseoconduction [36]. For the graded TPMS structures, we 
introduced a linear and continuous variation in the wall thickness. 
Specifically, for the Gyroid structure the strut thickness was designed to 
linearly vary from 1070 µm to 2120 µm along the z direction. Similarly, 
for the Diamond and Schwarz scaffolds, the strut thicknesses were 
designed to vary from 1030 µm to 1900 µm and 600 µm to 1200 µm, 
respectively. As illustrated in Fig. 1, this meticulous variation was 
carefully designed to ensure that the relative density of all graded 
structures remained within the desired range of 22 % to 68 %. Conse
quently, this design approach results in the same average porosity as 
uniform scaffolds across all graded structures. 

To calculate the relative density (ρ∗) and porosity (P) of the graded 
TPMSs, Eqs. (4) and 5 were employed [36]. These equations involve 
calculating the TPMS volume by multiplying its surface area (STPMS) by 
the thickness (t) and dividing it by the volume of a bulk structure with 
same dimensions, characterized by a, b, and c. 

ρ∗ = Vscaffold
/
Vbulk = STPMS.t

/
(a ∗ b ∗ c) (4)  

P = 1 − ρ∗ (5) 

A linear gradient in relative density and porosity (P) on the Z axis are 
given by: 

ρ∗ = k.z + ρ∗
0 (6) 

Where k and ρ∗
0 can be calculated by the two points ρ∗

Zmin
= 68% and 

ρ∗
Zmax

= 22% or by finding the best-fitting line that maximizes precision 
when considering all the data points. 

To determine the actual porosity of both uniform and graded scaf
folds, dry weight measurements in air were employed and the porosity 
percentage of the scaffolds was calculated as follows [37]: 

P =
(
1 − Mscaffold

/
Mbulk

)
∗ 100 (7) 

Where Mscaffold is the mass of scaffold in air and Mbulkis the theoretical 
mass of solid cubic sample with same dimensions. Measurements were 
repeated three times on three different samples. 

Fig. 2 illustrates the unit cell of each TPMS structure and the final 
design, incorporating both uniform and graded structures consisting of 
four repeating unit cells with dimensions of a, b, and c. 

Once the TPMS surface was generated using nTopology software, it 
was converted into a mesh representation that is compatible with 3D 
printing. The resulting mesh was then exported as an STL file. To further 
prepare the models for printing, the STL files were imported into 
Simplify 3D slicing software to generate the necessary G-code in
structions for printing. The printing process utilized a high-temperature 
FDM printer (Apium P220, Karlsruhe, Germany) and PEEK filament 
(Apium PEEK 450). To ensure high-quality prints, specific printing pa
rameters such as nozzle temperature, bed temperature, printing speed, 
extrusion multiplier, extrusion width, and cooling fan speed were 
selected based on manufacturer recommendations [38]. Additionally, 
all geometries were printed with 100 % infill density to create solid 
internal structures. The optimization conditions for nozzle diameter and 
layer height are detailed in the supporting document. Table 1 presents 
an overview of the FDM printing parameters that were used during the 
fabrication of the scaffolds. 

2.2. Porous scaffold morphology 

To evaluate the structural features and defects in all 3D printed 
scaffolds, we employed micro-CT characterization (Scanco Medical AG, 
Brüttisellen, Switzerland). The micro-CT procedure was conducted at a 
tube voltage of 160 kV, a tube current of 315 μA, and a voxel resolution 
of 15.8 μm. Subsequently, the acquired micro-CT images were processed 
and analyzed using the Avizo® software. The image data underwent 

Fig. 1. Linear relationship between the relative density and the height of the 
TPMS structures. 
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preprocessing, involving the removal of noise and artifacts from the 
scans and adjusting the image resolution as needed. Following this, we 
generated volume renderings to create a 3D representation of the in
ternal structure, and fine-tuned parameters such as the transfer function, 
opacity, and color maps. Finally, the morphologies of the scaffolds were 
exported for further analysis. In addition, digital optical microscopy 
(Olympus SDX510) was used to assess and record the surface quality and 
the presence of microdefects in the printed structures. 

2.3. Static compression testing 

2.3.1. Experimental compression testing 
The mechanical properties of the 3D printed scaffolds were evaluated 

by compression test using a universal testing system (Instron testing 
machine 3369 model) equipped with a 50 kN load cell. In accordance 
with ASTM D695–15 standard [39], printed scaffolds (n = 3 per group) 
were compressed based on an 80 % deformation at a constant crosshead 
speed of 1.3 mm/min at room temperature. The load was applied in a 
perpendicular manner to the direction of layer deposition. The obtained 
data were used to generate stress-strain curves for each porous design. 
From these curves, the modulus of elasticity and yield strength (deter
mined as the 0.2 % offset stress) were calculated [40]. The video camera 
(BirdDog PF120 NDI) captured the deformation behavior of all the 
TPMS scaffolds. 

