
Research Paper

Direct ink writing of bioactive PCL/laponite bone Implants: Engineering the 
interplay of design, process, structure, and function☆ 

Hongyi Chen a,b,*, Rui Cheng c, Se Hun Chung a, Arsalan Marghoub a, Hui Zhong d, 
Guohao Fang e, Stavroula Balabani a, Lucy Di-Silvio c, Jie Huang a,**

a Department of Mechanical Engineering, University College London, London, United Kingdom
b Department of Computer Science, University College London, London, United Kingdom
c Faculty of Dentistry, Oral & Craniofacial Sciences, King's College London, London, United Kingdom
d College of Civil and Transportation Engineering, Guangdong Province Key Laboratory of Durability for Marine Civil Engineering, Shenzhen Key Laboratory for Low- 
carbon Construction Material and Technology, Shenzhen University, Shenzhen, 518060, China
e Institute for Advanced Study, Shenzhen University, Shenzhen, 518060, China

A R T I C L E  I N F O

Keywords:
3D printing
Mechanical properties
3D assessment
Micro-CT
Cell activities

A B S T R A C T

Direct ink writing (DIW) is a room-temperature extrusion-based 3D printing technique that enables the fabri
cation of dense, customizable implants from viscous inks with precise spatial control. In this study, we present an 
engineering design framework for DIW-printed PCL/Laponite composites by tuning ink formulations and 
printing orientations to systematically investigate and control the complex interplay between shape fidelity, 
mechanical performance, and cellular response. Our findings show that printing at 0◦ orientation enhances 
filament-aligned surface topographies, which guide osteoblast attachment and significantly promote cell pro
liferation and mineralization. In contrast to previous studies using fused deposition modeling (FDM), we observe 
that printing at 90◦ orientation (perpendicular to the tensile load direction) results in higher mechanical per
formance due to improved filament bonding. Increasing Laponite loading (up to 30 %) improves shape retention 
by increasing ink viscosity, raises Young's modulus by up to 110 %, and enhances surface bioactivity by intro
ducing hydrophilic and bioactive cues. This study provides a tunable strategy for engineering bioactive and 
surface-active implants for the clinical need for non-load-bearing orthopaedic applications where structural 
integrity, surface-mediated osteointegration, and customized geometry are clinically essential.

1. Introduction

Using 3D printing for biomedical applications has gained popularity 
in recent years, as it enables the fabrication of complex implants with 
customized architecture specific to each patient and clinical condition 
[1–5]. Among 3D printing techniques, direct ink writing (DIW), which 
involves directly extruding relatively viscous material through a moving 
nozzle, has been widely adopted in the biomedical field [6–10]. It 
operates at room temperature, allowing a broad selection of bio
materials, temperature-sensitive drugs, and biomolecules. PCL is an 
FDA-approved polymer popular for tissue engineering implants due to 

its biocompatibility, biodegradability, and high permeability to drugs 
[11–13]. However, its Young's modulus is lower than natural bone tis
sues, and its osteoconductive potential is limited. Laponite, a type of 
nanoclay, offers high surface area and unique physicochemical charac
teristics, making it particularly effective in enhancing the local 
cell-material microenvironment [14].

Printability of inks is an important property for 3D printing as the 
shape of the printed products influences their integration and function 
[5,15–17]. Shape fidelity is commonly used as an indicator of print
ability, typically assessed by the shape and size of individual filaments or 
pores in porous lattice structures. It has been shown to be largely 
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influenced by ink rheology, which can be modulated through tailored 
formulations. For example, low-dimensional materials, such as nano
fillers, have been used to tune ink rheology and, enhance printability 
and functions [15,18–20]. However, current rheology and printability 
studies focus on hydrogel-based inks, leaving the realm of organic 
solvent-based polymer inks largely unexplored. In addition, current 
printability assessment is based on porous implant structures, rather 
than solid implants where adjacent filaments are bonded. Consequently, 
there is a pressing need to delve into the rheology and printability of 3D 
printed organic solvent-based polymer inks for solid structures.

In addition to shape fidelity, the mechanical properties of 3D-printed 
bone implants are vital for ensuring stability under mechanical load 
while preventing stress shielding. [21–23]. These properties are influ
enced by both ink formulation and printing parameters. Nanofillers, for 
instance, enhance stress dissipation within the polymer, while filament 
orientation affects interfacial bonding in 3D printed products [24–28]. 
However, most studies investigate the effect of ink formulations and 
properties or printing parameters on mechanical properties individu
ally. This study systematically investigates how these factors collectively 
influence shape fidelity and mechanical properties. In addition, previous 
research has predominantly focused on FDM, and limited attention has 
been given to DIW in this context.

While all the engineering aspects mentioned above are important for 
high-performance printing, cell response is crucial for biological appli
cations of printed products [23,29,30]. Ink formulation, the resulting 3D 
architecture, and surface topography all play interconnected roles in 
guiding cellular behavior. In particular, both the mechanical perfor
mance and biological response of printed structures are shaped by the 
combined effects of material composition and printing parameters. A 
detailed understanding of this structure–property–cell response rela
tionship in 3D printed dense implants is especially important for dense, 
surface-active implants used in non-load-bearing bone repair applica
tions, such as guided bone regeneration (GBR), craniomaxillofacial 
reconstruction, and defect filling [31–33]. In these scenarios, implants 
must provide structural stability while supporting surface-mediated 
osteointegration. Therefore, elucidating the interplay between ink 
design and print orientation is essential to optimizing direct ink writing 
(DIW) for such clinical applications.

This study pioneers in researching the interplay between composi
tions, rheology, printing design, shape fidelity, mechanical properties 
and cell response of 3D printed structures with DIW in an integrated 
manner. The PCL/LP nanocomposite dumbbell-shaped specimens were 
3D printed with 2 orientations (0◦ and 90◦) and different LP loading 

concentrations: 0 %, 10 %, 20 % and 30 %. The rheological properties of 
the inks were characterized and the shape fidelity, mechanical proper
ties, and in vitro assessment with human osteoblast (HOB) cells were 
conducted. Fig. 1 illustrates the interplay between ink formulation & 
properties, printing design on the shape retention, mechanical proper
ties, and cellular responses of the printed products.

2. Materials and methodologies

2.1. Ink preparation

PCL pellets (molecular weight: 80 kDa) were purchased from Sigma- 
Aldrich and used as the polymeric matrix. Laponite® (LP) was kindly 
supplied by BYK Additives Ltd. Dichloromethane (DCM: CH2Cl2) was 
purchased from VWR Chemicals.

