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Abstract

Background/Objectives: Vascular patches used in cardiovascular reconstruction remain 
limited by thrombosis, calcification, restricted remodeling, and inability to accommodate 
somatic growth. This proof-of-concept study aimed to fabricate and characterize porous 
vascular patches by fused deposition modeling (FDM) using polylactic acid (PLA) and 
thermoplastic polyurethane (TPU) in single-material and multilayer configurations. Meth-
ods: PLA/TPU patches with different polymer compositions, layer sequences, interfilament 
spacing, and staggered layer arrangements were fabricated by FDM. Mass and dimensional 
changes during in vitro immersion were assessed for the constituent polymers (n = 3 per 
polymer) and selected patch configurations (n = 1 per configuration). Patch microstructure 
and the in-plane dimensions of surface-visible pore openings were evaluated by top-view 
optical microscopy and ImageJ analysis, while time to first visually detectable fluid passage 
was assessed using a 22% (w/w) aqueous glycerol test solution under low hydrostatic 
pressure. Results: PLA and TPU exhibited distinct mass and dimensional profiles during 
140 days of immersion, with mean mass increases of 1.37% and 3.68%, respectively. Selected 
patch specimens showed different temporal mass-change profiles during 42 days of immer-
sion in phosphate-buffered saline (PBS). Descriptive pore measurements varied among 
the investigated configurations; V7b showed mean dimensions of 96.5 × 93.2 μm. In the 
exploratory test, fluid passage was first visually detected at 18 min (V5-TPU), 59 min (V6b) 
and 135 min (V7b). Conclusions: FDM enabled the fabrication of porous PLA/TPU vascu-
lar patch prototypes with different material composition and multilayer architectures. These 
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findings establish a preliminary basis for further physicochemical, mechanical, biological, 
and hemodynamic evaluations of FDM-fabricated PLA/TPU vascular patches.

Keywords: vascular patches; 3D printing; fused deposition modeling; polylactic acid (PLA); 
thermoplastic polyurethane (TPU)

1. Introduction
Congenital heart diseases (CHDs) are among the most common congenital anomalies, 

with increasing detection rates associated with advances in clinical screening and imag-
ing techniques [1]. More than half of affected patients require surgical intervention to 
prevent severe complications, including cyanosis, heart failure, arrhythmias, and other 
functional impairments, recognized as important clinical manifestations of congenital and 
developmental cardiac disorders [2].

Vascular patches and conduits are commonly used in the surgical treatment of CHDs. 
Tetralogy of Fallot, the most prevalent cyanotic congenital heart defect, illustrates the 
clinical relevance of these reconstructive procedures. In the absence of surgical treatment, 
life expectancy is markedly reduced, with survival estimated at 66% at one year of age and 
declining to 11% by 20 years [3,4]. Surgical repair may require enlargement of the right 
ventricular outflow tract (RVOT) using a patch and, depending on the underlying anatomy 
and disease severity, reconstruction of stenotic segments of the pulmonary arteries [5]. 
Vascular conduits are also used in the surgical management of complex CHDs with single-
ventricle physiology, including hypoplastic left heart syndrome (HLHS). In the extracardiac 
Fontan technique, a vascular conduit is used as part of the total cavopulmonary connection, 
directing systemic venous blood flow toward the pulmonary circulation and providing 
volume unloading of the single functional ventricle [6].

Currently, materials used for cardiovascular reconstruction include biological patches, 
such as bovine pericardium, and synthetic substitutes, including polyethylene terephtha-
late (Dacron® ) and expanded polytetrafluoroethylene (ePTFE; Gore-Tex® ). Despite their 
widespread clinical use, these materials have important limitations, including thrombosis, 
calcification, limited remodeling capacity, and inability to accommodate somatic growth, 
which are particularly relevant in pediatric patients [7–9]. Supporting tissue remodeling and 
accommodating growth remain important long-term objectives in the development of regen-
erative vascular substitutes; however, these properties depend on the biological response, 
material degradation profile, and mechanical behavior of the construct and cannot be in-
ferred from fabrication architecture alone. Such constructs should combine biocompatibility 
and hemocompatibility with appropriate porous architecture and mechanical properties 
compatible with the vascular environment [7,8,10–12]. In the present study, the investigated 
PLA/TPU constructs were therefore developed as experimental FDM-fabricated prototypes 
rather than as growth-accommodating or fully resorbable vascular implants.

Several manufacturing strategies have been investigated for vascular graft and patch 
fabrication, including three-dimensional (3D) printing [13]. Among these, fused deposition 
modeling (FDM) is an accessible and cost-effective technique in which thermoplastic fila-
ments are melted and deposited layer by layer according to a computer-aided design (CAD) 
model [14,15]. By controlling construct geometry, filament orientation, layer arrangement, 
and internal architecture, FDM enables the fabrication of reproducible structures with 
predefined characteristics and can facilitate patient-specific designs adapted to complex 
cardiovascular anatomy [16].

Thermoplastic polymers investigated for FDM-based biomedical applications in-
clude polylactic acid (PLA), thermoplastic polyurethane (TPU), and polycaprolactone 
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(PCL) [17,18]. PLA is a slowly hydrolytically degradable polymer that provides structural 
stability, whereas TPU is a comparatively biostable elastomer characterized by greater flexi-
bility and deformability [19–21]. These contrasting properties make PLA and TPU useful 
materials for investigating multimaterial constructs in which polymer composition and 
spatial organization can be modified through the printing design. The mechanical behavior 
of PLA/TPU combinations has also been investigated in blended systems, including their 
stress–relaxation response [22]. Vellayappan et al. demonstrated the feasibility of fabricat-
ing architectured PLA/TPU biomaterials by combining multilayer co-extrusion with FDM, 
while Abdul Samat et al. investigated porous 3D-printed TPU/PLA scaffolds for tracheal 
tissue engineering [20,21]. Although PLA and TPU have been investigated individually and 
in combination in 3D-printed biomedical constructs, their use in FDM-fabricated vascular 
patches with controlled multilayer architecture remains insufficiently characterized. In par-
ticular, the relationships between layer composition and arrangement, in vitro degradation 
behaviour, pore geometry, and fluid penetration require further investigation.

Therefore, this proof-of-concept study aimed to develop and characterize porous 
vascular patches fabricated by FDM using PLA and TPU, individually and in multilayer 
configurations. Specifically, the objectives were to: (1) evaluate the feasibility of fabri-
cating PLA/TPU vascular patches with different layer compositions and architectures; 
(2) characterize mass and dimensional changes in the constituent polymers and selected 
patch configurations during in vitro immersion; (3) characterize the pore geometry of the 
different patch architectures; and (4) evaluate fluid penetration through selected patch 
configurations. The study was designed as an exploratory, descriptive in vitro investigation 
intended to provide preliminary data for the further development and characterization of 
PLA/TPU vascular patches.

2. Materials and Methods
2.1. Study Design

This study was designed as an exploratory, descriptive in vitro proof-of-concept in-
vestigation of porous vascular patches fabricated by FDM using PLA and TPU. Different 
material compositions and multilayer architectures were investigated to characterize fabri-
cation feasibility, mass and dimensional changes during in vitro immersion, pore geometry, 
and fluid penetration characteristics.