2.3.2. Numerical compression testing 
In this study, ANSYS Workbench 2022R2 was used for Finite Element 

Analysis (FEA) of lattice structures’ stress distribution and compression 
performance, following the ASTM D695–15 standard used in experi
mental compression tests. The computational domain employed for this 
numerical simulation included the top and bottom die, as well as the 
load direction. All lattice structure dimensions were 25×25×25 mm3, 
and the plates were sized at 35×35×2 mm3. A displacement of 12.5 mm, 

Fig. 2. CAD models of designed TPMS structures: (a-1) Gyroid unit cell, (a–2) uniform Gyroid, (a–3) graded Gyroid, (b–1) Diamond unit cell, (b–2) uniform Dia
mond, (b–3) graded Diamond, (c-1) Schwarz P unit cell, (c–2) uniform Schwarz P, (c–3) graded Schwarz P. The scaffold has a total height of 25 mm, with a relative 
density of 68 % assigned at a Z height of 25 mm, and a relative density of 22 % assigned at a Z height of 0 mm. 

Table 1 
Printing parameters for printing the TPMS structures.  

Parameter Value 

Nozzle diameter 0.2 mm 
Primary layer height 0.08 mm 
Infill extrusion width 100 % 
Extruder temperature 480 ◦C 
Print bed temperature 130 ◦C 
Print speed 2000 mm/min 
Extrusion multiplier 0.9 
Cooling 60 %  
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equivalent to a 50 % strain, was applied to the lattice structures for 
simulation. For meshing, a non-linear mechanical mesh was created 
with 0.5 mm-sized elements, chosen to precisely capture significant 
deformations and alterations in the geometric configuration of the lat
tice structures. A mesh independence test was conducted to ensure ac
curate results, using approximately 1 million elements to maintain 
solution accuracy. In terms of boundary conditions, the top die was set 
as "bonded" to establish a rigid connection with the lattice structure. In 
contrast, the bottom die had a frictionless boundary condition to facil
itate free sliding with the ground, reducing computational costs. Anal
ysis type is static structural analysis, and the Newton-Raphson method 
was employed in "full" mode to precisely monitor deformations and 
geometry alterations in the lattice structures. Regarding material prop
erties, as the mechanical characteristics of PEEK were not present in the 
ANSYS Workbench material database, they were manually specified and 
integrated into the simulation. Young’s modulus, Poisson’s ratio, tensile 
yield strength, and compressive yield strength were set at 3.76 GPa, 
0.3779, 70.3 MPa, and 87 MPa, respectively. Fig. 3 illustrates the 
computational domain featuring the gyroid uniform design used in the 
numerical simulation. 

3. Results and discussions 

3.1. Sample morphology 

In Fig. 4, we present the FDM-printed scaffolds along with micro-CT 
images, orthogonal plane cuts, and optical microscopy images captured 
from top views of the scaffolds. 

The structural characteristics, including average pore size, strut size, 
and porosity for each design, are provided in Table 2, along with cor
responding values obtained from the actual FDM-printed scaffolds. 

Micro-CT scanning results revealed that the pores within the FDM 
printed constructs were open and interconnected. Importantly, all TPMS 
scaffolds printed using FDM closely matched the intended designs. There 
were no significant deviations observed in the average pore size, strut 
size, and porosity for each geometry when compared to their original 
designs. This highlights the effective optimization of FDM printing 
process parameters, ensuring high precision and accuracy in 3D printing 
the designed TPMS structures. Using Eq. (7) the actual porosity of all 
FDM printed scaffolds was determined. The variation between the 
designed and measured porosity was negligible. The uniform Gyroid, 
Diamond, and Schwarz scaffolds displayed actual porosities of 55 %, 
54.9 %, and 55.2 %, respectively. In the case of graded structures, these 
values were 55.2 %, 55 %, and 55.1 %, respectively. 

The size of the pores in the scaffold was determined by measuring the 
diameter of the largest sphere that can pass through the narrowest 
channel, as indicated in Fig. 2a-1, 2b-1, and 2c-1 [10]. The actual pore 
sizes of FDM-printed gradient Gyroid, Diamond, and Schwarz scaffolds 
fell within the ranges of 590–1340 µm, 700–1430 µm, and 218–1745 