To make the PCL polymer-based ink, 50 % w/v of PCL was dissolved 
in DCM for 4h under magnetic stirring. The concentration of 50 % w/v of 
PCL makes the ink printable while also accommodating the increase in 
viscosity with the incorporation of nanofillers. For nanofiller-loaded 
composite inks, weighed bioactive nanofiller particles were mixed in 
DCM solvent for 10 min under magnetic stirring prior to dissolving PCL 
for a homogenous dispersion. Then weighed PCL pellets were added 
gradually to reach 50 % w/v. All inks were subject to ultrasonic bath for 
2 min to disperse the particles and then centrifuged (2000 rpm) for 2 
min to remove air bubbles. Three nanofiller/(PCL + nanofiller) con
centrations (10 %, 20 % and 30 %) were used for making PCL/LP 
composite inks. Filler loading density higher than 30 % can cause nozzle 
clogging issues and was not used in subsequent assessments.

2.2. Rheological tests

The rheological properties of the PCL/LP inks at 20 ◦C were assessed 
using a rotational rheometer (Discovery HR, TA Instruments) in order to 
investigate the effect of LP loading on the ink rheology. Steady and small 
amplitude oscillatory shear tests were conducted with a 40 mm plate- 
plate sandblasted geometry and a gap of 400 μm. Shear viscosity pro
files of the inks were obtained with rotational flow sweep tests in the 
shear rate range of 0.1–100 s− 1. A solvent trap was used to minimize 
drying during testing. The relatively short range of shear rates 
(0.1–100 s− 1) was selected to reduce measurement time and further 
limit drying, contributing to repeatable measurements. The storage 
modulus G’ of the inks was measured in the linear viscoelastic region, 
using frequency sweeps in the range of 0.1–100 Hz and a fixed strain 

Fig. 1. The interplay between the effect of nanofiller loading and printing orientation on the properties of the printed product including shape retention, mechanical 
properties and cellular response investigated in this study.
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amplitude of 1 %. The strain amplitude of 1 % is within the linear 
viscoelastic region of the inks as determined by preliminary amplitude 
sweep tests.

2.3. Fourier-transform infrared spectroscopy (FTIR)

The functional groups within the fillers and 3D printed PCL-based 
composites and were analyzed by FTIR spectrometer (PerkinElmer 
2000, PerkinElmer, Inc., Waltham, Massachusetts, USA). The spectra 
were collected by 64 scans with the wavelength ranging from 400 to 
4000 cm− 1 and resolution of 4 cm− 1. Characteristic peaks were 
compared to identify molecular interactions and compositional differ
ences between neat PCL and PCL/Laponite composites.

2.4. X-ray diffraction (XRD)

XRD patterns of the 3D printed specimens were determined using a 
Rigaku Miniflex 600 X-ray diffractometer. CuKα radiation and operating 
power of 40 kV and 15 mA, respectively, were used throughout. The 
diffraction patterns were collected at room temperature over the 2θ 
range of 3–40◦ with a step size of 0.02◦ and a scan rate of 5◦/min. The 
degree of crystallinity (XC) of the specimens was calculated by decon
voluting peaks of amorphous and crystalline phases from their diffrac
tion patterns according to the following Equation 1 [34]: 

XC =
IC

IC + IA
× 100% (1) 

Where IC is the total integrated crystalline area of crystalline PCL peaks 
determined from the deconvolution of the XRD results and IA is the 
amorphous PCL area under the halo centred at 21.3◦.

2.5. Differential scanning calorimetry (DSC)

The thermal behavior of the 3D printed specimens was assessed with 
DSC using Q2000 (TA Instruments) to examine the effect of orientations 
and nanofiller loading on the crystallinity of PCL. 3D printed PCL/LP 
composite specimens with different nanofiller loading concentrations 
and orientations (0◦ and 90◦) were examined. The specimens were cut 
into a disk shape of around 4 mm in diameter and 2 mm in thickness and 
the weight was kept at 5–6 mg. The standard heat-cool-heat method was 
used with a ramp rate of 10 ◦C/min and an isothermal period of 15 min 
in between each ramp. The first heating cycle started from an ambient 
temperature of 20 ◦C and heating to 150 ◦C. Then the specimens were 
cooled down to − 20 ◦C, to ensure complete crystallization of PCL, and 
reheated to 150 ◦C. The degree of crystallinity (XC) was calculated as 
[35]: 

XC =
ΔHF

ΔH0
F
× 100% (2) 

Where ΔHF is the enthalpy of fusion measured at the melting point 

during the first heating and ΔH0
F is the enthalpy of melting of 100 % 

crystalline PCL and 135 J/g was used [35].

2.6. 3D printing dumbbell specimens

The 3D printing process was performed with a DIW printer (Fig. 2A) 
that was modified from a commercial FDM printer (Prusa i3). The 
original thermoplastic extruder was replaced with a syringe pump 
extruder driven by the same NEMA-17 stepper motor, enabling me
chanical extrusion of soft materials such as polymer-based organic so
lutions. This modification retains the original printer's XYZ motion 
control system and is fully compatible with common G-code generation 
software, including Cura used in this study. Retraction was disabled to 
maintain a consistent extrusion flow, critical for DIW printing of viscous 
materials. Additionally, G-code was manually edited to align the end 
point of each layer with the starting point of the next, minimizing nozzle 
travel and maintaining flow consistency. The print speed for all speci
mens was set as 7.5 mm/s which is optimized to balance efficiency and 
print quality. The nozzle diameter was 0.6 mm, the layer height was 0.4 
mm to facilitate filament bonding All printing was performed at room 
temperature (20 ◦C), with a constant print speed of 7.5 mm/s, optimized 
for extrusion stability and shape fidelity. No fill gap was applied, 
ensuring full filament contact to form solid, fused structures. Frosted 
glass coated with poly(vinyl alcohol) hydrogel was used as substrate as it 
facilitates adhesion between the printed structure and the substrate. The 
PCL/LP nanocomposite inks were 3D printed into dumbbell specimens 
(ASTM D638 Type IV, scaled down 50 %). The total length of the 
specimens was around 58 mm, the length of the narrow middle part was 
16 mm, and the gauge length and width were 12 mm and 3 mm 
respectively. Two filament orientations, 0◦ and 90◦, which represent the 
extremes of filament alignment were printed for tensile testing (Fig. 2B 
(C)). They provide a clear contrast as they represent the extremes of 
alignment, and a baseline understanding of how alignment influences 
the properties of the printed implants.

