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ARTICLE INFO ABSTRACT

Keywords: As climate change increases risks to heritage buildings, enhancing repair methods for historic masonry is
FDM essential. This paper presents the design and optimisation process for the manufacturing of a novel self-healing
Self-healing technology—named mortar mini-vascular networks (m-MVNs)—intended for installation in mortar joints during
;Ef':::;‘i;omrs joint repair. m-MVNs are Fused Deposition Modelling (FDM)-printed polymer units with interconnected channels
designed to store and protect healing agents. When damage in the mortar joint exceeds a threshold, the m-MVNs
rupture, releasing the healing agent to initiate the self-repair process. Engineered within a 4D printing frame-
work, the m-MVNs were optimised through iterative design refinement to protect healing agents, with fracture
properties ensuring activation under specific stress conditions. The final m-MVN design, manufactured using
adaptive slicing from clear polylactide acid (PLA), achieved the best performance in terms of: i) geometrical
regularity, ii) mechanical compatibility with hydraulic lime-based mortars, iii) quasi-isotropy, iv) and water-

tightness. This breakthrough paves the way for innovative self-healing solutions in heritage conservation.

1. Introduction

In recent years, additive manufacturing (AM) technologies have
revolutionised the way physical objects are made. AM unlocks signifi-
cant and valuable opportunities, enabling the manufacturing of
nonstandard geometrical forms of unprecedented complexity, with
minimal waste. The term fused deposition modelling (FDM) was trade
marked by Stratasys Inc in 1991 [1] and now is one of the most widely
used three-dimensional (3D) printing technologies. FDM is a process
during which the filament of thermoplastic material is extruded
continuously from a hot nozzle in linear segments that are accumulated
to create a shape [2]. 3D-printed objects are usually made from engi-
neering plastics, including polylactic acid (PLA), polyethylene (PE),
acrylonitrile butadiene styrene (ABS), polyethylene terephthalate (PET),
polystyrene (PS), polycarbonate (PC), polycaprolactone (PCL), poly-
ether ether ketone (PEEK), nylon, and thermoplastic urethane (TPU)
[3-5]. Fillers, that vary from metals to plant-based additives, can be
added to plastics to improve properties, such as surface texture, me-
chanical strength and material sustainability whilst reducing cost [6,7].

However, conventional 3D printing produces static objects that
retain their properties and shape after fabrication. The emergence of
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four-dimensional (4D) printing has introduced a paradigm shift by
incorporating stimuli-responsive materials that allow printed objects to
transform over time in response to external stimuli such as temperature,
moisture, light, or magnetic fields [8,9].

The concept of 4D printing was first introduced by Tibbits in 2013 at
the Massachusetts Institute of Technology (MIT), where he described it
as an extension of 3D printing that integrates smart materials capable of
self-transformation [9]. The “fourth dimension” in 4D printing refers to
the dynamic behaviour of printed objects, which undergo shape, prop-
erty, or functional changes over time [10]. This transformation is typi-
cally governed by material properties, structural design, and external
triggers such as thermal, pneumatic, or chemical stimuli [11,12].

Key materials used in 4D printing include shape-memory polymers
(SMPs), hydrogels, and composites with active fillers. These materials
enable the realisation of self-healing, reconfigurable, and adaptive
structures [3]. This is achieved through the careful design of geometries,
with precisely controlled deposition of layers and through the inclusion
of different materials or active fibres [8,11,13]. The primary mecha-
nisms driving these transformations are: i) Shape Memory Effect (SME):
materials return to a predetermined shape upon exposure to specific
stimuli such as heat or light [14,15] ii) Hygroscopic Expansion: some
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hydrogels and bio-inspired materials swell or contract when exposed to
moisture, leading to controlled actuation [16,17]; iii) Multi-Material
Printing: the strategic arrangement of different materials allows for
controlled anisotropic deformations [18].

4D printing has been widely explored across multiple industries. In
biomedical engineering, it has enabled the development of self-
expanding stents, drug delivery systems, and tissue scaffolds that
adapt to physiological conditions [19]. In aerospace and robotics,
deployable structures and morphing wings have been designed to
respond to environmental changes [20]. Civil engineering has also
benefited, particularly in the development of self-healing materials,
such as self-healing concrete and adaptive architectural components
[21].

Commonly, time is referred to as the fourth dimension in 4D printing,
whereby the transformation of an object over time is considered after
being printed [10]. In the current work, this transformation is leveraged
to introduce a stimulus-responsive behaviour, enabling self-healing in
hydraulic lime-based matrices. Mortar-mini vascular networks (m-
MVNs) are FDM-printed units consisting of a system of interconnected
channels designed to store and protect healing agents. Units designed for
concrete structures (i.e. MVNs) have been studied by the author’s pre-
viously in [22,23] demonstrating successful outcomes in the recovery of
mechanical properties of the concrete structure.

As illustrated in Fig. 1, the healing mechanism relies on the preser-
vation of dormant m-MVNs until a threshold level of damage is reached.
At this point, the embedded MVNs within the matrix (e.g., concrete or
lime) rupture, releasing the encapsulated healing agent. The fracture
properties of m-MVNs are engineered within a 4D printing framework,
ensuring a predefined mechanical response that activates healing only
under specific stress conditions, thereby extending their effectiveness
beyond their shape and capacity to store healing agents. Specifically,
these fracture properties are tailored to align with the mechanical
characteristics of the host matrix and the application, ensuring that
rupture occurs in response to the designed mechanical stresses. These
stresses act as external stimuli, triggering the rupture and subsequent
controlled release of the healing agent precisely when and where it is
needed, thereby enhancing the self-healing efficiency of the system.
Table 1 summarises the key aspects that provide the basis for classifying
m-MVNs within the 4D printing framework, based on fundamental
principles of time-dependent transformation, external stimuli-driven
behaviour, functional material change, and engineered design.