The experimental assessment comprised two levels. First, mass and dimensional 
changes in the constituent polymers during immersion were evaluated using solid PLA 
and TPU specimens. Second, selected vascular patch configurations were evaluated to char-
acterize mass changes during immersion, pore geometry, and fluid penetration in relation 
to polymer composition and layer architecture. Three independently fabricated specimens 
of each constituent polymer (n = 3) were used for the polymer immersion assessment, 
whereas one specimen of each selected patch configuration (n = 1) was used for the patch-
level assessments. Accordingly, the study was designed to provide preliminary descriptive 
observations, and no inferential comparisons between materials or patch configurations 
were performed.

2.2. Vascular Patch Fabrication
Porous vascular patches were fabricated by FDM using PLA and thermoplastic 

polyurethane (TPU; Shore hardness 95A) filaments with a nominal diameter of 2.85 mm 
(BASF S.R.L., Bucharest, Romania). The patch geometry was designed using Autodesk 
Inventor®  (Autodesk Inc., San Rafael, CA, USA). The computer-aided design (CAD) models 
were exported and processed using UltiMaker Cura®  (UltiMaker B.V., Utrecht, The Nether-
lands) to generate the corresponding G-code files, which were subsequently transferred to 
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an Ultimaker S3®  dual-extrusion 3D printer (UltiMaker B.V., Utrecht, The Netherlands) 
for fabrication.

Printing was performed using a 0.4-mm nozzle and a layer height of 0.1 mm. The 
material-specific extrusion temperature was 223 °C for TPU and 200 °C for PLA. The 
nominal Cura print-speed setting for TPU was 25 mm/s with 20% cooling and a material 
flow setting of 106%. The nominal Cura print-speed setting for PLA ranged from 25 to 
70 mm/s depending on the patch configuration, with 100% cooling and a material flow 
setting of 100%; for the V6b and V7b configurations used in the detailed patch assessments, 
the PLA nominal Cura print speed was 25 mm/s. The build platform was maintained at 
60 °C.

The commercially available PLA and TPU filaments were used for experimental pro-
totype fabrication; no medical-grade certification is claimed. The corresponding digital 
fabrication files are available in the open repository cited in the Data Availability Statement.

2.3. Vascular Patch Characterization
2.3.1. Mass and Dimensional Changes During In Vitro Immersion

Two distinct immersion assessments were performed at different stages of the exper-
imental workflow. The first assessment characterized mass and dimensional changes in 
the individual constituent polymers, PLA and TPU, whereas the second evaluated selected 
multilayer vascular patch configurations under different immersion conditions. Because 
the two assessments differed in specimen type, immersion medium, temperature, and 
observation period, they were conducted as separate experimental protocols and were not 
designed for direct quantitative comparison. Mass measurements in both assessments were 
performed using an Adam AEA 100 analytical balance (Adam Equipment Co. Ltd., Milton 
Keynes, UK).

1. Polymer Assessment

Solid cubic specimens measuring 10 × 10 × 10 mm were fabricated from PLA and 
TPU by FDM at 100% infill density, using a layer height of 0.1 mm and a brim to improve 
build stability. Three independently fabricated specimens of each polymer were evaluated 
(n = 3 per material). The initial mass and three orthogonal dimensions (X, Y, and Z) of 
each specimen were recorded before immersion in distilled water at room temperature. 
The specimens were evaluated after 24 h and at 7, 14, 21, 28, 56, 84, 112, and 140 days of 
immersion. At each time point, the specimens were removed from the immersion medium 
and dried at room temperature (approximately 22 °C) for 1 h before mass and dimensional 
measurements were performed. Constant weight was not verified for the cubic specimens. 
Following each measurement, the distilled water was replaced with fresh medium, and the 
specimens were returned to their respective containers. Representative figures are provided 
in Supplementary Figure S1. The pH and exact volume of the distilled water were not 
recorded. To assess dimensional changes, each cubic specimen was placed on a flat surface, 
and the three orthogonal dimensions (X, Y, and Z) were measured using a KETOTEK 
digital caliper (Xiamen, China) (150 mm measuring range; 0.01 mm resolution). The 
caliper jaws were brought into contact with the specimen without intentional compression. 
For dimensional analysis, the three orthogonal measurements of each cubic specimen were 
averaged to obtain one specimen-level dimensional value at each time point.

2. Vascular Patch Assessment

For the patch-level assessment, PBS at 37 °C was selected to provide a buffered aque-
ous environment with ionic and pH conditions more relevant to the intended vascular 
application of the constructs. The PBS had a nominal pH of approximately 7.4.
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One specimen from each selected configuration (V5-TPU, V6b, and V7b) was evaluated 
(n = 1 per configuration). The initial mass of each patch was recorded before immersion 
in phosphate-buffered saline (PBS) at 37 °C. The specimens were evaluated after 24 h and 
at 7, 14, 21, 35, and 42 days of immersion. At each time point, the patches were removed 
from PBS, rinsed with distilled water to remove residual salts, placed in dry containers, and 
dried at 37 °C in a BIOBASE BOV-T50F (BIOBASE Group, Jinan, China) incubator until a 
constant weight was achieved. Following each measurement, the PBS was replaced with 
fresh medium, and the specimens were returned to their respective individual containers. 
The pH was not serially monitored during the experiment, and the exact immersion-medium 
volume was not recorded. To describe the changes from baseline in mass and dimensions, 
the following equation was used:

ΔX (%) = [(Xt − X0 )/X0 ] × 100, (1)

where X0  represents the baseline value and Xt  the value recorded at each subsequent 
time point.

2.3.2. Fluid Penetration Test
A custom-designed testing device was used for an exploratory comparison of fluid 

penetration through selected vascular patch configurations (Figure 1).

Figure 1. Custom-designed device used for the fluid penetration test. (A) Side view of the assem-
bled device during filling with the test solution. (B) Top view of the central cylindrical chamber 
containing the test solution. (C) Top view of the vascular patch exposed to the test solution within 
the testing chamber.

The patch specimen was positioned across a circular aperture with an internal diameter 
of 3 cm and secured between sealing elements to provide circumferential sealing and 
minimize peripheral leakage. The exposed patch area was 7.07 cm2  and the assembly was 
secured using four M8 bolts. A 22% (w/w) aqueous glycerol solution was used as the 
test fluid [23]. The chamber was filled to approximately half of its nominal capacity. The 
applied solution volume was estimated at approximately 9.5 mL; based on this estimate 
and the measured internal chamber diameter of 3 cm, the calculated hydrostatic head was 
approximately 1.35 cm, corresponding to an estimated pressure of approximately 140 Pa 
(1.05 mmHg). Testing was performed at room temperature under the same conditions 
for all investigated configurations; room temperature was not continuously monitored or 
numerically recorded. Timing started immediately after application of the test solution 
and stopped at the first visually detectable signs of fluid passage through the porous patch 
structure. Fluid penetration time was recorded in minutes. The assessment was not blinded. 
One specimen of each selected patch configuration (V5-TPU, V6b, and V7b) was evaluated. 
The test was intended as an exploratory comparative assessment and was not performed 
under standardized arterial-pressure conditions.

https://doi.org/10.3390/app162110950

https://doi.org/10.3390/app162110950


Appl. Sci. 2026, 16, 10950 6 of 23

2.3.3. Microscopy and Pore Measurement
The microstructure of the vascular patches was examined using an Optika B-383 

MET®  optical microscope (Optika, Italy) equipped with a Nikon D3400 DSLR®  camera 
(Nikon Corporation, Tokyo, Japan; 24.2 MP). Image acquisition was performed using 
digiCamControl®  software (v2.1.6.0). Images were acquired using 4× and 10× objective 
lenses to examine the morphology and arrangement of the printed filaments, the interfaces 
between PLA and TPU layers, and the resulting pore architecture.