2.7. Structural assessment

Micro-CT scanning (Nikon XT H 225 ST) was used to assess the gauge 
section of the 3D printed PCL/LP dumbbell-shaped specimens before 
and after tensile testing in a 3D manner. Circular (360◦) scans were 
performed on the printed specimens using a high-resolution micro- 
computed tomography (micro-CT) system. The voxel size was set to 6.5 
μm, providing fine spatial resolution suitable for evaluating filament 
fidelity and internal morphology. The X-ray source power was set at 6 W 
to minimize beam-induced blurring while remaining below the voxel 
resolution threshold. Beam energy was optimized at ~60 kV to ensure 
adequate penetration through the polymer-composite structures while 
maintaining high contrast between the material and background. The 
contrast range between the minimum grayscale within the specimen and 
the detector baseline, as well as between the maximum grayscale and 

Fig. 2. (A) The custom-made DIW 3D printer used in the lab. (B) and (C) The printing paths for the dumbbell-shaped specimen with 90◦ and 0◦ orientations 
respectively in the preview mode of Ultimaker Cura.
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surrounding background, exceeded 4000 grayscale units—ensuring 
clear segmentation during image reconstruction. A gain of 30 dB was 
used to limit electronic noise, while a relatively long exposure time of 1 s 
was chosen to enhance brightness and compensate for the lower gain. 
This produced image grayscale values in the range of approximately 
18,000 to 56,000. Before scanning, detector calibration and shading 
correction were performed. Shading correction compensates for non- 
uniformities in detector sensitivity and beam intensity. Image recon
struction was performed in CT agent where the images taken from 
micro-CT scanning were transformed into volumetric data. First the 
images at the starting point and final point were checked to ensure that 
the specimens were stable during scanning. The beam hardening and 
ring artifact were minimized during reconstruction. Avizo 3D (Thermo 
Fisher Scientific, Mass, USA) was used to analyse the volumetric data 
acquired by micro-CT, visualize the structures of interest and perform 
measurements. Briefly, the region of interest was initially segmented by 
applying a grayscale threshold to differentiate the material from the 
background, defining the primary volume. To eliminate noise and 
background artifacts, the Pick & Move tool was employed to isolate only 
interconnected voxel regions, thereby removing unconnected back
ground voxels. The Remove Island function was subsequently used to 
discard small voxel clusters attached to the surface that were not part of 
the main structure.

Particle size distribution analysis was conducted using VGSTUDIO 
MAX based on micro-CT data. Due to beam path variation during 
scanning, minor grayscale inconsistencies may remain even after 
reconstruction. To address this, VGSTUDIO MAX's local contrast-based 
segmentation was used, which evaluates voxel intensity relative to its 
neighboring region, enhancing segmentation accuracy. Particles were 
identified using a standard deviation threshold of 0.6 in the VGpore 
module, selecting voxels with grayscale values exceeding the local mean 
by more than 0.6 standard deviations. This method allows for precise 
identification of microstructural features while reducing false positives 
from grayscale noise.

The porosity Pt of 3D printed structures is calculated as: 

Pt =
Vp

Vt
× 100% (3) 

Where Vp is the volume of pores and Vt is the total volume of the 
structure.

The surface morphology of 3D printed PCL/LP specimens was 
analyzed using scanning electron microscopy (SEM) (Zeiss GeminiSEM 
360, Carl Zeiss AG, Germany). Imaging was conducted on the gauge 
regions of the PCL/LP constructs both before and after tensile testing, as 
well as after seeding with human osteoblast (HOB) cells. The specimens 
were sputter-coated with gold nanoparticles prior to SEM imaging. SEM 
imaging was carried out at a voltage of 5 kV using a secondary electron 
(SE) detector to capture high-resolution topographic features.

The nanoscale surface roughness of the printed specimens was 
characterized using an atomic force microscope (AFM) (Bruker Dimen
sion Icon) operating in tapping mode. Specimens were affixed to mag
netic sample disks and scanned under ambient conditions. Each sample 
was scanned over a 30 μm × 30 μm area at a scan rate using a silicon 
probe Topographical images were captured and analyzed using Bruker's 
NanoScope Analysis software and the root mean square (RMS) rough
ness was calculated from at least three different surface regions per 
sample, and the mean and standard deviation were reported for each 
group.

Microscale surface roughness of the printed specimens was assessed 
using a Keyence VHX-X1 digital microscope operated at 500 × magni
fication. 3D surface reconstruction was performed using the system's 
built-in depth composition and profilometry functions. Representative 
surface regions (~2000 μm × 2000 μm) were imaged, avoiding edge 
defects and interfacial discontinuities. For each group, three specimens 
were analyzed, and three measurements per specimen were taken to 

ensure reproducibility. Root mean square (RMS) roughness measure
ments were calculated using the microscope's integrated software, and 
results were reported as mean ± standard deviation.

2.8. Water contact angle measurement

The surface wettability of the printed specimens was assessed using a 
contact angle goniometer (Ossila, UK) equipped with a high-resolution 
camera and image analysis software. Samples were placed on a lev
eled stage, and 2 μL droplets of deionized water were carefully dispensed 
onto the surface using a microliter syringe. Contact angle images were 
captured immediately after droplet deposition to minimize evaporation 
effects. Measurements were conducted at room temperature under 
ambient conditions. For each sample group, three different specimens 
were tested, and three measurements were taken per specimen at 
different surface locations. The static contact angle was determined 
using Ossila's built-in drop shape analysis software, which applied a 
tangent-fitting method to the droplet profile. The mean and standard 
deviation were reported for each group.

2.9. Tensile testing

Uniaxial tensile tests, according to the ASTM D638-14 standard 
(specimens scaled down 50 %), were conducted on the dumbbell spec
imens using a universal testing machine (Instron-5969) at a displace
ment rate of 10 mm/min. All tests were conducted at room temperature 
(20 ◦C) with a 50 kN load cell. The cross-sectional area and gauge length 
of each specimen were used to calculate the engineering stress and strain 
to generate a stress-strain plot. The Young's modulus (E) was measured 
as the ratio of stress over the strain in the linear region. Ultimate tensile 
strength (UTS) is the maximum stress prior to fracture and fracture 
strain (FS) is the strain measured at the breakage of the specimen. A 
sample size of 5 was used.

2.10. In vitro cell culture

Human osteoblast cells (PromoCell Catalogue No: C-12720) were 
seeded at a concentration of 1x105 per specimen/well on the 3D printed 
specimens to assess cell viability and morphology of cells. Cells were 
incubated in HOB media: Dulbecco's modified Eagle's medium (DMEM; 
Hyclone, USA) supplemented with 10 % fetal bovine serum (Hyclone) 
and 1 % penicillin–streptomycin (Hyclone). The 3D printed specimens 
were sterilized by soaking with 70 % ethanol for 24 h. Prior to cell 
seeding, the specimens are then submerged in human osteoblast culture 
media at 37 ◦C at 5 % CO2 for 24 h to facilitate cell adhesion.