Historic masonry structures are integral to cultural identity and
heritage. However, they are increasingly at risk due to climate change
factors such as rising sea levels, increased precipitation, and extreme
weather events. For instance, a report by Historic Environment Scotland
indicates that over half of Scotland’s historic sites are “at risk” due to
such climate-related factors [24]. Increasingly frequent and intense
weather events—such as storms, heavy rainfall, and flooding—are
accelerating the deterioration of built heritage, particularly in structures
composed of porous materials like historic masonry, which are highly
susceptible to moisture ingress, salt crystallization, and freeze-thaw
cycles [25]. To address the challenges of preserving historic masonry,
researchers are exploring self-healing mortars as a sustainable solution.
Vucetic et al. [26] studied surface healing in original and replicated
medieval mortars from Bac Fortress, Serbia, using a two-component
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Table 1
Rationale for the 4D definition of m-MVNs.

4D printing principles Application to MVNs

1 Time-Dependent
Transformation

Mortar-mini vascular networks (m-MVNs) rupture
over time in response to mechanical stresses, enabling
a delayed self-healing mechanism in the host material.
The rupture of m-MVNs due to mechanical stress
aligns with the concept of a pre-designed response to
an external trigger.

The self-healing process activated by m-MVNs
contributes to a dynamic change in the host material
properties.

The fracture behaviour of m-MVNss is tailored to match
the mechanical characteristics of the host matrix and
application, ensuring a controlled and intentional
transformation.

1I_External Stimuli-Driven
Behaviour

III_Functional Change in
Material

IV_Engineered Design for
Application

bacterial system (Sporosarcina pasteurii DSM 33 and nutrients). Heal-
ing was less effective in the original mortars, likely due to insufficient
free calcium ions [27]. Moreover, Recent research has aimed at
improving the performance of hydraulic lime-based mortars by inte-
grating smart additives [28] and nanomaterials [29]. Santhanam et al.
[30] explored the influence of carboxymethyl cellulose (CMC) and alc-
cofine (AF) on the hydraulic and durability characteristics of natural
hydraulic lime mortars, demonstrating enhanced freeze-thaw resistance
over extended healing periods.

In parallel with biological and chemical approaches, recent ad-
vancements have explored self-healing systems such as mini-vascular
networks (MVNs). These networks, inspired by natural vascular sys-
tems, are embedded within the mortar matrix to enable the delivery of
healing agents directly to damaged areas. Initially developed for use in
newly constructed concrete structures, the concept of MVNs has been
adapted for application in heritage conservation through a process of
technology transfer. To meet the specific constraints of historic masonry
walls, the design of the MVNs was revisited, resulting in the develop-
ment of mortar mini-vascular networks (m-MVNs) that fit entirely
within the typical thickness of a mortar joint (~10-15 mm). This
adaptation ensures compatibility with traditional masonry while main-
taining the capacity for targeted, repeatable self-healing [31]. As illus-
trated in Fig. 2, if significant sections of masonry have been damaged to
the point that mortar joints have lost their function, the so called scuci-
cuci technique (i.e. patching) can be used to restore structural continuity
while preserving the original blockwork. As part of a new biomimetic
approach, the renewed hydraulic lime-based mortar joints incorporate
m-MVNs filled with healing agents that are both compatible with the
original material and afford the hydraulic lime-based mortar joint the
ability to self-heal when damaged.

It is worth noting that this technology is designed to autonomously
repair cracks occurring within the mortar joints, while autogenous
healing may occur at the interface between the units and the mortar,
thereby enhancing adhesion [32].

The aim of the work reported in this paper was to design an m-MVN
suitable for masonry restoration and to optimize the 4D printing process
to satisfy the requirements for self-healing hydraulic lime-based mortar
joints, namely: i) ability to rupture at an appropriate mechanical stress;
ii) isotropy along m-MVN ligaments; iii) strong bond properties with

FILLING CRACKING

lime matrix cracking
STIMULUS

SELF HEALING
mechanical stress

MVNs cracking
lime-based samples reactions
CASTING RELEASE

Fig. 1. Summary of mechanisms used for explaining 4D printed mini-vascular networks for self-healing of hydraulic lime-based mortars.
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Fig. 2. m-MVNs placement within mortar joints.

lime matrices; and iv) full watertightness when inserted into a hydraulic
lime-based matrix.

Section 2 provides details on the materials used in the study and the
design description. Section 3 outlines the FDM printing and iteration
process to achieve an optimized m-MVN. This includes a detailed
description of the four iterations, along with the selected FDM building
directions and the support structures used in the printing process. Sec-
tion 4 presents the methods used to evaluate the performance of each
iteration and the rationale for its implementation. Section 5 presents a
discussion of the experimental results, analysing each iteration in terms
of mechanical behaviour and watertightness efficiency, along with ob-
servations of the m-MVNs. The most promising iteration was then
embedded in hydraulic lime-based mortar prisms and tested to assess
rupture at a serviceable crack width. Conclusion are drawn in Section 6.

2. Materials and design
2.1. Materials

In this study, a commercial clear Polylactic Acid (PLA) supplied by
Verbatim with a diameter of 2.85 + 0.05 mm was used to manufacture
the m-MVNs. PLA refers to a class of semi-crystalline degradable poly-
mers, which has been extensively researched and used for FDM [33-35].
It is made from lactic acid derived from fermented plant starch-such as
corn [14,36] and has been successfully used for self-healing concrete
technologies, including the first generation MVNs [22,37] and connec-
tions for continuous networks [38]. During the printing of the samples,
the PLA filament was exposed to room temperature. The properties of
the PLA polymer [39] are shown in Table 2.