Pore dimensions were quantified using ImageJ®  software (v1.54i) (National Institutes 
of Health, Bethesda, MD, USA) following spatial calibration using a microscopic reference 
scale. For calibration, images acquired at 4× and 10× magnification included a scale bar, with 
the distance between two consecutive reference marks set at 100 μm (Figure 2A). The images 
were imported into the software, and pixel dimensions were converted into micrometers 
based on this calibration. Because the surface-visible pore openings exhibited a predomi-
nantly rectangular geometry, two orthogonal in-plane dimensions, corresponding to pore 
length and width, were measured (Figure 2B). Measurements were performed on the visible 
openings between deposited filament structures. For each investigated patch specimen, ten 
distinct pores were randomly selected from the visible pore field, and both pore length and 
pore width were measured for each selected pore. Mean pore length and mean pore width, 
together with the corresponding standard deviations (SDs), were calculated from the ten 
measurements. These measurements represented technical subsampling within a single 
patch specimen and were not considered independent experimental replicates.

Figure 2. Spatial calibration and pore measurement using ImageJ. (A) Reference scale used for 
spatial calibration, with the selected calibration interval corresponding to 100 μm. (B) Representative 
measurement of a surface-visible pore dimension in a vascular patch using ImageJ.

2.4. Data Analysis
Given the exploratory, descriptive proof-of-concept design, no inferential statistical 

analyses were performed. For the polymer immersion assessment, mass and specimen-level 
dimensional values are presented as mean ± standard deviation (SD) across three inde-
pendently fabricated specimens per material (n = 3). For dimensional analysis, the three 
orthogonal dimensions of each specimen were first averaged to obtain one specimen-level 
value at each time point. Changes from baseline were calculated from the group mean values. 
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For the vascular patch assessments, one specimen of each selected configuration was evalu-
ated (n = 1 per configuration); therefore, patch-level mass, pore, and fluid penetration data 
were analyzed descriptively and were not used for inferential comparisons between config-
urations. For pore measurements, ten randomly selected pores were measured within each 
investigated patch specimen, and pore length and width are presented as mean ± standard 
deviation (SD). These measurements represented technical subsampling within a single 
specimen and were not considered independent experimental replicates; therefore, no 
inferential statistical comparisons between patch configurations were performed. Fluid 
penetration time was reported descriptively for each tested patch configuration.

3. Results
3.1. Vascular Patch Fabrication and Structural Characteristics

A series of PLA, TPU, and multilayer PLA/TPU vascular patch configurations were 
fabricated by FDM. The configurations differed in polymer composition, number and 
sequence of layers, interfilament spacing, and layer offset. The main design and fabrication 
characteristics of the investigated variants are summarized in Table 1.

Table 1. Design and fabrication characteristics of the vascular patch configurations.

Variant Polymer 
Composition No. of Layers Layer 

Sequence
Interfilament 

Spacing (mm)
Layer Offset 

(mm)
Filament 

Orientation

Cura-
Estimated 

Printing Time 
(min)

V1 PLA or TPU 
only 4 Single material 0.1 None

Successive 
layers oriented 
orthogonally 

(90°)

~3

V2 PLA or TPU 
only 4 Single material 0.2 None

Successive 
layers oriented 
orthogonally 

(90°)

~2

V3 PLA or TPU 
only 8 Single material 0.2 None

Successive 
layers oriented 
orthogonally 

(90°)

~15

V4 PLA/TPU 8

PLA–
TPU–PLA–TPU 
–PLA–TPU–PLA 

–TPU

0.2 None

PLA and TPU 
layers oriented 
perpendicular 
to each other

~18

V5-PLA/TPU PLA/TPU 9

PLA–
TPU–PLA–TPU 
–PLA–TPU–PLA 

–TPU–PLA

0.1 None

PLA and TPU 
layers oriented 
perpendicular 
to each other

~24

V5-TPU TPU only 9 Single material 0.1 None

Successive 
layers oriented 
orthogonally 

(90°)

~19

V6 PLA/TPU 8

PLA–
TPU–TPU–TPU 
–TPU–TPU–TPU 

–TPU

0.1
0.1 (X: even 

layers;
Y: odd layers)

Successive 
layers oriented 
orthogonally 

(90°)

~17

V6b PLA/TPU 8

PLA–
TPU–TPU–TPU 
–TPU–TPU–TPU 

–TPU

0.1
0.2 (X: even 

layers;
Y: odd layers)

Successive 
layers oriented 
orthogonally 

(90°)

~20
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Table 1. Cont.

Variant Polymer 
Composition No. of Layers Layer 

Sequence
Interfilament 

Spacing (mm)
Layer Offset 

(mm)
Filament 

Orientation

Cura-
Estimated 

Printing Time 
(min)

V7 PLA/TPU 9

PLA–
TPU–TPU–TPU 
–TPU–TPU–TPU 

–PLA–TPU

0.1
0.1 (X: even 

layers;
Y: odd layers)

PLA layers 
oriented 

perpendicular 
to each other 

(X/Y)

~26

V7b PLA/TPU 9

PLA–
TPU–TPU–TPU 
–TPU–TPU–TPU 

–PLA–TPU

0.1
0.2 (X: even 

layers;
Y: odd layers)

PLA layers 
oriented 

perpendicular 
to each other 

(X/Y)

~26

PLA—polylactic acid; TPU—thermoplastic polyurethane. Interfilament spacing represents the dis-
tance between adjacent parallel deposited elements within the same layer. For V6, V6b, V7, and 
V7b, horizontal layer displacement was applied along the X-axis for even-numbered layers and along 
the Y-axis for odd-numbered layers. Successive layers were positioned at 0.1-mm increments along 
the Z-axis.

The initial V1 and V2 configurations were developed as four-layer prototypes with 
nominal dimensions of 10 × 10 × 0.4 mm. The two configurations differed in interfilament 
spacing, which was 0.1 mm for V1 and 0.2 mm for V2. Successive layers were oriented 
orthogonally, with a 90° rotation between adjacent layers. Both V1 and V2 were fabricated 
separately as entirely PLA and entirely TPU patches, with a printing time of approximately 
3 min for V1 and 2 min for V2. During qualitative handling and suture-placement assess-
ment, the TPU patches could be penetrated with a surgical needle and accommodated suture 
placement without apparent loss of structural continuity. In contrast, the PLA patches 
exhibited greater rigidity during manual handling and needle passage, which limited suture 
placement under the conditions evaluated. No quantitative suture-retention or pull-out 
testing was performed. V3 retained the 0.2-mm interfilament spacing of V2 but was scaled 
to nominal dimensions of 40 × 40 × 0.8 mm and increased from four to eight layers. Separate 
entirely PLA and entirely TPU patches were fabricated. The printing time increased to 
approximately 15 min per patch. V4 maintained the dimensions and interfilament spacing 
of V3 but incorporated both polymers within an eight-layer architecture. Odd-numbered 
layers (1, 3, 5, and 7) were fabricated from PLA and even-numbered layers (2, 4, 6, and 8) 
from TPU, with the PLA and TPU layers oriented perpendicular to each other. The printing 
time was approximately 18 min.