2.11. Cell viability assessment

Cell viability was assessed using a LIVE/DEAD™ Viability/Cytotox
icity Kit (Thermo Fisher Scientific, Waltham, MA, USA) after 7 days of 
cell culture. The kit consists of calcein AM which stains live cells and 
Ethidium homodimer-1 which stains dead cells. Staining solutions were 
made by adding calcein AM (1 μl/ml) and Ethidium homodimer-1 (1 μl/ 
ml) in HOB culture media. HOB-seeded samples were rinsed in PBS, 
submerged in staining solutions for 30 min and then imaged with an 
Olympus IX51 fluorescent microscope. ImageJ software was used to 
display and merge images of live and dead cells of the same location to 
enable counting and viability estimation.

2.12. Cell proliferation assessment

Proliferation assessment was conducted using alamarBlue™ assay, as 
previously described [36]. Implants made from PCL-based materials 
were seeded with 1 × 104 HOB cells each, and their proliferation was 
evaluated over a 15-day period. Cell-seeded implants were placed in 
24-well plates and maintained in culture medium for the designated 
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time points. At each time point, the existing medium was replaced with a 
10 % AlamarBlue™ solution, and the implants were incubated for 4 h. 
Negative controls consisted of 10 % AlamarBlue™ solution without 
cells, while tissue culture plastic seeded with cells served as the positive 
control. Following incubation, 100 μL of the medium from each well was 
transferred to a 96-well plate, and absorbance was measured using a 
microplate reader at a test wavelength of 570 nm and a reference 
wavelength of 630 nm (Dynex Technologies, Chantilly, VA, USA). The 
results demonstrated absorbance changes over 15 days, reflecting cell 
proliferation in the PCL-based implants.

2.13. Cell mineralization assessment

Calcium deposition on HOB-seeded 3D-printed implants was evalu
ated using Alizarin Red S staining on day 16 and day 26. At each time 
point, implants were washed with PBS, fixed with 10 % formal saline, 
and rinsed with deionized water. The fixed specimens were stained with 
1 mL of 2 % Alizarin Red S solution for 15 min and then washed with 50 
% ethanol. Images of the stained implants were captured for qualitative 
analysis. Quantitative assessments were conducted by adapting a pre
viously published protocol [36,37]. Bound stain on the implants was 
dissolved with 1 mL of 10 % cetylpyridinium chloride (CPC) solution, 
and 100 μL aliquots of the supernatant were transferred to a 96-well 
plate. Absorbance was measured using a microplate reader (Opsys 
MR™ 96-well microplate reader, Dynex Technologies, Chantilly, VA, 
USA) at 570 nm. Serial dilutions of Alizarin Red S in CPC solution were 
used to construct a standard curve. Calcium deposition was calculated 
based on the molar ratio of Alizarin Red S to calcium, where 1 mol of 
Alizarin Red S binds to 2 mol of calcium [38]. Mineralization results 
were expressed as μmoles of calcium per well, with measurements from 
unseeded implants (blank controls) subtracted from the calcium depo
sition measurements of seeded implants.

2.14. Cell preparation for SEM

Sample preparation for SEM imaging was described previously [36]. 
The cell-seeded specimens cultured for 7 days were fixed with 2.5 % 
glutaraldehyde in 0.1 M sodium cacodylate buffer for at least 24 h at 4 ◦C 
to preserve the structure of cells. Subsequently, the samples were 
immersed in 1 % osmium tetroxide solution in 0.1 M sodium cacodylate 
buffer for 1 h, followed by immersion in 1 % tannic acid solution in the 
same buffer for another hour. These steps served to retain the lipid, 
protein, and carbohydrate structure of cells, and enhance the contrast 
and staining. Then, samples were dehydrated with a series of aqueous 
ethanol solutions (20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 90 %, 96 % and 
100 %). After dehydration, the samples were rinsed with hexame
thyldisilazane (HMDS), a drying agent, and then left to air dry, allowing 
complete removal of any residual moisture. Prior to observation under 
SEM, the specimens were sputter-coated with gold nanoparticles.

2.15. Statistical analysis

For comparing the mechanical properties between different groups, 
statistical analysis was performed with one-way analysis of variance 
(ANOVA) with Tukey's post hoc multiple comparison tests. A p-value 
smaller than 0.05 was considered statistically significant.

3. Results

3.1. Rheological properties of inks

The rheological properties of the PCL/LP polymer nanocomposite 
inks are shown in Fig. 3. The shear viscosity curves were fitted to the 
Carreau model and the zero-shear viscosity η0 and power index n are 
calculated and shown in Table 1. All inks show shear-thinning behaviour 
reflected by the viscosity decrease with increasing shear rate (Fig. 3 (A)) 

and a power index n smaller than 1 (Table 1). This behaviour is desirable 
for 3D printing as it facilitates extrusion. LP loading increases the zero- 
shear viscosity η0 effectively (Fig. 3 (B)), and enhances the shear- 
thinning behavior, reflected by the decrease of the power index n. LP 
particle clustering at low shear rates can restrain the long-range motion 
of polymer chains, increasing the shear resistance [39]. Increasing the 
shear rate can result in the shape relaxation of LP particles (aligning with 
the flow), and the disentanglement of polymer chains of PCL, contrib
uting to the decrease of viscosity and shear-thinning behaviour.

The storage modulus G′ of PCL/LP inks was measured with frequency 
sweep tests (Fig. 3 (A)). The PCL/LP composite inks exhibit a plateau of 
storage modulus at low frequency, which is attributed to the percolation 
of the nanofillers and the formation of a robust interconnected nanofiller 
network of LP particles within the PCL matrix [40,41]. As the LP con
centration increases, the plateau becomes more prominent, indicating a 
stronger interconnected nanofiller network. The storage modulus G’ also 
increases throughout the frequency range as the LP concentration in
creases. This may also contribute to the increase in zero-shear viscosity 
as nanofiller loading concentration increases.

The relaxation time τ was estimated from the modulus crossover in 
frequency sweep tests (Table 1). With higher Laponite nanoclay con
centrations, the relaxation time of the ink increases, indicating a longer 
time to release the stored stress and transition from a more elastic state 
into a more relaxed and viscous state. This is likely due to the combi
nation of the restraint on the motion of the polymer chain and a more 
robust interconnected network, as mentioned above.

