Original Research

Li,Z., etal

Four-dimensional-printed personalized shape
memory NiTiimplant for minimally invasive
delivery in cavitary bone defect reconstruction

Zhuangzhuang Li

1,2#

, Minxun Lu'* Shanfang Zou’, Ruicheng Liu’, Haoyuan Lei*,

Yitian Wang'?, Yuqi Zhang'?, Yong Zhou'?, Changchun Zhou*, Yi Luo"**, Li Min'**, and

Chonggqi Tu'**

#Authors contributed equally.

*Corresponding authors:
Yi Luo,

orthop_luoyi @scu.edu.cn;
Li Min,

minli1204 @scu.edu.cn;
Chongqi Tu,
tucq@scu.edu.cn

How to cite this article:
LiZ,LuM, Zou S, etal.
Four-dimensional-printed
personalized shape memory
NiTi implant for minimally
invasive delivery in cavitary
bone defect reconstruction.
Biomater Transl. 2025.

doi: 10.12336/bmt.25.00009

Biomater Transl. 2025

ABSTRACT

Integrating 4D printing technology in medical implants offers promising
advancements for minimally invasive delivery (MID) and personalized orthopedic
solutions. This study presents a 4D-printed shape memory nickel-titanium (NiTj)
mesh implant for cavitary bone defect reconstruction, enabling a time-dependent
shape transformation. Fabricated through selective laser melting (80 W laser power,
600 mm/s scanning speed, 70 m hatch spacing, 25 um layer thickness), the implant
can be compressed during implantation and recover its original shape. Micro-
computed tomography analysis confirmed high geometric fidelity (D50 = 58 wm),
while scanning electron microscopy-energy dispersive spectroscopy analysis
revealed a uniform microstructure and confirmed the homogeneous distribution
of Ni/Ti across the mesh implant. Phase transformation testing showed that the
austenite finish temperatures (austenite finish) of the as-built sample and the
acid-washed sample were below the 37°C physiological threshold. Compression
testing indicated that a force of 156 N was required for 30% deformation, with
complete recovery to its pre-defined shape. Clinically, the implant reduced cortical
bone fenestration by 20%. Post-operative imaging at 6 and 12 months showed
excellent osseointegration and minimal residual cavities. Functional assessments
at 12 months indicated excellent recovery, with a Musculoskeletal Tumor Society
score of 29. In the present study, the clinical use of the 4D-printed mesh implant
demonstrated not only satisfactory osteointegration but also a practical advantage
in surgical handling. The shape recovery of the implant from a compressed state to
its pre-designed shape allowed for MID and precise fit to the defect contour.

Keywords:
4D printing; Shape memory effect; Nickel-titanium alloy; Selective laser melting;
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1. Introduction

Cavitary bone defects are often associated
with benign tumors and typically occur in the
metaphyseal region.! These defects frequently
leave the surrounding cortical bone intact but
present significant challenges for bone repair
due to their irregular geometry and structural
damage. Traditional reconstruction methods,
including autografts, allografts, and cement filling,
frequently encounter limitations, such as limited
mechanical support and poor osteointegration.’
In recent years, 3D printing has enabled the rapid

and cost-effective fabrication of anatomically
customized implants.** Previous research
demonstrated the effectiveness and advantages of
personalized 3D-printed titanium mesh implants
combined with autologous bone grafting in
cavitary bone defect reconstruction, including
mechanical support and improved surgical
outcomes.® However, their implantation required
large cortical bone fenestrations, resulting
in unnecessary loss of cortical bone. Despite
advances in minimally invasive orthopedic
techniques,® Such as percutaneous bone grafting
and injectable cement, reliable minimally invasive
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delivery (MID) methods for structural-support implants remain
limited. The advent of 4D printing technology has emerged as
an advancement in biomedical engineering.”® This technology
extends 3D printing by incorporating smart materials with
shape memory properties, enabling the production of dynamic
implants. Utilizing the shape memory effect (SME), 4D-printed
devices can undergo programmed transformations when
triggered by external stimuli, such as temperature, light, and
pH.>!® This unique adaptability makes 4D-printed implants
effective for MID, where they can reshape or self-assemble
after implantation. However, material selection remains
critical for load-bearing applications. While shape memory
polymers”'! and hydrogels'*"® have been explored, their
limitations (low mechanical strength and structural fragility)
hinder clinical translation. Nickel-titanium (NiTi) alloys stand
out due to their remarkable mechanical performance and
functional properties.'*® In addition, recognized as one of
the metallic biomaterials approved by the United States (US)
Food and Drug Administration for medical applications, NiTi
alloys have been widely employed in bone fixation systems.'*!
Their exceptional biocompatibility ensures minimal adverse
reactions, while their corrosion resistance and mechanical
durability make them ideal for orthopedic implants.