Two V5 configurations were fabricated with dimensions of 40.4 × 40.4 × 0.9 mm, an 
interfilament spacing of 0.1 mm, and a total of nine layers. V5-PLA/TPU consisted of 
alternating PLA and TPU layers, with PLA in layers 1, 3, 5, 7, and 9 and TPU in layers 2, 4, 
6, and 8. A second configuration, designated V5-TPU in the present study to distinguish 
it from the multilayer PLA/TPU configuration, was fabricated entirely from TPU while 
retaining the V5 architecture. The layers were horizontally aligned, without displacement 
along the X- or Y-axis. The printing time was approximately 24 min for V5-PLA/TPU and 
19 min for V5-TPU respectively.

In V6, V6b, V7, and V7b, staggered layer positioning was introduced. V6 and V6b 
consisted of eight layers, with the first layer fabricated from PLA and layers 2–8 from TPU. 
The horizontal displacement magnitude was 0.1 mm for V6 (Figure 3B) and 0.2 mm for V6b. 
Displacement was applied along the X-axis for even-numbered layers and along the Y-axis for 
odd-numbered layers, relative to the preceding layer of the same parity. The first two layers 
remained horizontally aligned, and the staggered positioning was introduced from the third 
layer onward. Along the Z-axis, successive layers were positioned at 0.1-mm increments.
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Figure 3. Design and fabrication of selected vascular patch configurations. (A) CAD representa-
tion of a single patch layer showing the parallel arrangement of rectangular elements measuring 
40 × 0.4 × 0.1 mm. (B) Sliced representation of the eight-layer V6 architecture comprising an initial 
PLA layer followed by seven TPU layers. (C) Sliced representation of the nine-layer V7 architecture 
comprising an initial PLA layer, followed by six TPU layers, an additional PLA layer in the penultimate 
position, and a final TPU layer.

V7 and V7b consisted of nine layers, with PLA in layers 1 and 8 and TPU in layers 2–7 
and 9. The same displacement pattern was applied, using a horizontal offset of 0.1 mm for 
V7 (Figure 3C) and 0.2 mm for V7b. The two PLA layers were oriented perpendicular to 
each other, with one aligned along the X-axis and the other along the Y-axis. The printing 
time was approximately 17 min for V6 and 20 min for V6b, whereas for V7 and V7b was 
approximately 26 min for each patch. Representative CAD models and sliced multilayer 
architectures are shown in Figure 3. Representative examples of the V5-TPU, V6b, and V7b 
configurations following qualitative surgical handling and suture-placement assessment 
are shown in Supplementary Figure S2.

3.2. Mass and Dimensional Changes During In Vitro Immersion
3.2.1. Polymer Assessment

During the 140-day immersion period, the mean mass of both PLA and TPU specimens 
remained slightly above baseline, with different magnitudes and temporal profiles between 
the two materials (Table 2; Figure 4).

Figure 4. Time-dependent changes in PLA and TPU specimen mass during 140 days of immersion in 
distilled water. Values are presented as mean ± SD (n = 3 independent specimens per material).
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Table 2. Mean mass changes in PLA and TPU cubic specimens during immersion in distilled water.

Time Point

PLA TPU

Mass (g)
Mean ± SD

𝚫 from 
Baseline

(%)

Mass (g)
Mean ± SD

𝚫 from 
Baseline

(%)

Baseline 1.1452 ± 0.0089 — 0.9731 ± 0.0333 —
24 h 1.1481 ± 0.0081 +0.26 0.9794 ± 0.0332 +0.64
7 days 1.1514 ± 0.0085 +0.55 0.9865 ± 0.0344 +1.37
14 days 1.1522 ± 0.0087 +0.61 0.9890 ± 0.0354 +1.64
21 days 1.1534 ± 0.0094 +0.72 0.9909 ± 0.0369 +1.83
28 days 1.1534 ± 0.0095 +0.72 0.9919 ± 0.0375 +1.94
56 days 1.1557 ± 0.0094 +0.92 1.0014 ± 0.0404 +2.91
84 days 1.1567 ± 0.0109 +1.01 1.0046 ± 0.0404 +3.23
112 days 1.1587 ± 0.0090 +1.18 1.0078 ± 0.0400 +3.57
140 days 1.1608 ± 0.0084 +1.37 1.0089 ± 0.0402 +3.68

Values are presented as mean ± standard deviation (SD) for three independently fabricated specimens 
per material (n = 3). Δ from baseline (%) was calculated from the group mean at each time point 
relative to the baseline group mean. PLA—polylactic acid; TPU—thermoplastic polyurethane.

The mean PLA mass increased from 1.1452 g at baseline to 1.1481 g after 24 h and 
showed only small subsequent changes, reaching 1.1608 g at day 140. This corresponded to 
a mean mass change of +1.37% relative to the baseline group mean.

The mean TPU mass increased from 0.9731 g at baseline to 0.9794 g after 24 h and 
remained above baseline throughout the observation period, reaching 1.0089 g at day 140. 
The corresponding mean mass change from baseline at day 140 was +3.68%.

Thus, the mean mass change observed during immersion was larger for TPU than for 
PLA. However, variability among the three independent specimens was evident, particularly 
for TPU. No net decrease in mean mass relative to baseline was observed for either polymer 
during the 140-day observation period.

These gravimetric changes were interpreted as changes occurring during aqueous 
immersion rather than as direct evidence of polymer degradation.

Dimensional measurements also showed different temporal profiles for PLA and TPU 
specimens (Table 3; Figure 5). During the first 24 h, the mean PLA dimension changed from 
10.0756 at baseline to 10.0900 mm, corresponding to an increase of approximately +0.14%. 
The maximum mean value was recorded at day 7 (10.103 mm; approximately +0.28% 
relative to baseline). Thereafter, PLA showed only small fluctuations around its initial 
dimensions. Mean dimensional changes remained within approximately −0.07% to +0.28% 
relative to baseline throughout the 140-day period. At day 140, the mean PLA dimension 
was 10.096 mm, corresponding to approximately +0.20% relative to baseline. Given their 
small magnitude, these PLA dimensional fluctuations should be interpreted in relation 
to the 0.01 mm instrument resolution and the inherent variability of the contact-based 
measurement method.