3.2. FTIR analysis

The FTIR spectra of the LP nanoclay filler, 3D-printed PCL, and PCL/ 
30LP composites are shown in Fig. 4. In the PCL/30LP spectrum, the 
presence of Laponite is confirmed by the characteristic peak near 1000 
cm− 1, corresponding to the Si–O stretching vibration of the tetrahedral 
sheet. A slight shift in the maximum of the C–O–C stretching band 
(approximately 1160 cm− 1) and carbonyl (C––O) stretching region 
(~1720 cm− 1) towards higher wavenumber is observed in PCL/30LP 
comparing to Pure PCL (Fig. 4). The peak of C–O–C stretching band in 
PCL/30LP is also sharper. These are associated with enhanced crystal
linity and polymer chain ordering, as similar spectral changes have been 
linked to enhanced molecular ordering in semi-crystalline polymers 
[42]. No substantial shift towards the lower wavenumber was observed 
to support significant hydrogen bonding between PCL and Laponite.

3.3. Crystallinity assessment with DSC and XRD

The crystallinity of the 3D printed PCL/LP specimens with varying 
LP loading and printing orientation was assessed with both XRD and 
DSC. While XRD analyzes the intensity and distribution of diffracted X- 
rays by the crystalline regions, DSC quantifies the melting enthalpy of 
the specimen. The XRD patterns of PCL, Laponite, and PCL/30LP are 
shown in Fig. 5A. Two distinctive diffraction peaks can be identified in 
pure PCL at 2θ = 21.3◦ and 23.7◦, which correspond to the orthorhombic 
planes (110) and (200), while the shoulder at 2θ = 22◦ corresponds to 
the orthorhombic plane (111). In the range of 15◦–30◦, LP shows one 
visible peak at 2θ = 20◦ reflecting the plane (100). The peaks were 
deconvoluted to calculate the crystallinity of the 3D printed pure PCL 
specimens (Fig. 5 (B)) and PCL/LP polymer nanocomposite (Fig. 5 (C)), 
as shown in Fig. 5 (E). Examples of DSC thermograms of the specimens 
are shown in Fig. 5 (D), which was also used to calculate the crystallinity 
of 3D printed PCL/LP specimens as shown in Fig. 5 (F). Both DSC and 
XRD show the trend that the addition of LP nanoparticles increases 
crystallinity significantly when the loading density exceeds 10 %. LP 
particles acted as potential nucleation sites, enhancing the heteroge
neous nucleation of crystalline regions in PCL [43]. This is also consis
tent with the FTIR results (Fig. 4). In addition, PCL/30LP specimens 
printed with 90◦ orientation have significantly higher crystallinity than 
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those with 0◦ orientation, as discovered with DSC measurements. The 
lower exposure area of deposited filaments at 90◦ results in slower so
lidification and more time for the polymeric chains to develop into the 
crystal structure, which has been shown to increase crystallinity [44]. 
Between the two techniques of DSC and XRD, there is a slight difference 

in the crystallinity measured due to their different principle (Fig. 5 (E) 
(F)). The crystallinity measured by DSC is slightly higher than that 
measured by XRD, which agrees with other studies [45,46].

3.4. Structural characterization

The structural characterization of the 3D printed specimens with 
different LP loading concentrations and printing orientations was con
ducted with SEM, micro-CT and AFM. The surface morphology of the 
gauge section of 3D printed dumbbell-shaped tensile specimens was 
characterized with SEM and micro-CT (Fig. 6AB). Between the two 
orientations, pure PCL, PCL/10LP and PCL/20LP specimens printed 
with 90◦ orientation show no visible interfaces between the filaments, 
indicating a good interfacial bonding. When printed with a 0◦ orienta
tion, the filament interfaces are more recognizable through a distinct 
surface pattern aligned at 0◦. As the LP loading concentration increases, 
the 0◦ surface pattern and interfaces between layers become more 
prominent. While shallow interfaces are seen on pure PCL specimens, all 

Fig. 3. Rheological properties of PCL/LP polymer composite inks. (A): Shear viscosity profile from flow sweep tests and storage modulus of PCL/LP inks with 
increasing LP density. (B) Effect of LP loading concentrations on the normalized zero-shear viscosity η0 and normalized relaxation time τ compared to their values of 
pure PCL ink.

Table 1 
Summary of rheological properties of PCL/LP inks comparing different LP 
loading concentrations.

Inks Zero-shear viscosity 
η0 (Pa⋅s)

Power index 
n

Relaxation time τ 
(ms)

Pure PCL 600 0.72 14
PCL/ 

10LP
1600 0.59 21

PCL/ 
20LP

4100 0.48 34

PCL/ 
30LP

8600 0.36 51

Fig. 4. FTIR spectra of LP nanoclay filler, 3D printed PCL, and PCL/30LP specimens across the wavenumber range of 500–4000 cm− 1 (A), 1660-1760 cm− 1 (B), and 
1100–1200 cm− 1 (C). Key functional groups are labelled in (A), while slight shifts near 1160 (B) and 1720 cm− 1 (C) observed in the PCL/30LP composite are 
highlighted.
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4 layers are visible on PCL/30LP specimens with both orientations. 
Besides surface morphology, the 3D shape of the structure was also 
shown by micro-CT. PCL/30LP specimens have more prominent in
terfaces between layers than pure PCL specimens. In addition, PCL/30LP 
specimens maintain a more cuboid-like structure, while Pure PCL 
specimens have a more curved upper surface due to higher post-printing 
deformation.

Filament orientation impacts interfacial bonding due to differing 
nozzle travel times, which influences solvent evaporation and thus 
filament solidification. With 0◦ orientation, the increased nozzle trav
eling time between longer filaments extends the exposure area and time 
for deposited filaments before contacting adjacent ones. This results in 
enhanced solvent evaporation and solidification of deposited filaments. 
It reduces the post-printing deformation that flattens and merges fila
ments from gravity and capillary forces and thus preserves their cylin
drical shape. Additionally, it reduces the interfacial bonding strength 
between filaments as they solidify before adjoining. In contrast, speci
mens printed with 90◦ exhibit better bonding between filaments due to 
shorter nozzle traveling distance between filaments. Such interfaces 
between filaments and layers within the structure can form air gaps 
[47]. They can be visualized from cross-sectional views of the micro-CT 

scans as shown in Figure S3, and the porosity of the specimens (0.3 %– 
6.8 %) is shown in Figure S4B. Specimens printed at 0◦ show higher 
porosity than those at 90◦, likely due to more pronounced filament in
terfaces that trap air. Within the same orientation, porosity also in
creases with higher nanofiller concentrations.

Increasing nanofiller (LP) concentration enhances the shape reten
tion of filaments by improving the rheological properties of inks. Higher 
LP concentration boosts the inks' zero-shear viscosity η0, storage 
modulus G’, and relaxation time τ, which collectively resist the afore
mentioned post-printing deformation prior to solidification (solvent 
evaporation). Additionally, higher LP concentration decreases solvent 
concentration, accelerating solvent evaporation and solidification, 
further decreasing the post-printing deformation. Due to their high 
surface energy, nanoparticles tend to agglomerate [48]. The size dis
tribution of the LP clusters (>20 μm) in 3D printed specimens assessed 
with micro-CT (Figure S4) shows that increasing LP concentration leads 
to fewer small clusters (<35 μm) and more large clusters (>40 μm). The 
median cluster size increases from 21 μm to 26 μm, likely due to more 
frequent particle collisions and interactions.