2.2. Mortar-mini-vascular networks (m-MVNs) design

The idea for the m-MVNs came from the need to provide a practical
method to supply healing agents in mortar joints with a thickness
ranging from 5 to 15 mm. The design meets the need for being direc-
tionally invariant, whilst preventing the suction effects associated with
closed tubular capsules. The latter is achieved through the multi-
ligament design of the m-MVN, which ensures that any crack plane
crossing an m-MVN will fracture multiple ligaments thereby avoiding
the possibility of negative pressures developing in the liquid healing
agent. The protrusions (ribs) on the m-MVN ligaments were designed to
anchor the m-MVN to the matrix, thereby limiting the degree of sliding
and promoting m-MVN fracture when crossed by a crack. As represented
in Fig. 3, the concept design was drawn from the idea to manufacture the
unit by turning an extruded tube around a spherical shape, so that the m-
MVN unit is almost directionally invariant with respect to its mechanical
behaviour.

Two designs were evaluated, differing mainly in the number of ribs

Table 2
Properties of PLA polymer.

g Design A Design B
e ’ piteh . b
‘ (( & ; ligament

Fig. 3. m-MVNs dimension and design: (A) Ribs with a 6.5 mm pitch and a
single notch; (B) Ribs with a 15 mm pitch and four notches per rib.

around the ligaments. Design A featured a 6.5 mm rib to rib spacing (i.e.
pitch), while Design B had a 15 mm pitch. To enhance bond properties,
Design A incorporated a single 2.2 mm deep notch on each rib, whereas
Design B included four notches at 90° intervals around the circumfer-
ence of each rib. Ultimately, the spherical shape of the m-MVN, coupled
with the presence of the ribs, makes the units self-anchor within the host
matrix.

2.3. Hydraulic lime-based mortar matrix

The fracture properties of m-MVNs are engineered to be mechani-
cally compatible with hydraulic lime-based mortars—ensuring that
rupture occurs under stress conditions corresponding to crack initiation
in the host matrix. As cracks form in the mortar due to environmental
loading or structural movement, the stress is transferred to the
embedded m-MVNs. These are engineered to rupture at stress levels
corresponding to those that induce mortar cracking—ensuring that the
healing agent is released precisely at the onset of damage, thereby
activating the self-healing mechanism. To evaluate the mechanical
compatibility of m-MVNs, specifically their rupture at a crack width
indicative of in-service cracking (i.e., within the range of 0.05 to 0.1
mm), the m-MVNs were manually positioned in the central third of a 40
mm X 40 mm x 160 mm mortar prism mold and secured using 5 mm
thick PLA 3D-printed spacers attached to the mold’s bottom, as illus-
trated in Fig. 4. The mortar mix consisted of Natural Hydraulic Lime
(NHL) 3.5 (390 kg/ms), 0-2 mm fine sand (1170 kg/m3), and water
(292 kg/m>). The moulds were filled in three layers, with the prism
specimens initially filled to 5 mm from the base to accommodate one m-
MVN before adding more mortar. For seven days after casting, the
prisms were kept in the moulds covered with a damp Hessian sheet.
After this, samples were placed in laboratory environmental conditions
(20 °C £ 5 °C, RH ~ 45 %).

Melting temperature Glass transition temperature Nozzle temperature Heat deflection temperature Density Tensile yield Tensile elongation
°C °C °C °C g/cc MPa %
168 58 200-185 49-52 1.24 63 4
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Fig. 4. m-MVNs position fixed via PLA spacers.

3. Printing and optimisation process
3.1. FDM process

The FDM process was chosen for manufacturing the m-MVNs
because it enables the fabrication of complex geometries, allowing for
the creation of lightweight, hollow structures while ensuring mechanical
integrity and watertightness—critical for the effective encapsulation
and controlled release of healing agent. The whole FDM process is
illustrated in Fig. 5. It typically comprises six stages; 3D design, tessel-
lation, part orientation and support analyses, slicing and printing.

The CAD design of the m-MVNs was prepared using Solidworks
software, converted into.STL file format. Mesh editing and correction
was performed using Autodesk Meshmixer (Ver 3.5 FREE). An open-
source slicer was used to generate.G-code from the sample model, i.e.
Ultimaker Cura software (free Version: 4.069.04.09.04.11.0), where all
the printing parameters were set.

PLA m-MVNs were manufactured using an Ultimaker2+®printer
(Utrecht, The Netherlands) with a 0.25 mm diameter nozzle.

3.1.1. STL file generation
3D models are encoded using STL files to represent their surface
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geometry. The file format tessellates the surface in unordered triangular
patches. This will introduce geometrical error independently from the
triangulation’ refinement. The resolution is governed by two parame-
ters, i.e. maximum chord height and angular tolerance (), as shown in
Fig. 5(b). In order to generate a model that is sufficiently accurate while
also maintaining an acceptable file size for loading into Cura, chord
deviation and angle tolerance values of 0.13 mm and 2.08 degrees,
respectively, were chosen and retained. After importing the STL files
into the Meshmixer software, the first step was the model preparation,
which includes an automatic repair of any errors in the grid of the
meshes that make up a model. The file was then refined by setting the
solid accuracy and mesh density to 400 (Fig. 5(b).

3.1.2. Uniform and adaptive slicing

The process of slicing involves the intersection of the CAD model
with a set of horizontal planes to identify specific two-dimensional
outlines (contours) which will be later manufactured by material
deposition (layers). The parts manufactured through layer deposition
show a noticeable step-like effect, as depicted in Fig. 6. This inaccuracy
reflects the deviation of the surface of the CAD model and the vertically
constructed FDM part.