TPU exhibited larger mean dimensional variations. Despite these fluctuations, the TPU 
dimension remained above its baseline value at the end of the 140-day observation period 
(+1.06%). Its mean dimension increased from 9.872 mm at baseline to 10.039 mm after 24 h, 
corresponding to approximately +1.69%. Subsequent measurements showed fluctuations 
rather than a sustained directional change, with mean values remaining above baseline 
throughout the observation period. At day 140, the mean TPU dimension was 9.977 mm, 
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corresponding to approximately +1.06% relative to baseline. Overall, the TPU specimens 
showed a greater magnitude of mean dimensional change during immersion than PLA 
specimens. Neither material demonstrated a sustained reduction in mean dimensions over 
the 140-day observation period.

Table 3. Dimensional changes in PLA and TPU cubic specimens during immersion in distilled water.

Time Point

PLA TPU

Mean 
Dimension ±

SD (mm)

𝚫 from 
Baseline (%)

Mean 
Dimension ±

SD (mm)

𝚫 from 
Baseline (%)

Baseline 10.076 ± 0.010 — 9.872 ± 0.015 —
24 h 10.090 ± 0.006 +0.14 10.039 ± 0.049 +1.69
7 days 10.103 ± 0.026 +0.28 10.014 ± 0.041 +1.44
14 days 10.087 ± 0.006 +0.11 9.980 ± 0.023 +1.09
21 days 10.091 ± 0.010 +0.15 9.969 ± 0.013 +0.98
28 days 10.091 ± 0.004 +0.15 9.977 ± 0.038 +1.06
56 days 10.093 ± 0.012 +0.18 9.951 ± 0.047 +0.80
84 days 10.069 ± 0.008 −0.07 9.951 ± 0.025 +0.80
112 days 10.100 ± 0.006 +0.24 10.014 ± 0.024 +1.44
140 days 10.096 ± 0.012 +0.20 9.977 ± 0.041 +1.06

For each specimen, the three orthogonal dimensions (X, Y, and Z) were averaged to obtain one 
specimen-level dimensional value at each time point. Values are presented as mean ± SD across three 
independently fabricated specimens per material (n = 3). Δ from baseline (%) was calculated from 
the group mean at each time point relative to the baseline group mean.

Figure 5. Time-dependent changes in the mean dimensions of PLA and TPU specimens during 
140 days of immersion in distilled water. For each specimen, the three orthogonal dimensions were 
averaged to obtain one specimen-level value. Data are presented as mean ± SD (n = 3 independent 
specimens per material).
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3.2.2. Vascular Patch Assessment
During the 42-day immersion period, temporal mass changes were observed in the 

individual V5-TPU, V6b, and V7b specimens (Table 4; Figure 6).

Table 4. Mass changes in individual V5-TPU, V6b, and V7b vascular patch specimens during immer-
sion in PBS at 37 °C.

Time 
Point

V5-TPU V6b V7b

Mass (g)
𝚫 from 

Baseline 
(%)

Mass (g)
𝚫 from 

Baseline 
(%)

Mass (g)
𝚫 from 

Baseline 
(%)

Baseline 1.0491 — 0.8850 — 1.0450 —
24 h 1.0509 +0.17 0.8881 +0.35 1.0466 +0.15
7 days 1.0534 +0.41 0.8926 +0.86 1.0531 +0.78
14 days 1.0545 +0.51 0.8952 +1.15 1.0554 +1.00
21 days 1.0549 +0.55 0.8951 +1.14 1.0628 +1.70
35 days 1.0569 +0.74 0.8994 +1.63 1.0893 +4.24
42 days 1.0506 +0.14 0.8941 +1.03 1.0624 +1.67

Δ from Baseline (%) = [(Xt − X0 )/X0 ] × 100, where X0  represents the baseline mass and Xt  the mass 
recorded at each subsequent time point. One specimen of each patch configuration was evaluated 
(n = 1 per configuration); therefore, the data are descriptive and do not represent independent 
replicate-based comparisons between configurations. PLA—polylactic acid; TPU—thermoplastic 
polyurethane; PBS—phosphate-buffered saline.

Figure 6. Time-dependent changes in the mass of the individual V5-TPU, V6b, and V7b vascular 
patch specimens during 42 days of immersion in PBS at 37 °C. One specimen was evaluated per 
configuration (n = 1).

The V5-TPU specimen mass increased from 1.0491 g at baseline to 1.0569 g at day 35 
(+0.74%) and subsequently measured 1.0506 g at day 42 (+0.14% relative to baseline). 
The V6b specimen increased from 0.8850 g at baseline to 0.8994 g at day 35 (+1.63%) and 
measured 0.8941 g at day 42 (+1.03% relative to baseline).
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The V7b specimen mass increased from 1.0450 g at baseline to 1.0893 g at day 35 
(+4.24%) and subsequently measured 1.0624 g at day 42 (+1.67% relative to baseline). 
Thus, each individual specimen remained above its respective baseline mass at the end of 
the 42-day observation period. Because only one specimen of each patch configuration was 
evaluated, these observations are descriptive and are not intended to establish reproducible 
differences between patch configurations.

3.3. Fluid Penetration Test
Fluid penetration was evaluated in the same three patch configurations included in the 

patch immersion assessment: V5-TPU, V6b, and V7b. Using the exploratory gravity-driven 
test described above, the elapsed time from application of the 22% (w/w) aqueous glycerol 
solution to the first visually detectable signs of fluid passage through the patch was recorded 
for each specimen.

Fluid penetration time differed among the three tested configurations. V5-TPU ex-
hibited the shortest penetration time, with fluid passage first observed after 18 min. V6b 
showed an intermediate penetration time of 59 min, whereas V7b exhibited the longest 
penetration time, with fluid passage first observed after 135 min (Figure 7).

Figure 7. Time to first visually detectable fluid passage recorded for V5-TPU, V6b, and V7b vascular 
patch configurations during the exploratory gravity-driven fluid penetration test. One specimen was 
evaluated per configuration (n = 1).

These values represent descriptive times to first visually detectable fluid passage 
under the present low-hydrostatic-pressure test conditions and should not be interpreted 
as standardized pressure-controlled measurements of vascular patch permeability.

3.4. Microscopy and Pore Measurement
Optical microscopy revealed differences in filament arrangement and pore geometry 

among the investigated patch configurations. The entirely TPU configuration (V5-TPU) 
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exhibited less regular filament contours and greater apparent variability in pore shape, 
whereas PLA-containing configurations showed more defined filament boundaries and 
a more organized pore architecture. The optical micrographs represent top-view surface 
projections; therefore, the measured values correspond to the in-plane length and width of 
surface-visible openings and do not represent through-thickness pore dimensions. Repre-
sentative micrographs of V5-TPU, V6, V6b, V7 and V7b are shown in Figure 8.

Figure 8. Representative top-view reflected-light optical micrographs of selected vascular patch 
configurations: (A) V5-TPU; (B) V6; (C) V6b; (D) V7; (E) V7b. The visible openings between 
deposited filament structures were evaluated in-plane by optical microscopy and ImageJ analysis. The 
reported measurements represent the in-plane length and width of surface-visible openings and do 
not represent through-thickness pore dimensions. Images were acquired using a 4× objective. Panel 
(C) reproduces a previously documented V6b micrograph. Scale bars = 200 μm in panels (A,B,D,E).