The growing exploration of NiTi alloys for 4D printing
applications has propelled breakthroughs in metal additive
manufacturing, particularly through the selective laser melting
(SLM) method.’#® SLM allows the precise fabrication of
complex NiTi geometries while offering meticulous control over
microstructure and functional properties. Recent progress in this
field has focused on optimizing SLM process parameters, such
as laser power, scanning speed, and hatch spacing, to produce
NiTi structures tailored for biomedical use.”** Specifically, in
our previous research, the critical ability to adjust the phase
transformation temperature of NiTi alloys in line with body
temperature (BT) was achieved.”® These developments have
not only overcome a major barrier in biomedical applications
but also paved the path for the fabrication of adaptive, patient-
specific implants suitable for MID.

This study aims to introduce a novel 4D-printed NiTi mesh
implant specifically designed for the reconstruction of cavitary
bone defects. The implant’s properties, shape recovery
performance, and clinical feasibility in orthopedic surgery
are evaluated. By integrating experimental characterization
with computational modeling, this study seeks to establish
a framework for the application of 4D-printed orthopedic
implants.

2. Materials and methods

2.1. Implant design

A 25-year-old female presented with left knee swelling and
pain. Imaging findings revealed a lesion in the distal femur, and
the details are provided in Figure S1. A biopsy confirmed the
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diagnosis of osteoblastoma. After obtaining informed consent,
implant design and surgical planning were initiated. The design
of the patient-specific implant began with the acquisition of the
patient’s anatomical data through high-resolution computed
tomography (CT) imaging (Figure 1A). Data were exported in
Digital Imaging and Communications in Medicine (DICOM)
format and imported into Mimics software (Version 24.0;
Materialize, Belgium) for 3D reconstruction. Using Mimics,
the defect’s contour was extracted. The reconstructed model
was then exported into Geomagic Studio (Version 2019; 3D
Systems, US) for smoothing and refinement, eliminating
irregularities in the contour surface. The implant model, based
on the defect contour, was divided into two main components:
The padding component and the deformation component. The
padding component was designed to provide stable support
and sufficient filling of the defect, while the deformation
component allows deformation during implantation and
recovery to its pre-defined shape at BT. The padding and
deformation components were assembled through curvature-
based fitting. The model was further processed using Meshmax
software (Version 2.1, Scanco Medical, Switzerland) to generate
a surface mesh (thickness of 0.5 mm) for both components
(Figure 1B). To enhance functionality, bone grafting windows
were strategically added to the porous mesh structure. These
windows were designed to facilitate the insertion of autologous
iliac-cancellous bone grafts, supporting bone regeneration and
integration with the host tissue. Once finalized, the design file
was saved in stereolithography (STL) format, preparing it for
fabrication using SLM technology.

2.2. Materials and fabrication

The fabrication process utilized an SLM system (Mlab, Concept
Laser, Germany), operated under an inert argon atmosphere
to minimize oxidation (Figure 1C). In detail, Ni-rich powder
(55.68 wt.% Ni) was used for the fabrication of the implant.
The SLM parameters — laser power (80 W), scanning speed
(600 mm/s), hatch spacing (70 um), and layer thickness
(25 wm) - were rigorously selected in our prior study,? where
shape recovery rate and tensile strength served as the primary
optimization targets. These parameters corresponded to an
energy density of 65.3 J/mm?® according to Equation I:

E=P
vxhxt

D

where E represents the energy density (J/mm?), P is the laser
power (W), visthe scanning speed (mm/s), his the hatch spacing
(um), and ¢ is the layer thickness (Wm). A + 45° alternating
laser scanning pattern was employed for consecutive layers,
promoting a uniform microstructure and effectively reducing
residual stress. Post-fabrication, the implant model underwent
acid wash (10% HF, 40% HNO,, and 50% H,0) for 3 min to
remove residual powder particles.