Inaccuracies arising from the use of planar triangles (meshes) to
approximate curved areas and the “staircase effect” both result in
irregular geometries and problems with water tightness in the m-MVN
ligaments, as can be seen in Fig. 6(a).

Obtaining water tightness is of particular complexity when combined
with the need to maintain a thin and constant wall thickness (see Fig. 6
(b-c)) because the layers’ deposition planes in the m-MVNs have varying
angles from 0 to 360°.

To mitigate the staircase effect and achieve watertightness, two
methods were tried. Firstly, uniform slicing with a fine 0.06 mm layer
height was set for the entire m-MVN unit. A 0.06 mm layer height is the
smallest compatible with a 0.25 mm diameter nozzle. Secondly, a
method called local adaptive slicing was used to optimise build layer
thicknesses and meet designed surface deviation tolerances. By setting
adaptive layers in Cura, the layer thickness can be adjusted dynamically
by decreasing it in critical areas of the object for higher accuracy and
increasing it in non-critical areas for faster printing. Here the purpose
was to decrease slice thickness in high curvature regions to meet the
cusp height requirements. As can be seen in Fig. 7, the cusp vector C
describes the maximum deviation between the unit surface and printed
object, created by a staircasing effect [40]. The adaptive slicing reduces
the layer thickness such that C is maintained below C n-max.

Solidworks - Meshmixer Cura
cartesian
PART SUPPORT 3D printer
DESIGN TESSELATION ORIENTATION STRUCTURE SLICING PRINTING >
minimal horizontal  limited and only uniform thin wall AL
surfaces and external limited horizontal
buildplate contacts expansion
/\CX Staircase effect
3D Model Sti file / Chord height Gcode file \é\—\u

TESSELATION

(@) (b)

SLICING

(c)

Fig. 5. Steps from 3D model to slicing spheric object for the FDM process.
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S

Fig. 6. (a) stair-case effect in m-MVNs, (b) watertightness issues, (c) thin wall issue.

— /stp vector C4

Layern+1 |/~
/0 n+1\\‘ i
Layern Cusp vector Cp,
&N
s Unit surface

Fig. 7. Cusp height measure, to control the staircase effect.

Design and printing parameters such as wall thickness, density, and
infill were adjusted to achieve relatively low strength while meeting all
the m-MVNs requirements, including isotropy along ligaments, strong
bond properties with lime matrices, and full watertightness when
inserted into a hydraulic lime-based matrix.

3.2. Iterations

A total of four iterations were studied with increased improvement:
3D model, parts size, and adjusted printing parameters. Numerous
prototypes of each iteration of m-MVN design were produced, with
minor modifications to the primary printing parameters to explore the
full potential of each iteration

The following sections represent the main characteristics of the most
promising prototypes from each iteration. Specific details on their per-
formance, mechanical behaviour and printability can be found in Sec-
tion 5.

Iteration_I: the initial 3D model in Solidworks, Design A, was drawn
as a solid unit, which was hollowed out in the slicing phase. All the
printing parameters were derived from previous studies conducted on
single channel MVNs [23], including a wall thickness equal to 0.5 mm
(0.25 mm x 2 layers) and uniform slicing with 0.06 mm layer height. The
layer height was held constant throughout all iterations, except for
iteration IV where adaptive slicing was used.

Iteration II: the main transition to Design B, which remained
consistent from that point onwards, featured hollow channels and also
included a reduction in the number of ribs per ligament. The ribs both

strengthen the ligaments and disrupt printing continuity, posing chal-
lenges in the design. Additionally, to enhance watertightness, the 4
notches per rib were designed with a slightly reduced depth. A small
hole was designed to facilitate the injection of healing agent. The wall
thickness was reduced to 0.25 mm (0.125 mm x 2 layers).

Iteration_III: the connections between the channels were modified
(chamfered) to improve sealing at the joints and facilitate the printing
process. Chamfering the edges of the channels creates a smoother
transition between them, reducing the likelihood of gaps or irregular-
ities that could compromise the watertightness while also decreasing
stress concentrations at the joint interfaces. A wall thickness formed by a
single 0.25 mm layer was also considered.

Iteration_IV: to achieve additional improvements in joint quality,
connections were further chamfered, while the wall thickness was kept
equal to 0.25 mm. Local adaptive slicing was applied, allowing layer
heights to vary with a tolerance of 0.02 mm.

In addition, print speed, infill density, and layer height were ana-
lysed for their impact on performance, as follows:

- Print speed was reduced to 48 mm/s to improve layer adhesion and
precision in small features. Slower speeds helped reduce under-
extrusion issues and improved consistency, particularly at junc-
tions between ligaments and ribs—areas critical for watertightness
and structural performance.

Infill density was increased to 100 % in later iterations to ensure the
ribs and channels were fully solid where needed. This aimed to
reduce internal porosity and prevented leakage of the healing agent.
Layer height played a central role in balancing detail and speed. A
uniform 0.06 mm layer height was used for high resolution in early
designs, while adaptive slicing was introduced in Iteration IV to vary
layer height based on surface curvature.