Descriptive pore measurements varied among the investigated configurations (Table 5).

Table 5. Mean pore dimensions of the investigated vascular patch configurations measured by optical 
microscopy and ImageJ analysis.

Patch Configuration Pore Length (𝛍m)
Mean ± SD

Pore Width (𝛍m)
Mean ± SD

V3-TPU 293 ± 5.24 295 ± 5.71
V3-PLA 100 ± 2.21 116 ± 4.14
V4 308 ± 4.27 221 ± 3.79
V5-PLA/TPU 152 ± 3.86 141 ± 2.84
V5-TPU 152 ± 3.11 115 ± 2.68
V6 172 ± 5.83 165 ± 5.09
V6b 169 ± 3.19 153 ± 4.17
V7 157 ± 3.56 143 ± 3.40
V7b 96.5 ± 2.77 93.2 ± 3.03

Values are presented as mean ± SD from ten randomly selected pore measurements within each 
investigated patch specimen. The measurements represent technical subsampling within a single 
specimen and were not considered independent experimental replicates. Pore dimensions were 
measured from the surface-visible pore openings in calibrated optical micrographs using ImageJ. 
PLA—polylactic acid; TPU—thermoplastic polyurethane.

A marked design-to-print difference was observed for the V3 configurations. Although 
V3-PLA and V3-TPU were designed with the same nominal interfilament spacing of 0.2 mm 
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(200 μm), their measured surface-visible opening dimensions differed substantially. V3-
PLA showed mean dimensions of 100 ± 2.21 × 116 ± 4.14 μm, corresponding to values 
approximately 50% and 42% below the nominal spacing, whereas V3-TPU showed mean 
dimensions of 293 ± 5.24 × 295 ± 5.71 μm, approximately 47% above the nominal spacing in 
both measured directions. Thus, the nominal CAD interfilament spacing did not translate 
directly into an equivalent surface-visible opening dimension after printing. Representative 
micrographs of V3-PLA and V3-TPU are shown in Supplementary Figure S3.

Among the later multilayer configurations, V6 and V6b showed similar mean pore 
lengths of 172 ± 5.83 μm and 169 ± 3.19 μm, respectively, while the corresponding mean 
pore widths were 165 ± 5.09 μm and 153 ± 4.17 μm. For V7, mean pore length and width 
were 157 ± 3.56 μm and 143 ± 3.40 μm, respectively; for V7b, the corresponding values 
were 96.5 ± 2.77 μm and 93.2 ± 3.03 μm. V7b showed the smallest mean pore dimensions 
among the investigated configurations. Because these measurements represented technical 
subsampling within single specimens, the values were interpreted descriptively and were 
not used for inferential comparisons between configurations.

4. Discussion
4.1. Requirements for Vascular Scaffolds and the Role of 3D Printing

The development of tissue-engineered vascular substitutes requires consideration of 
several interdependent material and structural characteristics, including biocompatibility, 
hemocompatibility, mechanical compatibility with the native vessel, porosity, and appropri-
ate stability or degradation behaviour under physiological conditions. For biodegradable 
constructs, preservation of structural integrity during the intended functional period is 
particularly important, while progressive material degradation should occur without gen-
erating adverse biological effects. Mechanical mismatch between vascular substitutes and 
native vessels also remains an important consideration, particularly for small-diameter 
applications [7,8,10,12,19,24,25].

Additive manufacturing offers specific advantages for vascular scaffold fabrication 
because both macroscopic geometry and internal architecture can be defined during the 
manufacturing process. Material-extrusion techniques such as FDM enable control over 
filament orientation, layer sequence, interfilament spacing, and the spatial arrangement of 
successive layers [13,26,27]. This manufacturing flexibility also enables different polymers 
to be incorporated within predefined architectures. In addition to architectural design, 
FDM processing parameters can influence the mechanical behavior of printed PLA and 
TPU components [28,29]. In the cardiovascular field, Guerra et al. demonstrated the 
feasibility of combining PCL and PLA by FDM to produce composite stents with material-
dependent degradation and mechanical characteristics [18]. More recently, Vellayappan 
et al. demonstrated that controlled multilayer PLA/TPU architectures can be retained during 
additive manufacturing, supporting the feasibility of producing architectured constructs 
from this polymer combination [20].

Within this framework, the present study investigated PLA and TPU individually and 
in predefined multilayer configurations, using variations in polymer composition, layer 
sequence, interfilament spacing, and layer displacement to examine immersion-related 
mass and dimensional changes, pore geometry, and time to first visually detectable fluid 
passage under the exploratory test conditions.

4.2. Material Selection and In Vitro Immersion Response of PLA and TPU
PLA and TPU were selected based on their distinct material characteristics and suitabil-

ity for additive manufacturing. PLA is a slowly hydrolytically degradable and hydrophobic 
polymer widely used in biomedical applications [24,30]. Its degradation occurs primarily 
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through hydrolysis of ester bonds and may extend over prolonged periods, depending on 
material- and environment-specific factors such as molecular weight, crystallinity, specimen 
geometry, and water accessibility [24,30]. The incorporation of more hydrophilic polymers, 
such as polyglycolic acid (PGA), can accelerate degradation by facilitating water penetration 
and ester bond cleavage [25]. The degree of crystallinity also influences the mechanical and 
degradation behaviour of PLA, with higher crystallinity generally associated with reduced 
flexibility and slower water penetration into the polymer matrix [31].

In contrast, TPU is a comparatively biostable elastomer characterized by high elastic-
ity, deformability, and tunable mechanical properties, characteristics that are particularly 
relevant for cardiovascular applications requiring compliant constructs [24,32]. Although 
TPU can undergo physicochemical changes and degradation under specific hydrolytic or 
oxidative conditions, it is not considered a rapidly resorbable polymer [33]. Its role in 
the present multilayer constructs was therefore primarily related to its elastic and han-
dling characteristics rather than to an expectation of rapid biodegradation. TPU has also 
been investigated for the additive manufacturing of vascular implants and small-diameter 
vascular grafts. Vanden Broeck et al. evaluated 3D-printed TPU intended for vascular 
applications, while Chand et al. recently demonstrated that TPU hardness influences both 
the compliance and printability of material-extrusion small-diameter vascular grafts [33,34]. 
These contrasting material characteristics provided the rationale for evaluating PLA and 
TPU both individually and within the multilayer patch configurations investigated in the 
present study.

The qualitative surgical handling assessment also influenced the subsequent design 
strategy. Entirely PLA prototypes exhibited excessive rigidity and limited needle passage 
and suture placement, whereas TPU-rich constructs were more amenable to handling, 
needle passage, and suture placement. Architectures containing more than two PLA layers 
were similarly considered too rigid for the intended handling characteristics. Consequently, 
the later V6, V6b, V7, and V7b designs incorporated only one or two PLA layers within 
predominantly TPU architectures. These observations were qualitative and should not be 
interpreted as standardized measurements of suturability or suture-retention strength.