'Department of Orthopedics, Orthopedic Research Institute, West China Hospital, Sichuan University, Chengdu, Sichuan, China; 2Model Worker and Craftsman
Talent Innovation Workshop of Sichuan Province, Chengdu, Sichuan, China; *Tiangi Additive Manufacturing Co., Ltd, Chengdu, Sichuan, China; ‘National
Engineering Research Centre for Biomaterials, Sichuan University, Chengdu, Sichuan, China
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Figure 1. Workflow for the design, fabrication, and clinical application of a patient-specific 4D-printed shape memory NiTi mesh implant.
(A) Computed tomography imaging was used to acquire anatomical data, followed by defect reconstruction and implant modeling with Mimics
and Geomagic Studio to create a design tailored to the defect contour. (B) The implant comprises two components: A padding component
(orange) for defect support and a deformation component (gray) with shape memory properties for minimally invasive implantation. (C) The
implant was fabricated using SLM with parameters: Laser power of 80 W, scanning speed of 600 mm/s, hatch spacing of 70 m, and layer
thickness of 25 um. (D) In the clinical application, the implant is positioned in the defect site, with the padding component providing structural

support and the deformation component recovering its shape at body temperature.

Abbreviation: CAD: Computer-aided design.

2.3.Implant characterization

Due to the deformation component as the core of the MID,
the subsequent characterization and testing focused on the
deformation component, which was also referred to as the
mesh implant in the following sections of the paper. The mesh
implant was first evaluated using a GE Nanotom micro-CT
(General Electric, US) system, operating at a tube voltage of
140 kV, current of 100 WA, and exposure time of 1000 ms. The
reconstructed 3D model was generated in VGStudio MAX
(Version 3.1; Volume Graphics, Germany). To determine
printing accuracy, surface deviation analysis was performed
by comparing the reconstructed model to the original design
by computer-aided design (CAD) software. The analysis
produced 3D color maps, and the median deviation value (DSO)
was calculated to quantify discrepancies between the fabricated
and designed geometry.

To further characterize the surface morphology of the mesh
implant, scanning electron microscopy (SEM) was performed
using the Zeiss EVO 10 SEM (Carl Zeiss AG, Germany).
A mesh region with a diameter of approximately 1 cm was
selected for detailed analysis. In addition, elemental mapping
was conducted to analyze the distribution of key elements
(Ni and Ti) across the selected region.
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The phase transformation behavior of the mesh implant
was analyzed using a differential scanning calorimeter (DSC;
NETZSCH DSC 204, NETZSCH, Germany). The analysis was
performedatacontrolled cooling/heating rate of 10°C/min over
a temperature range of —100°C - 100°C. The transformation
temperatures were determined using the intersection point
method, which identifies the intersection between two tangent
lines on the DSC curve. Key transformation temperatures,
including martensite start (M), martensite peak (M ), and
martensite finish (M), as well as austenite start (A ), austenite
peak (Ap), and austenite finish (A ), were recorded.

2.4. Shape memory testing

The shape memory behavior of the mesh implant was
evaluated through controlled deformation and subsequent
recovery testing. After undergoing liquid nitrogen cooling,
the deformation component experienced a compression of
7 mm from its initial height, primarily through controlled
bending deformation of the mesh structure. The deformation
component underwent an engineering strain (€) of 30%, as
calculated using Equation II:

AL
g=—0

3 (I1)

0
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where ¢ represents the engineering strain, AL is the change in
length of the implant (7 mm), and L is the original length of
the implant (23 mm). Following deformation, the component
was immersed in 37°C warm water to simulate BT, activating
the SME and enabling it to recover to its pre-defined shape.