The build direction and the use of support structures during printing
of MVNs have been previously shown to influence their mechanical and
durability performance [22]. As such, three m-MVN orientations were
studied with the aim to minimise geometrical irregularities and anisot-
ropies along the channels forming the m-MVNs. These orientations are
summarised in Table 3. Additionally, the placement and direction of
printing have been designed to minimize the m-MVN’s contact with the
build plate. This was done with the intention of reducing the risk of
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Table 3
Part orientation, top- bottom, support and build plate adhesion parameters.
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Variant 1 2 | 3 |
1 |
e e = | S il —— Bl
| |
i 1

(9): axis y +105°, axis z (19): axis x +90; axis z (9): axis z +90°
| |
+90° +90° | |
Top/Bottom I !
| |
Bottom layers 3 3 [ 5 I
Initial bottom layers 5 5 l 5 1
| |
Pattern Lines Lines I Concentric I
Pattern initial layer Lines Lines | Concentric |
| 1

Support

| |
Support placement Touching build plate Touching build plate |  Touching build plate |
i i

Support overhang angle 50° 50° 50°
| |
Support pattern Lines Lines 1 Grid |
Enable support No No I Yes— 1 mm thickness - 1
| |
interface I concentric pattern |
Minimum support X/Y 0.25 mm 0.2 mm | 0.25mm 1
_ I I

distance

| |
Minimum support area 0 mm? 1 mm? | 0 mm? |
1 |

delamination and subsequent weakening of the units during removal
from the build plate.

Preliminary testing showed that supports were necessary to improve
the geometric accuracy of printed units, regardless of the build direction
or attempts to minimize overhangs. Different supports settings and pa-
rameters were studied, as described in Table 3. The analysis of the ori-
entations ensured that the supports were only initiated from the build
plate, never from the top of the channels or inside of them. The supports
were printed using the same filament from which the m-MVN part was
made, albeit with a lower printing density.

Among the three options, Variant 3 yielded the most promising re-
sults, considering all the required properties. One such property is
achieving minimal contact between the brim (a thin, flat border that
surrounds the m-MVN unit on the print bed) and the m-MVN unit,
preventing delamination of the first layer. Other properties include
minimizing the impact of different layer orientations on mechanical

properties, reducing the need for supports, and ensuring easy removal
after printing without damaging the units. Subsequently, the orientation
depicted in Variant 3 was adopted for all further investigations.

4. Methods

The design iterative process involved geometric modifications, rib
reduction, and adjustments to 4D printing parameters, optimizing each
iteration based on previous findings. Post-printing evaluation of m-
MVNs iterations was threefold. The initial phase involved a visual in-
spection to identify printing defects, such as gaps between layers, layer
shifting or splitting, dimensional accuracy issues, and anisotropies. The
second phase involved manually crushing sections of the m-MVNs’ lig-
aments by applying finger pressure to assess their mechanical
performance.

Finally, the third phase focused on assessing watertightness. It
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involved manually injecting a solution of ink and water into the printed
units using a syringe, followed by monitoring for possible leaks over a
24-hour period.

As described in Section 4.1, printed m-MVN iterations underwent
tensile testing and analysis to evaluate their mechanical performance.
The objective was to explore the boundary values of achievable strength,
aiming for the lowest possible strength while maintaining imperme-
ability. This approach ensured that the unit would fail when the hy-
draulic lime-based mortar matrix failed, while also accounting for the
constraints imposed by the 3D printing parameters.

Failures in any of the evaluation phases offer valuable insights by
revealing the specific reasons for setbacks and highlighting areas of
improvement in the prototype or design. These insights drive subse-
quent modifications and adjustments in the iterative design and evalu-
ation process, ultimately ensuring that it meets all the required
standards and criteria.

After completing all the design optimisation steps, including print-
ability in series and watertightness tests, the best iteration from the
trials, filled with dyed liquid, were embedded in lime-mortar prisms and
tested in a three-point bend test to evaluate the effective rupture of the
unit and determine the crack width at which the rupture and liquid
release occur (Section 4.2).

4.1. Testing of m-MVNs

Immediately after printing, three m-MVNs from Iterations I, II, and
IV underwent tensile testing, conducted at a constant rate of 50 mm/min
until failure, using an Instron 5564 testing machine equipped with a
camera a camera to capture videos of the units during testing.

CONFIGURATION 1
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Iteration I was designed to be a stronger and more impermeable unit,
featuring a double-wall thickness. In contrast, Iteration II represented
the thinnest wall thickness printable with the adopted FDM technology,
marking the lower boundary of strength while remaining impermeable.
Iteration IV was also tested to assess variations within this range. Iter-
ation III was not subjected to mechanical testing, as it showed only
marginal improvements in impermeability compared to the other
iterations.

As depicted in Fig. 8, for each type of Iteration, three test configu-
rations were employed to simulate different stresses, allowing variations
in strength, failure strain and the mode of failure to be observed. It is
worth noting that design A was tested only in configuration 1, as the
presence of the intermediate rib made testing in the other configurations
impossible.

4.2. Testing compatibility with hydraulic lime-based mortar matrix

A total of six prisms were cast—three containing one m-MVN filled
with an aqueous ink solution, and three without. After 28 days, all
samples were notched to a depth of 3 mm and tested in flexure using a
three-point bend test. The test was conducted under crack mouth
opening displacement (CMOD) control at a rate of 0.0001 mm/s, as
represented in Fig. 9.

The nominal flexural stress is obtained from the following Equation

.

was _ 3P1
2bd?

(@)
where P is the peak load, 1 is the span (120 mm), b is the width of the

CONFIGURATION 2 CONFIGURATION 3

Design B

Design A

Fig. 8. Tensile test arrangement for model A and B.

Loading device

o)

m-MVN

Hydraulic lime-based sample

- S rt
- e upports
CMOD clip gauge
g Notch
1600

Fig. 9. Flexural test arrangement.
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concrete samples (40 mm) and d is the depth (40 mm). Stiffness, defined
as the slope of the initial linear portion of the load-CMOD curve was also
calculated.

5. Results and discussions
5.1. m-MVN printing

Fig. 10 provides a comprehensive summary of the results, assess-
ments, and test outcomes for all evaluation phases, categorised by the
four iterations. Results of tensile tests performed on samples belonging
to Iteration I, II and IV are summarised in Tables 4-6, Load vs
displacement graphs are presented in Fig. 11.