The different responses of the two polymers were evident during the 140-day im-
mersion assessment. TPU showed a greater overall mass increase than PLA and a larger 
early dimensional increase, followed by subsequent fluctuations, while neither material 
exhibited a sustained reduction in mean mass or dimensions relative to baseline. The early 
dimensional changes observed for TPU should therefore be interpreted as temporal varia-
tions in the measured dimensions rather than as evidence of a defined swelling–shrinkage 
process. The observed net mass increases are consistent with fluid uptake and/or retention 
during immersion; however, gravimetric and dimensional changes alone cannot establish 
polymer degradation.

For PLA-based materials, hydrolytic degradation is influenced by multiple material 
and environmental factors, including molecular weight, crystallinity, specimen geometry, 
and water accessibility [24,35–37]. This distinction is also supported by Vanden Broeck 
et al., who showed that degradation-related changes in 3D-printed TPU under accelerated 
hydrolytic and oxidative conditions could be detected by complementary physicochemical 
and mechanical analyses without pronounced gross mass loss [33].

Differences in the degradation-related behaviour of PLA- and TPU-containing 3D-
printed constructs have also been reported by Abdul Samat et al. In their study of 3D-printed 
scaffolds for tracheal tissue engineering, TPU exhibited greater degradation than PLA dur-
ing the investigated period, while the TPU/PLA formulation showed an intermediate 
response [21]. Although the material formulation, scaffold geometry, experimental con-
ditions, and intended application differed from those of the present study, their findings 
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further illustrate that PLA- and TPU-containing constructs can exhibit distinct responses 
under in vitro conditions.

4.3. Mass Changes in Multilayer Vascular Patches During In Vitro Immersion
At the patch level, V5-TPU, V6b, and V7b exhibited distinct temporal mass profiles 

during 42 days of immersion in PBS at 37 °C. All three configurations showed an overall 
increase in mass up to day 35, followed by a decrease between days 35 and 42, while 
remaining above baseline at the end of the observation period. Among the three tested 
specimens, the entirely TPU configuration (V5-TPU) showed the smallest magnitude of 
mass change, whereas V7b, which incorporated two PLA layers within a predominantly 
TPU architecture, exhibited the largest change. These observations do not support a simple 
relationship between TPU content and the magnitude of mass change during immersion.

The increase in patch mass observed during most of the immersion period, as well 
as the subsequent decrease during the final interval, should be interpreted as temporal 
mass changes rather than direct measures of degradation rate. Although the patches were 
rinsed with distilled water after removal from PBS and dried at 37 °C until constant weight 
was achieved, vacuum drying was not used; therefore, residual fluid and/or ionic material 
retained within the porous structures cannot be completely excluded as contributors to 
the measured mass variations. Accordingly, the larger mass increase observed for V7b at 
day 35 and the decrease observed in all three specimens between days 35 and 42 should 
not be interpreted as evidence of a specific degradation process or intrinsic material re-
sponse. Fluid uptake and/or retention during immersion may contribute to the observed 
mass changes, while hydrolytic or other physicochemical changes may occur concurrently; 
macroscopic mass variation alone cannot distinguish these processes. Consistent with this 
distinction, Vanden Broeck et al. showed that degradation-related changes in 3D-printed 
TPU under accelerated hydrolytic and oxidative conditions could be detected by comple-
mentary physicochemical and mechanical analyses without pronounced macroscopic mass 
loss [33].

Overall, the three tested configurations showed different mass-change profiles during 
immersion. Because they differed simultaneously in polymer composition, layer count, 
and horizontal offset, the observed differences cannot be attributed to any single design 
parameter and should be interpreted at the level of the complete patch configuration.

4.4. Layer Architecture, Pore Geometry and Fluid Penetration
Structural characterization showed that the dimensions of surface-visible pore openings 

varied among the investigated patch architectures. Optical microscopy showed pore open-
ings generated by the orthogonal arrangement of deposited filaments, while quantitative 
measurements demonstrated differences in their in-plane dimensions among configurations. 
These findings are consistent with previous additive-manufacturing studies demonstrating 
that structural features can be modified through the design and fabrication strategy [26,38].

The descriptive pore measurements indicate that the effect of architectural modification 
was not uniform across configurations. V6 and V6b showed similar mean pore lengths 
of 172 ± 5.83 μm and 169 ± 3.19 μm, despite their different nominal horizontal offsets of 
0.1 and 0.2 mm, respectively. Their corresponding mean pore widths were 165 ± 5.09 μm 
and 153 ± 4.17 μm. A larger numerical difference was observed between V7 and V7b, with 
mean pore dimensions of 157 ± 3.56 × 143 ± 3.40 μm and 96.5 ± 2.77 × 93.2 ± 3.03 μm, 
respectively. These observations do not support an independent effect of horizontal offset 
magnitude alone on pore dimensions.

More importantly, V6b and V7b were designed with the same nominal 0.2-mm stag-
gered displacement pattern but differed in their overall multilayer architecture. V6b con-
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sisted of eight layers with one PLA layer followed by seven TPU layers, whereas V7b 
consisted of nine layers with two PLA layers oriented perpendicular to each other and 
seven TPU layers. V7b showed smaller mean pore dimensions than V6b and, among the 
configurations evaluated in the fluid penetration test, also exhibited the longest time to 
first visually detectable fluid passage (135 min versus 59 min for V6b). These co-occurring 
observations were associated with differences in overall multilayer architecture rather than 
with horizontal offset alone. Because only one specimen per configuration was evaluated, 
this interpretation remains descriptive and requires confirmation using independently 
replicated, controlled architectural comparisons.

Microscopy also suggested differences in polymer deposition, with PLA-containing 
regions generally exhibiting more regularly defined filament boundaries, whereas TPU 
depositions appeared more irregular and variable. These differences are consistent with 
the sensitivity of material-extrusion processing to polymer characteristics and fabrication 
conditions [32].

Pore architecture is relevant to vascular patch design because pore dimensions and 
interconnectivity can influence cellular infiltration, extracellular matrix deposition, neovas-
cularization, and host response after implantation [39]. Tara et al. demonstrated that pore 
size influenced cellular infiltration and vascular remodeling in biodegradable poly(L-lactic 
acid) (PLLA)-based vascular grafts, while Matsuzaki et al. showed, in a large-animal model, 
that scaffold pore diameter affected neotissue formation and graft remodeling [40,41]. 
These findings provide biological context for the range of pore dimensions measured in the 
present study.

The exploratory fluid-passage test showed different times to first visually detectable 
fluid passage among the three evaluated configurations. V5-TPU exhibited the shortest 
time (18 min), followed by V6b (59 min), whereas V7b exhibited the longest time (135 min). 
These observations should be interpreted within the limits of the exploratory test. The 
recorded endpoint represents the time to first visually detectable fluid passage under a low 
hydrostatic pressure of approximately 140 Pa (1.05 mmHg) and does not constitute a stan-
dardized measurement of vascular patch permeability. Pressure-controlled permeability 
testing under arterial-pressure conditions was not performed in the present study.