µm, respectively. Fig. 5 presents a depiction of the measured pore sizes 
for all graded scaffolds in relation to their respective Z heights. Notably, 
graded Gyroid and Diamond structures exhibited comparable pore size 
ranges, while the graded Schwarz P scaffold showed a wider range of 
pore sizes. Additionally, it was observed that the printed scaffolds had 
pore sizes smaller than their designed sizes. In the case of uniform 
Gyroid, Diamond, and Schwarz scaffolds, the actual pore sizes were 
1050 µm, 1160 µm, and 1350 µm, respectively. The average differences 
between the designed and printed pore sizes were − 20 µm, − 40 µm, and 
− 30 µm, respectively. The negative values indicate pore shrinkage, 
which is a typical challenge encountered in FDM printing. During the 
hot extrusion process, heated polymer material is deposited from the 
nozzle, which then cool and solidify on previous layers. This cooling 
process leads to uneven heat distribution and temperature variations, 
resulting in internal stresses and shrinkage. This shrinkage can cause the 
printed pore to be slightly smaller than their intended design [41]. It is 
worth noting that the selection of materials and their thermal properties 
play a crucial role in determining the morphological accuracy of FDM 
printed porous structures. Materials with lower thermal expansion co
efficients generally experience less shrinkage during printing, leading to 
improved morphological accuracy in the final parts. Hence, for printing 
complex porous structures, materials like PEEK, known for their 
exceptionally low thermal expansion coefficient compared to other en
gineering polymers, are a favorable choice [42,43]. 

Previous studies have disclosed the use of scaffolds with mean pore 
sizes ranging from 100 μm to 1500 μm in bone tissue engineering ap
plications, demonstrating successful bone growth and tissue vascular
isation [35,44,45]. Table 2 and Fig. 5 highlight that the attained pore 
sizes in all uniform scaffolds, graded Gyroid, and graded Diamond 
scaffolds align with the recommended range for optimal bone regener
ation. Notably, the graded Schwarz P scaffold yielded larger pore sizes, 
specifically 1745 µm at a Z height of 3.125 mm. Previous studies have 
also noted that when scaffolds with the same volume fraction are 
compared, the Schwarz P design tends to exhibit larger pore sizes in 
comparison to the Gyroid and Diamond scaffolds. This finding suggests 
that the specific geometric arrangement of the Schwarz P structure al
lows for relatively larger void spaces within the material [39]. 

3.2. Deformation behavior 

Finite element (FE) simulation was employed to analyze the distri
bution of stress within six TPMS scaffolds when subjected to a strain of 
50 %. Fig. 6 illustrates the stress distributions at various strains for all 
scaffolds. The FE analysis revealed that the stress distribution and 
deformation behavior is influenced by the scaffold architecture, high
lighting the importance of scaffold design in determining stress distri
bution. Notably, distinct variations in stress patterns were observed 
between the graded and uniform structures. In the graded structures, the 
highest stress concentration was consistently observed at the top sur
face, as shown in Fig. 6a-1, 6b-1, and 6c-1 at a strain of 30 % and 40 % 
for the Gyroid, Diamond, and Schwarz P graded structures. This obser
vation can be attributed to the limited thickness of the graded scaffolds, 
leading to a concentration of load-bearing forces in this region. In 
contrast, the stress distribution in the uniform structures displayed 
lattice-dependent variations. For the uniform Gyroid and Diamond 
scaffolds, the highest stress values were found in the diagonal direction 
which may result in the appearance of slippage along this direction, as 
depicted in Fig. 6a-2 and 6b-2 at a strain of 50 % for the Gyroid uniform 
and Diamond uniform structures. Previous studies have reported similar 
observations regarding stress distribution in uniform Gyroid and Dia
mond structures [17,46]. This pattern suggests that the diagonal paths 
within the lattice structure bear the maximum load and experience the 
highest stress levels [17]. Conversely, in the uniform Schwarz P scaffold, 
the stress distribution was highest in the horizontal direction at the top 
of each unit cell, as illustrated in Fig. 6c-2 at a strain of 50 % for the 
Schwarz P uniform structure. This finding indicates a preference for load 

Fig. 3. Computational domain featuring the Gyroid uniform design used in the 
numerical simulation. 
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transfer along the horizontal plane of the Schwarz P lattice, resulting in 
localized stress accumulation in this direction. 

Fig. 7 shows the deformation and collapse behaviours of all FDM- 
printed PEEK TPMS scaffolds with same porosity. As the upper die 
moved down, all scaffolds displayed elastic-plastic deformation prior to 
reaching the point of fracture occurred. In terms of the fracture behavior 

of the graded TPMS scaffolds, similarities were observed during the 
compression tests for the three different TPMS structures. For all graded 
scaffolds, fracture initiation consistently occurred at the top surface, 
which have the thinnest thickness. Cracks initiated at the thinnest layers 
and then progressively extended to the thicker region in a sequential 
layer-by-layer fashion. This phenomenon can be attributed to the 