To analyze the mechanical properties of the deformation
component during compression, a uniaxial compression test
was conducted at a displacement rate of 0.2 mm/min using
an Instron 5982 universal testing machine (Instron, US). The
digital image correlation (DIC) technique was utilized during
the test to capture real-time stress distribution and strain
patterns across the component.

2.5. Clinical application

The surgery was performed at West China Hospital after
obtaining the patient’s signed informed consent and ethical
approval from the hospital’s Institutional Review Board. In
detail, under general anesthesia, the patient was positioned
supine on an operating table. A skin incision was made along
the lateral aspect of the targeted site, and subcutaneous tissues
were carefully dissected. The musculature overlying the cortical
bone was retracted to provide a clear view of the surgical field.
A cortical bone window was created using a microdrill and
bone chisel, precisely sized and shaped based on pre-operative
planning. Tumor or necrotic tissue was meticulously removed
using curettes and high-speed drills. Alcohol irrigation and
ablation using a high-frequency electrotome (GD350 Series,
Hooton Electronics Co., Ltd., China) were applied to reduce
the risk of recurrence. Then, autologous cancellous bone grafts
were harvested from the iliac crest and crushed into smaller
fragments to facilitate packing. The padding component was
filled with the crushed cancellous bone grafts and carefully
implanted into the prepared defect through cortical fenestration
(Figure 1D). The deformation component was compressed
in a liquid nitrogen bath to achieve the desired deformation
and maintained in ice water to preserve its compressed state.
The transverse diameter of the deformation component was
reduced by 30%. Subsequently, the compressed deformation
component was introduced through the bone window. Once in
place, the deformation component expanded to its pre-defined
shape at BT. An additional autologous iliac bone graft was
then placed into the structure of the deformation component
to promote osseointegration.

2.6. Post-operative follow-up

Follow-up visits were conducted at 1 month, 3 months,
6 months, and annually thereafter. At each follow-up, X-ray
scans were conducted to monitor the placement and stability
of the implant. In addition, tomosynthesis-Shimadzu metal
artifact reduction technology (T-SMART) was utilized to
evaluate osseointegration. At the final follow-up, a high-
resolution 3D CT scan was conducted. The imaging data
were processed using VGStudio MAX software to reconstruct
the cavitary defect region. Quantitative measurement was
performed to assess the effectiveness of the reconstruction,
including calculating the residual cavity volume. The functional
recovery of the patient was assessed using the Musculoskeletal
Tumor Society (MSTS) score.?* The assessment included pain,
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limb function, emotional acceptance, walking ability, and the
use of walking aids.

3.Results

3.1. Printability assessment

The structural integrity and fabrication accuracy of the
4D-printed NiTi mesh implant were evaluated using
micro-CT. Figure 2A presents the reconstructed model in the
coronal, transverse, and sagittal views. These images confirmed
the successful reproduction of the CAD model design with
high geometric fidelity. Deviation analysis, as shown in
Figure 2B, quantified the dimensional discrepancies between
the fabricated implant and the original CAD model. The
calculated D, was 58 m (Figure 2C), indicating a high level
of precision achieved through the SLM process. The results
collectively demonstrated that the SLM process employed in
this study ensures excellent printability and precise structural
reproduction of the NiTi mesh implant.

3.2. Morphology

The SEM images (Figure 2D and G) revealed the surface
morphology of the as-built and acid-washed NiTi mesh
structures. In the as-built sample, residual powder particles
were observed adhering predominantly around the struts. After
acid washing, the surface became significantly smoother, with
minimal powder adhesion, indicating that the acid treatment
effectively removed the residual particles and improved
the surface quality. In addition, no significant defects were
observed on the surface, such as cracks or irregular defects.
The energy dispersive spectroscopy (EDS) elemental mapping
(Figure 2E and H) demonstrated a homogeneous distribution
of Ni and Ti across the mesh structure in both the as-built
and acid-washed samples. The mapping also confirmed the
minimal presence of carbon (C), oxygen (O), and nitrogen (N),
likely attributed to minor surface oxidation or environmental
exposure during sample preparation. The EDS spectra revealed
strong peaks corresponding to Ni and Ti, consistent with the
NiTi alloy composition (Figure 2F and I). These findings
indicate that the SLM fabrication method produced high-
quality NiTi structures with uniform elemental distribution.
The post-processing acid-washing step further improved
surface morphology.