Interestingly, V5-TPU exhibited smaller mean surface-visible pore openings than V6b 
(152 × 115 μm versus 169 × 153 μm), yet fluid passage was detected considerably earlier 
(18 versus 59 min). This observation suggests that fluid passage may depend not only 
on surface-visible pore dimensions but also on through-thickness channel geometry. The 
non-staggered architecture of V5-TPU may provide more direct fluid pathways, whereas the 
staggered filament arrangement of V6b may result in more complex pathways through the 
patch thickness. However, through-thickness pore alignment, interconnectivity, and tortu-
osity were not directly quantified in the present study; therefore, this structural explanation 
remains hypothetical and would require dedicated cross-sectional or three-dimensional 
characterization for confirmation.

Overall, the findings indicate that differences in material composition and architectural 
design were associated with differences in structural characteristics and time to visually 
detectable fluid passage under the exploratory test conditions.

4.5. Implications for Vascular Patch Design and Future Development
The structural characteristics and exploratory fluid-passage observations obtained in 

the present study represent an initial level of characterization of the investigated PLA/TPU 
patches, being consistent with previous additive-manufacturing studies [18,20]. A critical 
requirement for vascular substitutes is the establishment of a functional endothelial surface, 
which contributes to thromboresistance and long-term vascular compatibility [24,25,42,43]. 
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Material surface properties therefore represent an important consideration in vascular 
patch development. PLA is relatively hydrophobic, which can limit cell–material inter-
actions when used without surface modification or combination with other materials. 
Previous studies have shown that polymer composition and surface characteristics can 
influence endothelialization, vascular remodeling, inflammatory response, and thrombotic 
behaviour [24,25,44]. These considerations are relevant to the further development of 
multilayer patches in which materials with different physicochemical characteristics are 
combined within a single construct.

Beyond material properties, additive manufacturing provides the possibility of adapt-
ing vascular patches to specific anatomical requirements. This is particularly relevant in 
congenital and pediatric cardiovascular surgery, where vascular reconstruction frequently 
involves complex and highly variable anatomy. Mayoral et al. demonstrated the feasibility 
of producing a patient-specific vascular patch based on the anatomy of an infant with aortic 
arch hypoplasia, integrating patient-specific anatomical information into the design of a 
3D-manufactured construct [38]. The configurable multilayer approach investigated in the 
present study could similarly allow patch geometry, material composition, and internal 
architecture to be adapted during fabrication according to the intended application. Such 
geometric customization should not be interpreted as evidence that the present PLA/TPU 
constructs can remodel or accommodate somatic growth after implantation.

The present findings therefore provide a basis for the next stage of development of these 
PLA/TPU vascular patches, in which the relationship between material and architectural 
design and their functional behaviour under conditions relevant to vascular implantation 
will be further evaluated.

4.6. Key Findings Summary
An important outcome of this proof-of-concept study was the iterative development of 

PLA/TPU vascular patch prototypes through modifications in material composition and 
multilayer architectures. Preliminary qualitative surgical handling and suture-placement 
assessments informed the selection of configurations for further characterization. The 
greater rigidity and limited needle passage observed in PLA-rich constructs supported 
the subsequent development of predominantly TPU-based multilayer architectures. These 
assessments served as an initial feasibility screening step and were not intended to replace 
standardized mechanical or suture-retention testing.

The constituent PLA and TPU specimens exhibited different mass and dimensional 
changes during in vitro immersion, while the selected vascular patch configurations showed 
temporal mass variations under the applied experimental conditions. The observed design-
to-print discrepancy between the V3-PLA and V3-TPU configurations further highlighted 
the importance of considering material- and process-dependent differences between nomi-
nal CAD geometry and the resulting printed structures.

Among the configurations developed through the iterative fabrication process, V7b was 
retained, alongside V5-TPU and V6b, for preliminary physical characterization following 
qualitative surgical handling and suture-placement assessment. Its identification as a 
configuration of interest for subsequent investigations reflects the prototype development 
and initial feasibility screening process rather than a ranking based on pore dimensions 
or fluid-passage time. Because the investigated configurations differed simultaneously in 
polymer composition, layer count, and horizontal offset, the observed differences cannot 
be attributed to a single architectural variable. These findings do not establish the overall 
functional superiority or clinical suitability of V7b for vascular implantation.
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4.7. Study Limitations
The present study has several limitations related to its exploratory design. Three 

independently fabricated specimens per material were evaluated in the PLA and TPU 
cube immersion assessment, allowing the corresponding mass and dimensional data to 
be reported as mean ± SD. In contrast, the patch-level assessments were performed on a 
single specimen of each selected configuration; these results are therefore descriptive and 
do not establish reproducible differences between patch architectures. Pore measurements 
represented technical subsampling within individual specimens rather than independent 
experimental replicates. Not all original acquisition-resolution micrographs were available 
for retrospective verification, and the original ImageJ ROI selections and coordinates were 
not retained, limiting complete image-level traceability of the pore measurements. The 
archived V6b fabrication files reproduce the V6 geometric toolpath rather than the docu-
mented nominal 0.2-mm offset, limiting independent verification of the V6b specimen’s 
fabrication history. The observed mass and dimensional changes do not establish the under-
lying molecular or physicochemical degradation mechanisms. Dimensional measurements 
were obtained using a contact-based digital caliper; therefore, small changes approaching 
the 0.01 mm instrument resolution and minor variability inherent to contact-based mea-
surements should be considered when interpreting the dimensional data. Vacuum drying 
was not used, and constant weight was not verified for the cubic specimens; therefore, the 
corresponding gravimetric measurements should be interpreted within the limitations of 
the applied drying protocol. Furthermore, the nominal 100% infill setting does not exclude 
the presence of internal voids between deposited filaments. Water retained within such 
voids may have contributed to the observed mass increases, but the internal void fraction 
and retained water content were not independently quantified. For the patch specimens, 
despite distilled water rinsing and drying to constant weight at 37 °C, residual fluid and/or 
ionic material retained within the porous structures cannot be completely excluded as 
contributors to the observed mass fluctuations. Separate wet- and dry-mass measurements 
were not available to independently quantify fluid uptake during immersion.

Quantitative mechanical properties, including tensile strength, suture-retention 
strength, compliance, burst pressure, and fatigue resistance, were not evaluated. Fluid 
penetration time provided an exploratory comparative endpoint rather than a quantitative 
assessment of permeability. The endpoint was visually determined in a single specimen per 
configuration, the assessment was not blinded, and standardized pressure-controlled per-
meability testing under arterial conditions was not performed. Biological and blood-contact 
responses, including cytocompatibility, endothelialization, hemocompatibility, inflamma-
tory response, and calcification, were also not investigated.

Further investigations incorporating independent experimental replicates and com-
plementary physicochemical, mechanical, biological, and hemodynamic assessments are 
currently underway as part of the next stage of the research project, followed by in vivo 
evaluation at a later stage.

5. Conclusions
This proof-of-concept study demonstrates the feasibility of fabricating porous vascular 

patch prototypes by FDM using PLA and TPU in single-material and multilayer config-
urations. The investigated materials and patch architectures exhibited distinct in vitro 
characteristics. The iterative fabrication and preliminary screening process identified V7b 
as one of the prototypes for subsequent experimental evaluation, without establishing its 
functional superiority or suitability for vascular implantation. These findings provide a 
preliminary basis for further physicochemical, mechanical, biological, and hemodynamic 
evaluations of FDM-fabricated PLA/TPU vascular patch prototypes.
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