Fig. 4. (First column) FDM printed, (Second column) 3D µCT rendering images, (Third column) Orthogonal plane cut, and (Fourth column) top view of optical 
microscopy images for (a) Gyroid uniform, (b) Gyroid graded, (c) Diamond uniform, (d) Diamond graded, (e) Schwarz P uniform, and (f) Schwarz P graded 
TPMS structures. 
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gradual enhancement of structural strength resulting from the incre
mental increase in wall thickness. However, it is important to note that 
in the case of graded Schwartz scaffold, early indications of cracks in the 
lower layers were observed at a strain of 10 % and 20 %, particularly 
near the pore curves. This observation is supported by FEA analysis 
results (Fig. 6) which indicates a higher stress distribution at the top 
surface gradually decreasing in the Z direction as the structure’s thick
ness increases in the graded structures. In the uniform Gyroid structure, 
cracks were initially observed in the diagonal direction at around 30 % 
strain. However, these cracks disappeared as the strain increased to 
approximately 40 %. The efficient interlocking and direct contact be
tween neighbouring cellular structures facilitated rapid crack filling and 
the elimination of shear bands within the uniform structure. FE analysis 
in Fig. 7d further supported this finding, highlighting the likelihood of 
higher tension in the diagonal direction. Additionally, Fig. 6a-2 revealed 
a susceptible and fragile stress distribution along the diagonal direction 
in the uniform Gyroid structure. 

Similar to the Gyroid scaffolds, detailed observations of the Diamond 
uniform structure revealed crack initiation at the center of the structure 
at a strain of 30 %. These cracks then gradually propagated along the 
diagonal direction. The collapsing process began at the bottom surface, 
resulting in layer-by-layer collapses. The fracture behavior of Gyroid 
and Diamond scaffolds was further supported by Fig. 7d and e, illus
trating higher stress concentration along the diagonal direction, further 
validating the experimental observations. Fig. 7f also highlights the 
presence of stress concentration regions near the pore curves in the 
Schwarz P scaffolds. These regions are particularly susceptible to failure 
initiation and eventual fracture. The existence of hollow curves within 
the Schwarz P structure introduces inherent vulnerabilities in terms of 
stress distribution and load-bearing capacity. The concentrated stresses 
within these hollow curves increase their susceptibility to fracture and 
failure. These findings align with previous studies in the literature, 

which have consistently shown through simulation analyses the influ
ence of hollow layers on the deformation behavior and structural 
integrity of lattice and honeycomb structures [47]. 

3.3. Mechanical properties 

One of the key requirements for bone scaffolds is to possess me
chanical properties that is similar to natural bone, enabling them to 
withstand the stresses encountered during tissue regeneration. This 
requirement is essential for ensuring the scaffolds’ ability to provide 
structural support and stability throughout the healing process. The 
mechanical properties of TPMS scaffolds are greatly influenced by fac
tors such as density and the type of unit cell employed. These parameters 
play a significant role in determining the strength, stiffness, and overall 
mechanical behavior of the scaffolds. By optimizing these parameters, 
the mechanical performance of bone scaffolds can be tailored to provide 
the necessary support and functionality for successful tissue regenera
tion. Fig. 8 shows the numerical and experimental compressive stress- 
strain curves of our FDM printed uniform and graded TPMS scaffolds 
with different unit cell design. Fig. 8a-1, b-1, and 8c-1 provide a 
comprehensive view of the mechanical behavior of the Gyroid, Dia
mond, and Schwarz P scaffolds under compression, illustrating their 
response up to a strain of 80 %. All structures exhibit a typical me
chanical response during compression, characterized by initial linear 
elasticity, followed by a long plateau stress stage and final densification. 
As densification begins, the stress increases rapidly, and the structures 
behave like solid materials due to self-contacting surfaces. In the case of 
the uniform scaffolds, a linear elastic behavior is observed in the initial 
elastic region, spanning from 0 % to 10 % strain, where the stress is 
directly proportional to the applied strain. The elastic modulus (E) of 
each scaffold was calculated from this region. As shown in Fig. 8c-1, the 
uniform Schwarz P scaffold display a peak stress of about 18.1 MPa at 

Table 2 
The detailed information of both designed and FDM printed scaffolds.    

Gyroid Diamond Schwarz P   

Uniform Graded Uniform Graded Uniform Graded 

CAD Design Pore size (µm) 1070 630–1350 1200 780–1440 1380 280–1750 
Average Porosity (%) 55 55 55 55 55 55 
Strut (µm) 1600 1070–2120 1400 1030–1900 800 600–1200 

FDM printed (Average) Pore size (µm) 1050 590–1340 1160 700–1430 1350 218–1745 
Average Porosity (%) 55 55.2 54.9 55 55.2 55.1 
Strut (µm) 1620 1120–2120 1430 1070–1910 820 630–1250  