3.3. Phase transformation behavior

The phase transformation behavior of the NiTi mesh implant
was evaluated using DSC, and the corresponding DSC curves
are presented in Figure 3A. Both the as-built and acid-washed
samples exhibited distinct thermal peaks corresponding to
the martensite and austenite phase transformations. The A,
temperatures of the as-built sample and the acid-washed sample
were both below the physiological threshold of 37°C (Table 1).
These results confirmed that the SME can be activated at BT,
making the implants highly suitable for clinical use.

3.4. SME of deformation component

The shape memory behavior of the deformation component
was evaluated through compression and recovery tests.
Figure 3Billustrates the shape recovery process, demonstrating

www.biomat-trans.com
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Figure 2. Characterization of the NiTi mesh implant. (A) Reconstructed model in coronal, transverse, and sagittal views, showing high geometric
fidelity compare with the design of the computer-aided design (CAD) software. (B) Deviation analysis visualizes dimensional discrepancies
between the fabricated implant and the original CAD model. (C) Distribution of deviation values, with the median deviation (D50) of 58 (m,
confirming the precision of the selective laser melting process. (D) Scanning electron microscopy (SEM) images of the as-built NiTi mesh
structure, showing residual powder particles predominantly adhering to the struts (scale bar: 600 um, magnification power: 60x). (E) Energy
dispersive spectroscopy (EDS) elemental mapping of the as-built sample, indicating a uniform distribution of Ni and Ti, with minimal presence
of C, O, and N (scale bar: 40 wm, magnification power: 1000x. (F) EDS spectra of the as-built sample, revealing strong peaks for Ni and
Ti, consistent with the NiTi alloy composition. (G) SEM images of the acid-washed NiTi mesh structure, showing a significantly smoother
surface with minimal powder adhesion (scale bar: 600 um, magnification power: 60x). (H) EDS elemental mapping of the acid-washed sample,
demonstrating uniform Ni and Ti distribution with minimal traces of C, O, and N (scale bar: 40 um, magnification power: 1000x). (I) EDS
spectra of the acid-washed sample, confirming strong peaks for Ni and Ti.

that the deformation component completely restored its pre-  compressed by 30% of its original height at liquid nitrogen
defined geometry upon immersion in 37°C water after being  cooling. Further analysis was conducted to evaluate the

Biomater Transl. 2025 5
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Figure 3. Shape memory effect and mechanical properties of the NiTi mesh implant. (A) DSC curves of the as-built and acid-washed samples.
The A, temperatures for both samples are below 37°C, confirming that the SME can be activated at body temperature. (B) Sequential images
of the shape recovery process of the deformation component: (i) Liquid nitrogen cooling, (ii) compression, (iii) retention of compressed
state, (iv) activation at 37°C water immersion, and (v) recovery to its pre-defined geometry. (C) Stress—strain curve from the compression

test, showing that 156 N force is required to achieve 7 mm compression. (D) DIC strain distribution maps during compression, illustrating

deformation characteristics of the mesh structure. EXX maps indicate lateral expansion in the X direction, while EYY maps demonstrate a

generally uniform vertical strain distribution with minor upward strain in bending regions, highlighting the uniform load distribution without

significant stress concentrations.

Abbreviations: Af: Austenite finish; DSC: Differential scanning calorimetry; ; DIC: Digital image correlation; SME: Shape memory effect.

Table 1. Key transformation temperatures of the as-built and
acid-washed samples

Sample M,(C) M (C) M,(C) A(C) A (C A(C)
As-built 11 —-14 =37 -10 12 36
Acid-washed 10 -14 -39 -15 13 36

Notes: M, Mp, and M;: Martensite transformation start, peak, and finish temperature,

respectively; A, A ,and A : Austenite transformation start, peak, and finish temperature,
s hp £

respectively

mechanical response during deformation. The stress-strain
curve obtained from the compression test (Figure 3C) revealed
that a force of 156 N was required to achieve 30% compression
(7 mm).