Iteration_I was printed based on previous MVN printing experiences
[22]. As a result of the unit’s small size, removing the supports proved to
be a challenge: the contact area and the density of the supports them-
selves meant that their removal often resulted in fractures or irregu-
larities in the ligaments (about 30 % of the time). The process of printing
hollow units from a solid model by setting the infill parameters in the
slicing phase, resulted in both channels and ribs being hollow. Conse-
quently, ink injected into the unit leaked from the ribs. Iteration I
showed the highest tensile force (62.5 N), as the presence of three ribs on
each channel (design A) strengthened the m-MVN unit, which is not
ideal given the low strength of a lime-mortar matrix.

As a result, Iteration_II was printed from a hollow model with the
pitch of the rib being increased to 15 mm (design B) and improved
design, i.e. 4 notches per rib were designed with a slightly reduced
depth. The wall thickness of the unit was halved compared to Iteration_I.
To print solid ribs and uniformly hollow units, the infill was set to 100 %.
The print speed was reduced to 48 mm/s in order to improve the ac-
curacy of the overall printing. The main scaffold support parameters
were changed and in particular the density was decreased to 5 %.

In Iteration II, several issues arose. Under-extruded layers and un-
even walls resulted from extruding a 0.125 mm wall thickness with a
0.25 mm nozzle. This led to irregular geometry, characterised by slight
flattening near the base. The printing process was inconsistent, as evi-
denced by layer misalignment or shifted layers. Significant leakage was
also observed from the channels, especially at junctions with the ribs,
indicating that the units were not watertight. The change from Design A
to Design B, which involved reducing the number of ribs and halving the
wall thickness (from 0.5 mm to 0.25 mm), resulted in a tenfold reduction
in the force at the first crack, while the displacement at the first crack
was halved. However, it became evident that the channels were very
fragile and difficult to handle without damage, with 70 % of the units
being damaged during the removal of the supports.

For Iteration_III, a few minor changes were made to reduce the
inherent fragility of the units and improve junction watertightness. An
overlap of 0.0125 mm was used between the layers to create 0.25 mm
walls. Concentric infill was used to improve strength homogeneity. In
Iteration_III, only a few small holes were evident after the removal of the
scaffold supports; generally, surfaces appeared regular and homoge-
neous. Ribs appeared tight, but occasional minor leaks were observed in
the channels, particularly in areas with maximum curvature. Submerg-
ing the unit in a thin wax coating resulted in no noticeable deformations
due to the wax’s heat or the immersion process. However, while the
coating initially provided full waterproofing, minor leakage was
observed after 24 h.

Consequently, Iteration IV was printed to reduce the ’staircase ef-
fect,” as described above in Section 3.2, by using adaptive slicing. The
contact area between the channel and the supports was further reduced.
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In Iteration_IV the surfaces remained homogeneous and retained their
regular shape even after the removal of scaffold support, a process that
occurred successfully without causing any damage in 100 % of the cases.
The units were fully watertight, and no leaks were observed after 24 h.

Nevertheless, to safeguard the units against the alkaline environment
that arises from their placement within lime matrices, the application of
a thin wax coating was deemed a prudent measure for all future m-
MVNs. Following the wax coating application, all evaluation phases
were repeated, which ultimately led to an optimised m-MVN design.

It is worth noting that m-MVN samples filled with ink (with the in-
jection hole sealed using silicone) and coated with wax were tested by
submersion in water, demonstrating full watertight integrity, as
confirmed by the absence of ink leakage [31]. Additionally, the filled
samples were weighed at regular intervals over a 7-day period, with
results showing negligible weight variation, as reported in [41]. Me-
chanically, the adaptive slicing process resulted in a strength increase of
54 % and 33 % compared to Iteration II in configurations 1 and 3,
respectively. However, in configuration 2, Iteration IV was 42 % weaker
than Iteration II. Displacements at first crack for Iteration IV were 30 %
to 50 % lower than Iteration II in all configurations.

It is important to note that, due to the complex shape of m-MVNs, one
ligament must inevitably be printed with an almost horizontal layer,
preventing the unit from being fully isotropic. In this context, the
adaptive slicing used in Iteration IV seemed beneficial, as the maximum
force measured in Configurations 1 and 2 was very close (6.57 N and
7.36 N, respectively).

Fig. 11 shows typical force-displacement results. In Fig. 11(a) for
Configuration 1, the higher maximum force and stiffness of Iteration I
compared with II and IV is a clear consequence of the greater wall
thickness of Iteration L. In this case Iterations I and IV show secondary
maxima. This occurs in many instances, when after the first peak, cor-
responding to the fracture of a ligament, load is transferred to another
ligament which then fails; the first failure has the most relevance to in-
service performance. In general,the results are highly variable and do
not distinguish between Iterations II and IV. Fig. 11(d-g) shows that
Iteration IV exhibits an invariant initial fracture position across config-
urations 1 to 3.

5.2. Lime mortar prisms with embedded m-MVNs

The experimental arrangement is shown in Fig. 12, which depicts a
sample containing m-MVNs filled with ink under three-point bend test
(a). The results of the flexural tests performed on control samples and
samples containing one m-MVN placed in the middle third of the prism
are reported in Fig. 13, showing load vs. crack mouth opening
displacement (CMOD) responses, and in Table 7.