The surface roughness of the printed specimens was evaluated at 
both the nanoscale (via AFM) and microscale (via 3D microscopy), as 

Fig. 5. XRD and DSC results of 3D printed 
PCL/LP specimens with two orientations (0◦

and 90◦) for calculating crystallinity. (A) 
XRD peaks of PCL and PCL/30LP specimens 
with two orientations. (B) and (C): Decon
volution results of XRD peaks of PCL/30LP 
specimen with 90◦ orientation. The crystal
line and amorphous phases of PCL were used 
for calculating its crystallinity (D) DSC 
curves of PCL and PCL/30LP specimens with 
two orientations (0◦ and 90◦). Crystallinity 
of the specimens was calculated with both 
XRD (E) and DSC (F) measurements. The 
crystallinity of PCL/LP calculated from XRD 
peaks may be affected by the overlapping 
peaks of PCL and LP. Statistically significant 
differences were determined using an inde
pendent t-test as: *p < 0.05, and **p < 0.01.
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shown in Fig. 6C. Neat PCL samples exhibited low roughness values, 
with PCL 90◦ measuring 85 nm/3 μm and PCL 0◦ at 88 nm/10 μm. In 
contrast, PCL/30LP samples showed a substantial increase in roughness, 
reaching 282 nm/19 μm (90◦) and 290 nm/38 μm (0◦). This increase in 
roughness is attributed to the presence and partial surface exposure of 
Laponite nanodisks and clusters. While print orientation had little effect 
on nanoscale roughness, the 0◦ orientation significantly increased 
microscale roughness due to more defined filament patterning from 
filament interfaces, as described earlier.

Alongside increased surface roughness, changes in wettability were 
observed by water contact measurements (Fig. 6D). The neat PCL 
printed at 90◦ exhibited the highest contact angle of 101.9◦, reflecting its 
hydrophobic surface. The neat PCL printed at 0◦ reduced the contact 
angle to 94.3◦, suggesting that the microscale surface patterning from 
printing at 0◦ enhances its wettability. With the addition of Laponite, a 
further reduction in contact angle was observed, which is attributed to 
the exposure of hydrophilic hydroxyl groups on Laponite surfaces [49], 
and the increased surface roughness. The PCL/30LP sample printed at 
90◦ showed a contact angle of 85.0◦, while the PCL/30LP printed at 
0◦ exhibited the lowest value at 79.4◦, indicating a marked improvement 
in surface wettability.

3.5. Mechanical properties

The Young's modulus (E), ultimate tensile strength (UTS), and frac
ture strain (FS) of the specimens were determined from their stress- 
strain curves (Figure S6) and shown in Fig. 7. Specimens with 90◦

orientation exhibit higher E, UTS, and FS than 0◦ orientation specimens, 
except for pure PCL, where no significant difference is found between 
the E of the two orientations. Young's modulus (E) increased signifi
cantly (up to 110 %) with increasing LP loading concentration. This 

indicates a strong polymer-nanoparticle connection within the com
posite for stress dissipation [50] The crystallinity of PCL increased with 
the addition of LP, which can also contribute to the higher E, as inter
molecular bonding in the crystalline phase is stronger [51,52]. The 
interconnected nanofiller network of LP within the PCL matrix can also 
have a reinforcement effect [53]. UTS and FS reduce significantly as LP 
loading concentration increases. The decrease in FS can be partly due to 
the reduced mobility of PCL polymer chains during the necking process, 
resulting from both higher crystallinity and higher LP nanoparticle 
loading concentrations [54].

The fracture morphology of the specimens with different printing 
orientations and nanofiller loading concentrations after tensile testing 
was characterized with micro-CT to further reveal their effect on me
chanical properties (Fig. 8). As the nanofiller loading concentration in
creases, the fracture section is bigger due to reduced necking process and 
FS, which can be attributed to the structural characteristics. The nano
filler loading enhances the higher shape retention of deposited filaments 
and thus the interface between them, as seen in Fig. 6. These interfaces 
can affect stress distribution, leading to early breakages on PCL/30LP 
specimens (Fig. 8A). In addition, printing with 0◦ orientation and 
increasing nanofiller concentration has shown to increase the porosity of 
the structure, which can also contribute to such early breakages.

The increased rate and size of agglomerates with higher nanofiller 
concentration could affect the stress dissipation between the polymer 
matrix and concentrate stress [34,55]. Higher LP loading also raises the 
ink's zero-shear viscosity, strengthening the nanofiller network and 
reducing cluster mobility and fragmentation. Such agglomerations can 
debond from the matrix under high tensile load, inducing void forma
tion as shown in Fig. 8B. LP agglomerations are found inside voids on the 
surface in SEM images. Micro-CT results revealed that a number of LP 
clusters are also exposed at the fracture site, indicating debonding. In 

Fig. 6. Structural characterization of the 
reduced section of the specimens comparing 
the two orientations and nanofiller loading 
concentrations, and their wettability. (A) 
SEM images of the top view (scale bar 500 
μm) (B) 3D visualization from micro-CT re
sults (scale bar: 2 mm). As nanofiller loading 
concentration increases, the filaments and 
layers become more visible, and the surface 
patterns become more prominent. (C) 
Nanoscale and microscale surface roughness 
(root mean square) of the specimens (D). 
Water contact angle measurements of the 
specimens.
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addition, the cross-sectional view has shown LP clusters on both sides of 
some voids in the tensile direction, indicating possible breakage of 
clusters under tensile force.

3.6. In vitro assessment

In vitro assessment with HOB cells was conducted on the pure PCL 
and PCL/30LP specimens with 90◦ and 0◦ orientations. HOB cells were 
seeded on the 3D printed pure PCL and PCL/30LP structures with two 
orientations for 7 days, and their viability and deposition were assessed 
with live/dead assay and SEM (Fig. 9). HOB cells have shown high 

viability (>97 %) on all specimens, proving their biocompatibility 
(Fig. 9 (A)). Cells were observed to attach in alignment with the fila
ments and tended to avoid the interfaces between filaments. For 
0◦ orientation, the alignment of cell attachment followed the direction of 
printing (marked in yellow line in Fig. 9 (B), indicating that the 0◦ sur
face pattern acted as a directional cue to guide the growth of HOB cells. 
The orientation of cells tends to also align with the printing orientation. 
For the structures printed with 90◦ orientation, there was no visible cell 
alignment, as no obvious surface patterns were present.