The DIC analysis provided detailed strain distribution
maps (EXX and EYY), which highlighted the deformation
characteristics of the mesh structure during compression
(Figure 3D). The EXX map represents the normal strain in
the X direction, indicating the deformation of the material
along the horizontal axis. Similarly, the EYY map represents

the normal strain in the Y direction, corresponding to the
deformation along the vertical axis. In detail, the EXX map
revealed a slight lateral expansion of the structure under
compression. The EYY map demonstrated a generally uniform
strain distribution. However, due to the predominantly
bending nature of the deformation, minor upward strains
were observed in the small bending regions. These strain maps
highlighted the uniform load distribution across the mesh
structure, with no significant stress concentrations.

3.5. Clinical outcomes

The clinical application of the 4D-printed NiTi mesh implant
demonstrated favorable outcomes. Figure 4A-F presents
intraoperative images, highlighting a reduced size in the
cortical bone fenestration. While the planned reduction in the
transverse diameter of the bone window was 30%, the actual
reduction achieved was 20% due to minor over-removal during
tumor curettage. The adaptive design of the implant eliminated
the need for extensive defect site modifications, resulting in

www.biomat-trans.com



Original Research

Li,Z., etal

<

Figure 4. Surgical procedure and post-operative evaluation of the NiTi implant. (A) Intraoperative placement of the NiTi implant, showing a
reduced size in cortical bone fenestration. (B) Preparation of the implant in liquid nitrogen for compressive deformation. (C) Iliac-cancellous
bone graft harvested for filling the mesh structure form bone grafting window. (D and E) Placement of the NiTi implant into the defect and
subsequent bone cement closure. (F) A specimen of curetted bone tissue obtained during the procedure. (G and H) X-ray images at post-
operative 1 month (G) and 6 months (H) show stable implant positioning without signs of loosening or mechanical failure.

a shorter surgical time of 149 min and intraoperative blood
loss of 200 mL. X-ray imaging at post-operative 1 month
(Figure 4G) and 6 months (Figure 4H) demonstrated proper
implant placement within the cavitary bone defect.

The T-SMART images at post-operative 1 month (Figure 5A)
and 6 months (Figure 5B) demonstrate artifact-reduced,
high-resolution views of the bone-implant interface. At
6 months, there was evidence of increased bone remodeling
and consolidation compared to the 1-month follow-up. At the
12-month follow-up, high-resolution 3D-CT imaging was
utilized to assess the long-term effectiveness of the implant
reconstruction. Quantitative analysis revealed the presence
of a few residual cavities, as shown in the reconstructed 3D
models (Figure 5C-G). The volume of the residual cavities was
calculated, with all cavities measuring <50 mm? (Figure 5H).
The total residual cavity volume accounted for <1% of the
analyzed region. This indicates excellent osseointegration and a
highly effective reconstruction with minimal voids remaining.

At the 12-month follow-up, functional assessments revealed
excellent recovery. The patient exhibited satisfactory knee
function, sufficient for daily activities, as evaluated by an
MSTS score of 29. During the post-operative follow-up, no
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implant-related complications, such as infection, aseptic
loosening, and mechanical failure, were observed. In addition,
no signs of systemic inflammation, allergic reactions, or organ
dysfunction were observed. Blood routine and biochemical
parameters remained within normal ranges post-operatively,
and no adverse effects were reported.

4, Discussion

This study demonstrates the development and successful
application of a 4D-printed shape memory NiTimesh implant for
cavitary bone defect reconstruction. The integration of patient-
specific design and SME addresses the limitations of traditional
reconstruction methods. Compared to static 3D-printed
implants, the 4D-printed NiTi mesh implant allows for MID,
preserving more cortical bone. Furthermore, the SME facilitates
shape recovery at physiological temperature, improving the fit
within irregular defect geometries. These advancements not only
provide a viable solution for cavitary bone defect reconstruction
but also highlight the broader potential of 4D printing technology
in personalized orthopedic applications.