Fig. 5. Pore sizes of the graded (a) Gyroid, (b) Diamond, (c) Schwarz scaffolds against the Z height.  
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the end of the linear elastic phase. Subsequently, it demonstrates a 
softening behavior and stress fluctuations within the second region, 
identified as the plateau region. Notably, there are minor strength re
ductions observed in comparison to the peak stress. In contrast, uniform 
Gyroid and Diamond scaffolds lack a distinct peak stress, showing a 
continuous hardening behavior with minimal stress fluctuations in the 
plateau region (Fig. 8a-1, b-1). The second region, known as the plastic 
plateau, extends from approximately 15 % to 50 % strain. During this 
phase, the scaffolds undergo significant plastic deformation without a 
significant increase in stress. This indicates the scaffolds’ ability to 
withstand high strains while maintaining a relatively constant stress 
level. The third region, referred to as the densification region, occurs 
beyond 50 % strain. In this region, the scaffolds experience a progressive 
increase in stress as the structure becomes more compact and denser due 
to compression [12,48]. 

The stress-strain curves of the graded scaffolds also exhibit the three 
distinct regions observed in the uniform scaffolds. However, in the case 
of the graded structures, visible fluctuations are observed in the plateau 
region of the compression tests for all scaffolds with Gyroid, Diamond, 
and Schwarz P unit cell designs. Fig. 8a-2 through 8c-2 illustrate a closer 
examination of specific regions of interest within the stress-strain 

curves, allowing for a detailed exploration of the scaffolds’ mechanical 
behavior. Moreover, Fig. 8a-3, b-3, and 8c-3 display the FE simulated 
stress-strain curves for the same scaffolds, demonstrating good agree
ment with the experimental results. For the graded Gyroid structure, a 
descent in the stress level is observed at around 20 % strain (Fig. 8a-1). 
This can be attributed to the occurrence of structural cracks, which were 
visually observed during the compression test at this stage. The presence 
of these cracks introduces local stress concentration and weakens the 
overall structural integrity, leading to the observed drop in stress. In the 
case of the Diamond and Schwarz P graded structures, even more pro
nounced fluctuations are observed in the stress-strain curves. These 
fluctuations can be attributed to the collapse of individual layers, pri
marily occurring at the top surfaces of the structures. As previously 
discussed, these top layers are typically the thinnest, making them more 
susceptible to deformation and collapse under compressive loading 
(Fig. 7). The collapse of these layers introduces variations in stress dis
tribution along the structure, resulting in the observed fluctuations in 
the stress-strain curves. FE simulation results also exhibit fluctuations, 
although they may not precisely match the fluctuations observed in the 
experimental data. This disparity between the experimental and FE re
sults may be attributed to the reduced thickness of the struts in the 

Fig. 6. Stress distribution of TPMS scaffolds under 10–50 % of strain for (a) Gyroid, (b) Diamond, and (c) Schwarz P with uniform and graded structures.  
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numerical models, which can delay the contact of collapsed layers [49]. 
Fig. 9 and Table 3 present the compressive modulus and compressive 

yield strength of all TPMS scaffolds, comparing FE simulations and 
experimental results. 

Focusing on the influence of unit cell type and structure design on the 
mechanical properties of PEEK TPMS scaffolds, we noted considerable 
variations in both elastic modulus and compressive strength values 
depending on the scaffold architecture for uniform scaffolds. The uni
form Gyroid and uniform Diamond scaffolds exhibited an earlier onset of 
densification compared to the Schwarz P structure, indicating a higher 
level of elasticity. This suggests that these scaffolds possess greater 
resistance to compression, requiring more force to reach their maximum 
compressive strength. Specifically, the Gyroid, Diamond, and Schwarz P 
scaffolds demonstrated elastic moduli of 402 MPa, 343 MPa, and 234 
MPa, respectively. Moreover, their respective compressive strengths 

were measured at 24.7 MPa, 21.96 MPa, and 18.24 MPa. Previous 
studies have reported similar results, indicating the impact of unit cell 
type on the elastic modulus and compressive strength of additively 
manufactured TPMS structures [49,50]. The graded Gyroid scaffold 
exhibited the highest elastic modulus of 200 MPa and compressive 
strength of 5.15 MPa, while the Diamond and Schwartz graded scaffolds 
displayed lower values of 178 MPa and 147 MPa for elastic modulus, 
and 4.3 MPa and 4.1 MPa for compressive strength, respectively. Pre
vious studies have provided a range of elastic modulus and compressive 
strength values for human trabecular bone, spanning from 10 to 3000 
MPa and 0.1 to 45 MPa, respectively [51,52]. Notably, our findings 
demonstrated that the mechanical properties of our FDM printed PEEK 
scaffolds, including both uniform and graded structures utilizing various 
Gyroid, Diamond, and Schwarz P unit cell types, were comparable to the 
properties observed in trabecular bone (Fig. 9d). These results suggest 