The flexural strength of prisms with and without m-MVNs (Iteration
IV) showed similar results, with values of 0.34 MPa and 0.37 MPa,
respectively. A similar trend was observed for the Load-CMOD-based
stiffness, where the difference in CoV was only 3 %. Whilst there is a
marginal reduction in peak strength, the potential for m-MVNs to pro-
vide a post-peak reinforcing effect can be seen in the flexural Load-
CMOD responses (Fig. 13). With prudent selection of healing agents
there will be further scope to enhance the peak strength and post-peak
response of lime mortar materials containing m-MVNs. With regards
to breakage of the m-MVN, it was apparent that a CMOD of ~0.08 mm
was sufficient to rupture the m-MVN ligaments, resulting in ink release,
as can be seen in Fig. 13(b). It is important to note that the visibility of
the ink at a CMOD of 0.08 mm does not necessarily indicate that this was
the point at which the rupture occurred; aqueous ink can easily be
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3D MODEL
Design A : solid

ITERATION_I

ITERATION

Design B : hollow

ITERATION

Design B : hollow

ITERATION_IV

PARTS SIZE

Edge length: 7 mm
Ribs: pitch 10 mm

Wall thickness: 0.5 mm
(0.25x2)

Dip =10 mm
//

e i=3.9mm
4 r=1.1 mm

O 8,=5mm

V=292 mm®

Edge length: 15 mm
Ribs: pitch 15 mm

Wall thickness: 0.25 mm
(0.125 x2)

Dy, = 10 mm
UX

) “,i Ir i=4.8 mm
a) r=1.1mm

3. =5mm
QC 2,

7 V=328 mm®

Edge length: 15 mm
Ribs: pitch 15 mm
Wall thickness:
0.25 mm

Dy, = 10 mm
~ chamfer =

/. 0.5mm
0 Ir i=4.8 mm

r=1.1mm

. =5mm
DC 2

V=320 mm®

Edge length: 15 mm
Ribs: pitch 15 mm
Wall thickness:
0.25 mm

 chamfer =

7\ 0.6 mm
G—Ir i=4.9mm

r=1.1mm

% V=328 mm®

PRINTING

Filament : clear PLA
Printing orientation ( 8):
axis y +105°, axis z +90°

Print speed:
60 mm/s

Printing temperature:
200 °C

Support: Line
Density: 10%
Brim:

lenght: 250 mm
width: 8.0 mm
line count: 32

Filament : clear PLA
Printing orientation ( 8):
axis z +90°

Print speed:
48 mm/s

Printing temperature:
200 °C

Support: Grid
Density: 5%
Brim:

lenght: 250 mm
width: 8.0 mm
line count: 64

Filament : clear PLA
Printing orientation ( 9):
axis z +90°

Print speed:
60 mm/s

Printing temperature:
200 °C

Support: Grid
Density: 3%
Brim:

lenght: 250 mm
width: 8.0 mm
line count: 32

Filament : clear PLA
Printing orientation ( 8):
axis z +90°

Print speed:
60 mm/s

Printing temperature:
185°C

Support: Grid
Density: 2%
Brim:

lenght: 250 mm
width: 8.0 mm
line count: 32

Layer height: 0.06 mm
Initial layer height: 0.3 mm
Infill line width: 0.25 mm

Infill density: 0%
Infill pattern: NO

Layer height: 0.06 mm
Initial layer height: 0.3 mm
Infill line width: 0.125 mm

Infill density: 100%
Infill pattern: Lines

Layer height: 0.06 mm
Initial layer height: 0.3 mm
Infill line width: 0.25 mm

Infill density: 100%
Infill pattern: Concentric

Layer height: 0.06 mm
Initial layer height: 0.25 mm
Infill line width: 0.25 mm

Infill density: 100%
Infill pattern: Concentric

Slicing tolerance: Inclusive

Adaptive layers: YES
Maximum variation: 0.02
mm

Variation step size: 0.015
mm
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FUNCIONALITY

GEOMETRICAL
REGULARITY

Homogeneous layer
deposition:

Y

Regular geometry:

Impermeability:
On ligaments:

Y
N

On ribs:

Homogeneous layer
deposition:

N

Regular geometry:

Impermeability:
On ligaments:

N
N

On ribs:

Homogeneous layer
deposition:

Y

Regular geometry:

Impermeability:
On ligaments:

N
N

On ribs:

Impermebaility after
coating with wax

N

Homogeneous layer
deposition:

Y

Regular geometry:

Impermeability:
On ligaments:

Y

On ribs:

Y

Impermebaility after
coating with wax

Y

SERIES

One at one time

1

Printing time: 39’
Material: 0.14 m

One at one time

1

Printing time: 75'
Material: 0.15 m

One at one time

:
i)

Printing time: 72'
Material: 0.21 m

One at one time

Printing time: 70
Material: 0.19 m

Y

Replicability :

Series of 3 units
Printing time: 211"
Material: 0.57m

Fig. 10. Results summary: 3D model, parts size, printing parameters, functionality (Y denotes a positive attribute outcome).

Y
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Table 4

Tensile test results with configuration 1.
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Designation Geometrical parameters Force at first crackN Displacement at
mm (CoV%) first crackmm
CoV%
Length Wall thickness (Cov¥)
Iteration I 13 0.5(0.25x 2) 62.5 (9) 1.44 (18)
Iteration II 13 0.25 (0.125 x 2) 4.27 (10) 0.84 (16)
Iteration IV 13 0.25 (adaptive) 6.57 (35) 0.59 (20)

Table 5

Tensile test results with configuration 2.

Designation Geometrical parameters Force at first crackN Displacement at
(mm) (CoV%) first crackmm
CoV%
Length Wall thickness (CoV¥)
Iteration I 15 0.5(0.25x 2) - -
Iteration II 15 0.25(0.125x 2) 12.65 (15) 1.2 (18)
Iteration IV 15 0.25 (adaptive) 7.36 (10) 0.66 (31)

Table 6

Tensile test results with configuration 3.