LP nanoparticles tend to form agglomerates due to interactions be
tween opposite charges on the faces (negative charge) and the edges 

Fig. 7. Tensile properties including Young's modulus (E), ultimate tensile strength (UTS), and fracture strain (FS) of 3D printed specimens comparing 2 filament 
orientations (90◦ and 0◦ orientation) and different LP nanofiller loading concentration (0 %, 10 %, 20 %, 30 %). Statistically significant differences were determined 
using an independent t-test as: *p < 0.05, **p < 0.01, and ***p < 0.001.

Fig. 8. Structural evaluation of the fracture 
morphology of the gauge section of 3D 
printed dumbbell-shaped tensile specimens 
after tensile testing comparing the two ori
entations and two inks. (A) 3D visualization 
of from micro-CT results (scale bar: 2 mm). 
The interfaces between layers and filaments 
on PCL/30LP specimens were highlighted in 
the separate zoomed-in images. (B) Evalua
tion of voids and LP clusters at the fracture 
sites. (i) SEM image of voids near a fracture 
site of the PCL/20LP specimen. 3D visuali
zation (ii) from micro-CT results of PCL/ 
30LP shows the PCL matrix in blue and 
exposed LP clusters in yellow, and cross- 
sectional view (iii) of a fracture site.
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(positive charge) of their disk shape [56]. The cell interaction with LP 
agglomerates has also been assessed using SEM, as shown in Fig. 9C. 
Cells surround a cluster of LP particles and have formed numerous 
filopodia on the LP cluster. This indicates that LP clusters have poten
tially attracted HOB cells and enhanced cell attachment, which in turn 
could boost overall bioactivity. PCL/30LP specimens have also signifi
cantly higher swelling ratio (Figure S7), surface roughness and wetta
bility than pure PCL specimens, which can contribute to a more 
favorable environment for cell attachment and growth. This finding 
encourages further investigation into osteogenesis and other bioactivity 
metrics. This is also consistent with other studies [57–59], showing that 
the addition of LP in polymer matrices enhances cell proliferation and 
osteogenesis.

The proliferation results from the alamarBlue™ test show that cell 
proliferation increased across all groups until day 4, after which it pla
teaued (Fig. 10). PCL/30LP specimens exhibited significantly higher 
metabolic activity compared to pure PCL specimens beyond day 4. This 
is consistent with the findings in Fig. 9C. Specimens printed with a 
0◦ orientation exhibited greater proliferation than those with a 90◦

orientation, likely due to the surface patterns guiding cell attachment 
and the increase in surface roughness and wettability. These findings 

suggest that both Laponite incorporation and 0◦ printing orientation 
synergistically enhance implant bioactivity and proliferation potential.

Mineralization was evaluated using the Alizarin Red S assay, as 
illustrated in Fig. 11. Qualitative analysis revealed increased red stain
ing on structures cultured with HOB cells for 17 days compared to the 
blank control, with further intensification observed at 26 days. This 
indicates progressive deposition of a mineralized matrix by HOB cells 
over time. For quantitative assessment, calcium deposition measure
ments from unseeded (blank control) specimens were subtracted from 
those of seeded samples at days 17 and 26. The absorbance reading of 
implants was compared to the standard curve (Figure S8) to measure the 
Alizarin red S concentration and then calculate the calcium deposition. 
All samples showed increased calcium deposition at day 26 compared to 
day 17. PCL/30LP exhibited significantly higher calcium deposition 
than pure PCL. The enhanced bioactivity with Laponite incorporation is 
likely due to the sustained release of bioactive ions (Si4+ and Mg2+) [57,
64], exposure of hydrophilic –OH groups that promote protein adsorp
tion and cell adhesion [65,66], and increased micro- and nanoscale 
surface roughness of the implants. This combination improves surface 
wettability, which is closely linked to better cell attachment, spreading, 
and osteogenic activity. Additionally, specimens printed at a 

Fig. 9. Fluorescent and SEM images HOB cells 
cultured for 7 days on 3D printed pure PCL and PCL/ 
30LP specimens with 90◦ and 0◦ orientations. (A) 
Fluorescent images of Live/Dead assay of 3D printed 
specimens. Live cells are shown in green while dead 
cells are shown in red. Yellow lines are the locations 
of the filament interfaces, which are in alignment 
with cell attachment. Contact guidance on cells was 
exhibited on specimens with 0◦ orientations while 
there is no obvious guidance on cell attachment on 
specimens with 90◦ orientation. (B) SEM images of 
HOB cells seeded on the specimens after 7 days. For 
90◦ orientation, cells have attached to the filaments 
and avoided the interfaces and followed the pattern 
of 0◦ orientation. (C) SEM images showing the 
interaction between HOB cells and an LP cluster in a 
PCL/30LP specimen. (i): HOB cells have aggregated 
around and attached to an LP cluster. (ii) and (iii): 
The HOB cells have formed numerous filopodia 
around the LP cluster/.
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0◦ orientation demonstrated greater calcium deposition compared to 
those printed at a 90◦ orientation using the same material. These results 
align with the observed proliferation trends, suggesting that incorpo
rating LP and employing a 0◦ printing orientation significantly enhance 
both cell proliferation and mineralized matrix deposition.

4. Discussions

Shape fidelity of DIW 3D printing is often assessed in a 2D manner 
with microscopy, focusing on lattice structures predominantly. This 
study adopted a comprehensive 3D assessment using micro-CT on the 
shape retention and bonding of filaments, the particle cluster distribu
tion and the air gaps within the printed implants. This approach 
revealed the relations between these variables and their collective 
impact on the mechanical properties and cell response of the printed 
structures.

Dumbbell-shaped specimens with a 90◦ orientation showed higher 
values of tensile properties compared to those printed at 0◦. This is in 
contrast to FDM printing, where 0◦ orientation has shown enhanced 
mechanical properties [24–27]. Under tensile force, FDM-printed spec
imens with 90◦ orientation experienced delamination between filaments 
due to the perpendicular filament arrangement, which adversely 
affected their mechanical performance. Filaments with 0◦ orientation 

were aligned towards the tensile loading direction resulting in higher 
tensile strength. These contrasting findings are likely due to the different 
speeds and nature of solidification between the two printing methods. 
FDM-printed filaments solidify quickly through cooling, leading to less 
post-printing deformation and more prominent interfaces, even at 90◦

orientation which are prone to delamination. In DIW printing, filaments 
solidify more gradually through solvent evaporation, resulting in 
stronger inter-filament bonding at 90◦ orientation with minimal visible 
interfaces. The shorter nozzle travel distance and reduced time between 
adjacent filaments in 90◦ orientation further enhance filament fusion 
and mechanical strength. In contrast, the greater spacing between fila
ments in 0◦ orientation leads to more distinct filament interfaces, which 
diminishes the expected mechanical advantage of filament alignment in 
the tensile loading direction.