Fig. 7. Experimental deformation behavior of (a) Gyroid, (b) Diamond, and (c) Schwarz P structures under compressive load, and FE stress distribution of their unit 
cells: (d) Gyroid, (e) Diamond, and (f) Schwarz P. Stress concentration points are indicated by the red arrows. 
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that our fabricated scaffolds have the potential to exhibit mechanical 
characteristics similar to native bone tissue, making them promising 
candidates for tissue engineering applications. Fig. 9d presents a com
parison of the mechanical properties between our developed TPMS 
scaffolds and existing PEEK scaffolds fabricated using fused filament 
fabrication technology. Su et al. [23] investigated rectilinear PEEK 
samples and found compressive strength and modulus values of 23 MPa 
and 397 MPa, respectively. Feng et al. [24] tested FFF rectilinear lattice 
samples with approximately 60 % porosity and pore sizes ranging from 
260 to 556 μm. They reported ultimate compressive strength values 
between 31 and 60 MPa and elastic modulus values ranging from 231 to 
368 MPa. In a recent study, Spec et al. [26] fabricated rectilinear, 

uniform Gyroid, and uniform Diamond scaffolds using FDM printing. 
The TPMS-inspired structures, with a pore size of 600 and porosity of 
approximately 70 %, demonstrated higher mechanical strength 
compared to the traditional rectilinear scaffold. The uniform Diamond 
scaffold exhibited a strength of 17.1 MPa, the uniform Gyroid scaffold 
had a strength of 14.8 MPa, while the rectilinear scaffold had a lower 
strength of 6.6 MPa. While no specific studies on graded TPMS-inspired 
PEEK scaffolds were found for direct comparison, previous research has 
investigated porous PEEK structures created through FDM printing 
method. Remarkably, the mechanical properties observed in our study 
for TPMS scaffolds showed similarities to those reported in the literature 
for porous PEEK structures. 

Fig. 8. Mechanical behavior of three PEEK TPMS scaffolds: entire experimental stress-strain curves for (a-1) Gyroid, (b-1) Diamond, and (c-1) Schwarz P, experi
mental stress-strain curves at local regions for (a-2) Gyroid, (b-2) Diamond, and (c-2) Schwarz P, stress-strain curves obtained from FE simulations for (a-3) Gyroid, 
(b-3) Diamond, and (c-3) Schwarz P scaffolds. 
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The observed differences in compressive modulus and strength be
tween the uniform and graded TPMS scaffolds can be attributed to 
various scientific factors. Firstly, the uniform scaffolds demonstrate 
higher compressive modulus and strength due to their more homoge
neous and regular lattice configurations [53]. The uniform gyroid 
structure exhibits superior mechanical properties because of its inherent 
symmetry and interconnected network of struts [40]. This regularity 
allows for efficient load transfer and distribution, resulting in enhanced 
stiffness and strength. On the other hand, the graded scaffolds feature 

variations in strut thickness, which introduce structural heterogeneity. 
These thickness variations affect the load-bearing capacity of the scaf
fold, leading to a reduction in compressive modulus and strength [47]. 
The thinner regions at the top surface of the graded structures are 
particularly susceptible to deformation and failure, contributing to the 
lower mechanical properties observed. While 3D scaffolds are designed 
to offer the necessary mechanical properties for compatibility at the 
implantation site, it’s crucial that their geometry and architecture 
accurately replicates the natural structure of the host bones to facilitate 

Fig. 9. Comparison of (1) Compressive modulus, and (2) Compressive strength 
for (a) Gyroid, (b) Diamond, and (c) Schwarz P scaffolds both uniform and graded structures, (d) Comparison of modulus and compressive strength between FDM- 
printed TPMS PEEK scaffolds in this study and existing literature on FDM-printed PEEK scaffolds. The obtained data shows close agreement with values reported for 
trabecular bone. The area filled with light red color highlights the range of mechanical properties typically observed in bone tissue. 
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tissue integration. It’s important to note that geometrical requirements 
may vary at different stages of tissue regeneration. Therefore, the proper 
structural design of the scaffolds is crucial for creating an optimal 
growth environment, ensuring effective flow and diffusion of nutrients, 
waste, and other biomolecules [11,54]. In this context, porous scaffolds 
with gradients of geometrical features have been recognized to offer 
several advantages over uniform structures in clinical applications for 
bone defect repair. Gradient scaffolds can better mimic the natural 
gradient of properties found in bone tissue, such as stiffness and 
porosity, leading to improved tissue integration and regeneration [55]. 
The gradual variation in scaffold properties promotes cell migration, 
proliferation, and differentiation, facilitating tissue ingrowth and 
regeneration across the defect site. Additionally, gradient scaffolds 
allow for the customization of properties to match specific tissue 

Table 3 
Compressive modulus and strength of FDM printed PEEK TPMS scaffolds ob
tained from experimental results and FE simulation.   