SLM has emerged as a research hotspot for fabricating NiTi
alloys, primarily due to its exceptional precision and capability
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Figure 5. Post-operative imaging and analysis of bone remodeling around the NiTi implant. (A and B) Tomosynthesis-Shimadzu metal Artifact
reduction technology images at post-operative 1 month and 6 months demonstrate increased bone remodeling and consolidation. (C) The
3D-computed tomography cross-sectional view at 12 months shows minor residual cavities near the implant. (D and E) Reconstructed anterior
and lateral views of residual cavities in the implant region. (F and G) A 3D representation of residual cavity distribution and volumes, indicating
minimal residual voids. (H) Quantitative analysis of cavity volumes, with all measured cavities <50 mm?, and the total volume accounting for

<1% of the analyzed region.

for free-form fabrication of complex geometries.”** This
technology can produce intricate designs, which are challenging
to achieve with traditional manufacturing methods. In this
study, the fabrication of porous structures was successfully
achieved, showcasing SLM’s effectiveness in creating complex
implant designs. The accuracy of the SLM process was
quantitatively evaluated through deviation analysis, with a D, |
value of 58 um, demonstrating the high fidelity of the printed
implant. Compared with previous studies, which reported
deviation ranges of 25 — 150 um,??® our results demonstrate
a comparable level of dimensional accuracy. This precision is
particularly significant for personalized implants to accurately
match individual anatomical requirements. After fabrication,
the surface of the as-built NiTi samples commonly exhibited
adhered powder particles, a phenomenon referred to as
“powder adhesion.”?° These adhered particles can pose several
potential issues, including the risk of detachment during
use, which may create debris that could negatively impact
surrounding tissues or compromise implant performance.
Moreover, these particles can hinder cellular integration by
creating an uneven surface topography and potentially exposing
particles that could impede cellular attachment and growth.*!
To address these concerns, an acid-washing treatment was
employed in this study. Post-treatment surface morphology

analysis revealed a significant reduction in adhered particles,
resulting in a cleaner surface. Elemental analysis confirmed
that the primary elemental composition remained unchanged;
indicating that the acid washes effectively removed surface
contaminants without adversely affecting the material’s
chemical integrity.

The phase transformation temperature plays a critical role in
determining the SME of NiTi alloys.* For implants designed
to operate within the human body, the A temperature should
remain below 37°C to ensure proper activation of the SME
under physiological conditions. In this study, both the as-built
and acid-washed NiTi samples exhibited A, temperatures
below 37°C, indicating their strong potential for biomedical
applications. Previous studies have shown that the phase
transformation temperatures of NiTi alloys depend heavily
on the SLM process parameters.”*** For instance, higher
energy densities tend to increase the phase transformation
temperature, potentially due to greater evaporation of Ni,
which alters the Ni-Ti ratio and affects the material’s phase
transformation behavior.*® The process parameters employed
in this study, including a laser power of 80 W, scanning
speed of 600 mm/s, and hatch spacing of 70 pum, were
carefully optimized. Interestingly, the phase temperatures of

www.biomat-trans.com
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the acid-washed sample were nearly identical to those of the
as-built sample. This can be attributed to the fact that the
as-built sample was polished before testing to remove surface
powder particles. As a result, the transformation temperatures
primarily reflect the intrinsic properties of the bulk material
rather than surface modifications. The acid wash, primarily
aimed at improving surface cleanliness by removing adhered
powder particles, targeted only the surface layer and did not
affect the core microstructure or elemental composition.
Consequently, the phase transformation characteristics, which
reflect the properties of the internal matrix, remained similar.