As nanofiller loading concentration increases, Young's modulus E of 
the printed specimens increases significantly (up to 110 %) due to a 
robust polymer-nanoparticle connection and increased crystallinity, but 
FS and UTS decrease significantly. While the negative correlation be
tween particle loading and tensile strength of the bulk material has also 
been observed in previous studies, such as by Bruyas et al. [60], the 3D 
assessment in the present study has elucidated this relationship. Higher 
concentrations of nanofillers enhance the shape retention of deposited 
filaments, which in turn affects both the interfaces and porosity. Addi
tionally, it leads to an increase in the number and size of particle clus
ters, which also affects the dissipation of stress within the structure.

Compared to recent high-stiffness PCL composites, our DIW- 
fabricated PCL/30LP implants (E ≈ 285 MPa, UTS ≈ 12 MPa, fracture 
strain ≈100 %) achieve a balanced mechanical profile combining 
moderate strength with high extensibility. Although Hashim et al. [61] 
reported grafted nanocellulose-reinforced PCL with higher stiffness (E =
661 MPa) and strength (UTS = 57 MPa), but the ductility (strain = 11 %) 
is low. Similarly, while Yan et al. [62] attained higher performance (E ≈
530 MPa, UTS ≈ 80 MPa) using continuous PA6 fibers in FDM-printed 
PCL, fracture strain is lower (~8.4 %) and fabrication was more com
plex. While DIW-printed neat PCL by Popescu et al. [63] showed high E 
(around 746 MPa) and UTS (around 17 MPa), but minimal elongation 
(<4 %). In comparison, the mechanical profile of our DIW-fabricated 
PCL/LP implants suggests improved energy absorption capacity while 
maintaining structural stability. The ~12 MPa tensile strength paired 
with ~100 % strain in this study indicates a high toughness, which may 
be advantageous in bone regeneration applications that benefit from 
mechanical compatibility with host tissue.

While post-printing deformation is traditionally deemed undesirable 
in 3D printing as it affects shape retention [15], the present work offers a 
new perspective by revealing its unexpected contributions to enhancing 
interfacial bonding and mechanical properties. It has shown to diminish 
the interface between the cylindrical filaments and improve filament 
bonding, and thus mechanical properties. This insight into the trade-off 

Fig. 10. Proliferation of HOB cells seeded on 3D printed pure PCL and PCL/ 
30LP specimens with 90◦ and 0◦ orientations up to 15 days by alamarBlue™ 
assay. The results are normalized to Pure PCL 90◦ at day 1. Statistically sig
nificant differences are shown as *p < 0.05, **p < 0.01.

Fig. 11. Mineralization assessment of HOB cells seeded on 3D printed pure PCL and PCL/30LP specimens with 90◦ and 0◦ orientations for up to day 26 using Alizarin 
red S assay. (A) Qualitative assessment was shown with top-view images of the specimens post-staining. (B) Quantitative results are reported as u moles per 
well/specimen.
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advocates a rethinking of shape retention and mechanical properties, 
and their integrated assessment for 3D printing tissue implants.

This study highlights the importance of cellular interactions in 
implant design, extending beyond structural and mechanical perfor
mance to address biological functionality relevant for clinical applica
tions. Although the 0◦ orientation compromises mechanical properties 
due to prominent filament interfaces, it enhances surface wettability, 
and its surface patterning effect provides topographical cues that guide 
human osteoblast (HOB) alignment, mimicking native tissue architec
ture. Similarly, higher Laponite content, while reducing flexural 
strength and ultimate tensile strength, improves bioactivity by 
increasing nanofiller exposure, which attracts cells and promotes 
bonding. These trade-offs are reflected in the biological outcomes: PCL/ 
30LP and 0◦ implants showed significantly higher metabolic activity and 
calcium deposition, suggesting a more osteoconductive environment.

This DIW-based strategy demonstrated effective control over both 
structural and biological performance, underscoring the critical inter
play between ink composition, print design, and cellular response. 
Increasing Laponite content significantly enhanced ink viscosity, lead
ing to improved shape retention and a 110 % increase in Young's 
modulus, indicating greater mechanical stability. Printing at 0◦ orien
tation produced filament-aligned surface features that guided osteoblast 
attachment and promoted directional cell growth. As a result, cell pro
liferation increased significantly after day 4, and calcium deposition was 
markedly higher by day 26 in PCL/30LP samples compared to neat PCL. 
These findings confirm that tuning ink formulation and printing orien
tation enables precise modulation of implant structure, mechanics, and 
bioactivity.

This technology shows promise for clinical use in applications 
requiring customized, surface-active implants. In craniomaxillofacial 
reconstruction, DIW-printed constructs can be tailored to patient- 
specific geometries while providing mechanical stability and surface 
features that promote osteoblast activity. Similarly, in alveolar ridge 
augmentation, these implants could serve as space-maintaining, bioac
tive barriers that support localized bone regeneration. The ability to 
tune structure, mechanics, and bioactivity highlights the potential for 
point-of-care or lab-side fabrication in non-load-bearing orthopaedic 
contexts.

Looking forward, this DIW platform could benefit from integration 
with other emerging technologies. Machine learning could accelerate 
ink formulation and print parameter optimization, while advanced 
biomaterials, such as responsive or degradable fillers, could enable dy
namic implant behavior. Combining printed implants with embedded 
sensors or wearable devices could enable real-time monitoring and 
adaptive bone regeneration, advancing personalized and point-of-care 
treatment strategies.

5. Conclusions

This study presents a tunable design framework for engineering DIW- 
printed PCL/Laponite composites by systematically adjusting ink for
mulations and printing orientations to control shape fidelity, mechanical 
performance, and cellular response. In contrast to the FDM printing 
technique [24–27], DIW-printed dumbbell specimens with 90◦ orien
tation were found to exhibit significantly higher tensile properties than 
those with 0◦ orientation due to better interfacial bonding. Printing with 
a 0◦ orientation improves shape retention, generates surface patterns 
that guide cell attachment, and enhances cell proliferation and miner
alization. Similarly, increasing Laponite concentration raises ink vis
cosity, further enhances shape retention, surface roughness, wettability, 
mechanical modulus, and cell proliferation and mineralization. It de
creases tensile strength due to agglomeration effects and enhanced 
filament interfaces and porosity. This study reveals the complex inter
play among material properties, printing orientation, structural integ
rity, mechanical attributes, and cellular interactions for 3D printing of 
tissue implants.
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