Compressive modulus E (MPa) Compressive strength σ (MPa)  

Experimental FE simulation Experimental FE simulation 

Gyroid/ U 402 334 24.7 26.64 
Gyroid/G 200 149 5.15 6.15 
Diamond/ U 343 396 21.96 23.16 
Diamond/ G 178 133 4.3 4.3 
Sch/ U 234 261 18.24 20.9 
Sch/G 147 122 4.1 2.22  

Fig. 10. 2D µCT rendering and Optical images revealing FDM process limitations in the fabrication of highly complex TPMS structures. µCT images from the top view 
were obtained from the XY plane 01 for all three graded scaffolds, showing the first top layer. U and G represent uniform and graded scaffolds, respectively. 

N. Sabahi et al.                                                                                                                                                                                                                                  



Applied Materials Today 39 (2024) 102262

13

requirements, enabling tailored treatments for individual patients and 
diverse defect geometries. By closely matching the mechanical proper
ties of surrounding bone tissue, gradient scaffolds can reduce stress 
shielding effects, minimizing the risk of implant failure and promoting 
long-term stability [56]. The graded PEEK scaffold designed and FDM 
printed in this study has been conclusively proven to exhibit mechanical 
properties akin to trabecular bone while featuring a gradient structure. 
This innovative approach ensures the essential strength required while 
faithfully mirroring the hierarchical structure of bone. 

3.4. Process limitation 

TPMS surfaces with complex designs and curved contours are chal
lenging geometries for FDM 3D printing process due to the steep over
hangs and thin walls in the design. Nevertheless, the structures could be 
successfully fabricated, if the process parameters optimized well albeit 
with some structural errors [57]. Our study findings underscore some 
key limitations linked to FDM-printed TPMS PEEK scaffolds. These 
include the presence of voids and gaps between the extruded layers, as 
well as issues like stair-stepping effects, rippled surfaces and stringing. 
Additionally, the inherent self-supporting nature of TPMS structures 
may further contribute to inconsistencies in FDM-printed porous struc
tures. It is worth noting that parts printed using the extrusion 3D 
printing technique exhibit anisotropic characteristics due to varying 
degrees of polymer chain interdiffusion and re-entanglement along both 
in-plane and out-of-plane directions. This anisotropic behavior can often 
result in layer delamination, potentially leading to brittle fracture 
properties. To mitigate this anisotropy, optimization of printing pa
rameters such as the temperature of the nozzle, bed, and chamber, as 
well as nozzle geometries, use of additives and solvent, and post
processing techniques, is essential [58]. In our study, we relied on 
manufacturer recommendations for these printing parameters to ensure 
optimal fabrication conditions. 

Fig. 10a-1, b-1, and c-1 provide 2D micro-CT renderings of graded 
Gyroid, Diamond, and Schwarz P scaffolds, showcasing the presence of 
small voids and tiny holes within the extruded layers. These observa
tions align with the well-known issue of internal void formation during 
the FDM printing process, resulting from the layer-to-layer 
manufacturing approach and incomplete material filling within the 
part layers [59]. Furthermore, the micro-CT renderings from the top 
plane (Fig. 10a-2, b-2, and c-2) demonstrate a significant decrease in the 
number of voids observed on the scaffolds’ upper surfaces. Additionally, 
the size of the voids appears to be smaller. Although meticulous opti
mization of the FDM process can substantially reduce the occurrence 
and size of voids and defects, it is advisable to employ post-processing 
techniques, such as chemical and heat treatments, to ensure complete 
filling of the voids [59]. 

Other limitations associated with the layer-by-layer nature of FDM 
printing are the presence of a stair-stepping effect, rippled surface 
appearance, and uneven profile shape which becomes more noticeable 
when viewing the FDM printed parts from the side. This effect is caused 
by the discrete deposition of material in each layer, leading to visible 
steps along the vertical axis [27,60]. However, the influence of material 
properties on these defects is significant. PEEK, known for its relatively 
high viscosity compared to other thermoplastics flows less easily due to 
its thicker consistency [61]. This reduced flowability results in more 
controlled material deposition during printing, minimizing the risk of 
over-extrusion. Consequently, high viscosity materials like PEEK are less 
prone to exhibiting rippled surface appearances caused by excessive 
material flow. Instead, they tend to produce smoother and more uniform 
surface finishes, showcasing the precision and reliability of their print
ing process. 

Fig. 10c-3 and c-4 emphasize the issue of uneven profiles, which was 
particularly prominent in the case of Schwarz P structures. In addition to 
the aforementioned limitations, printing unsupported sections of TPMS 
curved surfaces and intricate details pose challenges, particularly in 

regions with steep overhangs and sharp curves where there is no un
derlying layer for material adherence. The extrusion nozzle pulls and 
forms a straight segment of filament until it can attach to a stable sur
face, resulting in visible overhangs as illustrated in Fig. 10b-4. 
Furthermore, the stringing and oozing effect, caused by nozzle position 
changes, are more noticeable in these areas, as depicted in Fig. 10a-4. 