The SME of the fabricated NiTi mesh implant was evaluated
through in vitro compression testing. In this study, the
implant demonstrated full recovery after being compressed
30%, showcasing its excellent shape memory capabilities.
Previous research has widely reported that shape recovery
rates are closely associated with the level of applied strain,
with complete recovery typically observed at strain levels up
to 8 - 10%.°** The strain applied in this study was calculated as
engineering strain based on the travel distance of the implant.
Notably, the strain in the porous structure corresponds to
bending deformation, meaning the actual strain experienced
by the material is significantly smaller than the engineering
strain calculated from the overall compression. This explains
the implant’s ability to achieve complete recovery under the
tested conditions. The study further explored the mechanical
performance during the deformation process using a universal
testing machine, determining the force required to achieve
30% compression. Interestingly, the measured force appeared
higher than the manual compression experience. This
discrepancy can be attributed to differences in the compression
mechanisms. In mechanical testing, the entire perimeter of the
implant was compressed uniformly, requiring greater force. In
contrast, manual compression involved stepwise deformation,
where smaller areas were compressed sequentially, reducing
the required force for the same strain. This phenomenon
aligns with the principle that smaller contact areas experience
lower forces under identical strain conditions, allowing
manual compression to be performed with relative ease. Strain
distribution during the deformation process was analyzed
using DIC. In the strain maps represented by EXX and EYY,
the strain distribution was generally uniform across most
regions of the mesh structure.

The clinical application of the 4D shape memory NiTi mesh
implant yielded promising outcomes. The surgical time was
reduced due to the implant’s ability to conform precisely to
the defect shape without requiring extensive modification of
the defect site. This eliminated the need for time-consuming
adjustments typically required for fitting standard mesh
implants, enhancing surgical efficiency. In addition, the size of
the cortical bone fenestration was reduced by 20%, compared
to the planned reduction of 30%. This deviation occurred
due to slight over-removal of cortical bone during tumor
curettage, attributed to the thinning of the cortical layer in the
affected region. Compared to non-shape memory implants,
the use of the 4D implant resulted in smaller fenestrations
and preserved more cortical bone. This preservation is
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particularly beneficial for maintaining the structural integrity
and biomechanical stability of the defect site. As a result, after
an intraoperative comprehensive evaluation, no additional
fixation plate was required. Post-operative imaging confirmed
the proper positioning of the implant, and subsequent
follow-ups demonstrated satisfactory bone integration, as
evidenced by radiographic assessments. The integration of
autologous bone grafts within the porous structure facilitated
robust osseointegration. Autografts/allografts exhibit good
biocompatibility and osteointegration potential but lack
sufficient mechanical integrity for structural support in load-
bearing defects.”® In contrast, polymethylmethacrylate bone
cements provide immediate mechanical stability; however,
they do not integrate with host bone and may act as inert
fillers without promoting biological healing.*” The 4D-printed
NiTi scaffold overcomes both limitations by combining
anatomical adaptability with a porous structure that supports
bone ingrowth, making it well-suited for minimally invasive
reconstruction of cavitary bone defects. However, a potential
concern with NiTi alloys is the release of nickel ions, which
may induce allergic or cytotoxic responses. Nevertheless, prior
studies have demonstrated that the ion release from medical-
grade NiTiimplants remains minimal and well within clinically
acceptable limits.“**! Furthermore, surface treatments, such as
electropolishing and controlled oxidation, can significantly
enhance corrosion resistance and reduce nickel ion leaching.*>**
In this study, no signs of allergic reaction or inflammation
were observed during follow-up, indicating that under the
present clinical conditions, the risk of nickel ion toxicity was
negligible.

This study also has several limitations. First, the results presented
are based on a single clinical case, which limits the ability to
draw broader conclusions at this stage. Although the outcomes
observed in this preliminary investigation were promising,
further studies involving a larger patient cohort are necessary to
validate these results. Second, the follow-up duration was limited
to the short term, and longer-term evaluations are needed to
fully assess the durability, integration, and clinical safety of the
4D-printed NiTi implant. Third, although no adverse reactions
were observed in the present study, comprehensive biological
evaluations should be conducted in future work to further
confirm the biosafety of the implant.

5. Conclusions

The 4D-printed shape memory NiTi mesh implant shows
promising clinical outcomes in treating cavitary bone defects.
The implant’s time-responsive shape recovery enables MID
and conforms precisely to irregular defect geometries. This
work highlights the potential of 4D-printed biomaterials as
an innovative solution for challenging bone reconstructions,
offering both functional and surgical advantages.
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