Despite efforts to optimize printing parameters, such as controlled 
filament retraction, it is challenging to completely eliminate stringing 
effect, especially when printing complex contours. However, it is 
important to note that while stringing is generally considered a problem 
in FDM, it can have a significant positive impact in scaffolding appli
cations by facilitating cell attachment [62]. Furthermore, Fig. 10a-4 and 
b-4 highlight the issue of the under-extrusion during the FDM printing 
process. Under-extrusion occurs when there is insufficient material 
deposited, leading to the formation of gaps or voids within the printed 
layers. This challenge becomes more pronounced in thin designs where 
the printer struggles to deposit the intended amount of material, leading 
to incomplete layer formation. Despite efforts to optimize printing pa
rameters, such as using fine layer heights, improved nozzle geometries, 
and small diameters, and optimizing minimum infill length and print 
width, successfully FDM printing small features with steep overhanging 
regions and sharp curves remains a challenge. It is important to note that 
this effect was specifically observed in graded scaffolds with thin walls 
ranging from 450 to 700 µm in thickness and a Z height of 25 mm. In 
contrast, under-extrusion was not observed in uniform scaffolds of all 
designs due to their larger strut thickness. Overall, despite some minor 
surface irregularities and inherent limitations of FDM printing, the 
scaffolds produced in this study demonstrated a high level of fidelity to 
the designed models with only minor deviations. Additionally, their 
mechanical properties were found to be in alignment with the re
quirements of cancellous bone. These findings underscore the potential 
of FDM printing as a viable and effective technique for fabricating 
complex and functional scaffolds for bone tissue engineering applica
tions. By implementing postprocessing techniques such as heat and 
chemical treatments, it is possible to mitigate the limitations associated 
with FDM printing [63,64]. 

4. Conclusion 

In this study and for the first time we have successfully utilized cost- 
effective FDM printing technology to fabricate density-graded PEEK 
TPMS scaffolds, including Gyroid, Diamond, and Schwarz P unit cell 
designs. The density-graded PEEK structures feature a continuous linear 
variation in wall thickness, ensuring a smooth relative density transition 
within the range of 22 % to 68 %, resulting in the same average porosity 
of 55 % as uniform scaffolds. Micro-CT and optical microscopy imaging 
confirm the accurate morphology of the FDM printed scaffolds 
compared to the CAD design models. Examination of the micro-CT and 
microscopy images reveals some minor structural and surface irregu
larities inherent to the layer-by-layer nature of the printing process. 
However, these imperfections did not significantly compromise the 
overall integrity and mechanical properties of the TPMS scaffolds. The 
Schwarz P scaffolds displayed larger pore sizes with more varied ranges 
compared to the Gyroid and Diamond scaffolds. The achievable pore 
sizes for graded Gyroid, Diamond, and Schwarz P scaffolds range from 
590 to 1340 µm, 700 to 1430 µm, and 218 to 1745 µm, respectively. 
Finite element simulation and compression tests were conducted to 
investigate the influence of unit cell design and gradient structure on 
stress distribution, deformation behavior, and mechanical properties. 
Findings revealed horizontal stress concentration in all density-graded 
structures with a higher concentration at the top surface, regardless of 
unit cell type. These top layers are typically the thinnest, making them 
more susceptible to deformation and collapse under compressive 
loading. This contrasted with lattice-dependent stress concentration 
observed in uniform structures. Notably, uniform Gyroid and Diamond 
scaffolds exhibited diagonal stress concentration, while Schwarz P 
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structure exhibited horizontal stress with concentration regions near the 
pore curves. Among the tested graded PEEK scaffolds, the Gyroid scaf
fold exhibited the highest elastic modulus and compressive strength, 
followed by the graded Diamond scaffold, while the graded Schwartz P 
scaffold show lower values. However, all gradient FDM printed PEEK 
TPMS scaffolds showcased elastic modulus and compressive strength 
closely resembling the properties of trabecular bone. In conclusion, this 
study has demonstrated that density-graded TPMS PEEK scaffolds with 
complex designs and curved contours can be fabricated using fast and 
cost-effective FDM printing technology to create diverse TPMS patterns, 
mirroring natural bone tissue in terms of continuous interconnectivity 
and mechanical characteristics. Among the three graded scaffold designs 
studied, the Gyroid and Diamond configurations stand out not only for 
displaying mechanical properties like trabecular bone and their ability 
to provide an ideal pore size range recommended for successful bone 
regeneration. However, future studies are needed to confirm the effec
tiveness of these designs utilizing PEEK material in promoting bone 
regeneration, both in vitro and in vivo. 
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