Designation Geometrical parameters Force at first crackN Displacement at
(mm) (CoV%) first crackmm
%
Length Wall thickness (CoV%)
Iteration I 5 0.5 (0.25x 2) — —
Iteration II 5 0.25 (0.125x 2) 14.26 (21) 1.25 (45)
Iteration IV 5 0.25 (adaptive) 18.93 (20) 0.87 (17)

absorbed by the matrix and takes time to flow out and become visible
from the outside, thus the actual rupture of the m-MVN likely occurred
earlier.

5.3. Prospects and limitations

The development of 4D-printed mini-vascular networks (m-MVNs)
represents a significant advancement in self-healing hydraulic lime-
based mortars for heritage conservation. The iterative optimisation
process has demonstrated the feasibility of producing watertight, me-
chanically responsive units capable of controlled rupture at serviceable
crack widths. These findings open new possibilities for integrating smart
materials into historical masonry repair, potentially enhancing the
durability and resilience of traditional repair methods.

However, several challenges and limitations remain. The current
fabrication process relies on FDM printing, which imposes constraints on
resolution, repeatability, and large-scale production. Additionally, while
the mechanical behaviour of the m-MVNs has been optimised in a
controlled laboratory setting, real-world applications may introduce
variability due to environmental conditions, material aging, and in-
teractions with different mortar compositions.

Future studies should focus on long-term durability assessments,
including the interaction between PLA and the healing agents over
extended periods, particularly under alkaline conditions typical of hy-
draulic lime-based mortars. Investigating the potential for PLA degra-
dation, leaching, or structural weakening due to prolonged exposure to
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moisture and chemical reactions is crucial for ensuring sustained
performance.

PLA has the advantages of being bio-derived and compostable under
controlled conditions. However, in outdoor heritage settings its dura-
bility remains uncertain. These units are unlikely to face UV exposure,
but they are hydrolytically degradable and will certainly be subjected
moisture and temperature fluctuations. To mitigate degradation, a
protective wax coating has already shown promise in shielding the m-
MVNs from alkaline moisture exposure. Further research could explore
improved coatings or test alternative materials with higher resistance to
environmental stresses, while still aligning with conservation principles
and sustainability goals.

The flexibility of FDM technologies, combined with the framework
established in this study for designing and testing these units, provides a
systematic approach that allows for straightforward testing of alterna-
tive materials with greater resistance to moisture and alkaline
environments.

Healing agents will be analysed with careful consideration of
compatibility requirements with both PLA and aerial/hydraulic lime
mortars, while also being specifically tailored to counteract distinct
forms of degradation. For instance, salt inhibitors could be incorporated
to mitigate salt-induced decay, while nanolime dispersions may be
employed to enhance consolidation in areas affected by loss of cohesion.
Crucially, the proposed system offers the flexibility to be customised at a
fine scale, allowing different healing agents to be deployed within the
same masonry unit depending on the localised degradation mechanism.
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CONFIGURATION 3 (c)
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Displacement ( mm)
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Y]
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1.0 1.5 20
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Fig. 11. Tensile tests: configuration 1, iteration LILIV (a) configuration 1, iteration I ILIV; (b); configuration 2, iteration ILIV; (c) configuration 3, iteration II, IV.
Iteration IV. Configuration 1 typical result (d) Initial fracture at arrowed site. (e) Subsequent frame after time interval of 160 ms showing second fracture.
Configuration 2 typical result. (f) Arrows show cracks, appearing on the same frame and so within 20 ms of one another. configuration 3 typical result. Configuration
3, g) Cracking at the arrowed site.

160
140
120
— 100

80

Load (N

60

40

20

0 0.02

0.04
CMOD (mm)

0.06 0.08 0.1

Fig. 13. Flexural load-CMOD response of control samples and samples con-

Fig. 12. samples under three-point bend test (a), evidence of m-MVNs rupture
taining one m-MVN.

at CMOD of ~0.08 mm (b).
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Table 7
Flexural strength results of samples with and without m-MVNs tested at 28 days.
Designation ok-28MPa (CoV%) StiffnessN/mm
(CoV%)
Control 0.37 (9) 28990.6 (13)
m-MVN 0.34 (8) 27999.0 (21)

This adaptive approach enables a targeted response to heterogeneous
decay phenomena, enhancing the effectiveness and sustainability of the
intervention.

6. Conclusion

When significant sections of masonry are damaged to the extent that
mortar joints no longer function properly, a technique known as “scuci-
cuci” or patching is employed. This method consists of maintaining the
structural integrity and preserving the original blocks (i.e., stones or
bricks), while applying new mortar to replace the deteriorated material.

This paper proposes the integration of a self-healing technology
called mini vascular networks (m-MVNs) into these hydraulic lime-
based mortar joints. An innovative m-MVN unit composed of 4D-printed
interconnected channels, specifically designed to securely store and
safeguard healing agents is herein proposed. The concept involves
releasing the stored healing agents when damage exceeds a predefined
threshold, triggered by the rupture of the m-MVNs within the mortar
matrix, ensuring precise delivery to damaged areas.

Four iterations of m-MVN were studied based on a design concept
where the unit is fabricated by wrapping an extruded tube around a
spherical shape. Two designs varying in the number of ribs were studied,
uniform and adaptive slicing were applied to improve printing results.
From the analyses of the results presented in the paper, the following
main conclusions have been drawn:

- Key parameters to manufacture accurate units of such a complex
design include precise STL file generation with refined and corrected
meshing. In order to minimize the m-MVN’s contact with the build
plate and ensure that the orientation minimizes geometrical irregu-
larities and anisotropies, it was found that orientation of the z-axis at
+90°, a grid support pattern, and a brim were the best solutions.
Clear PLA was confirmed as an appropriate material for prototyping
m-MVN iterations.

- 4 m-MVN iterations were studied with increased improvement in
each. Transitioning from a design with fewer ribs per ligament,
shallower notches and chamfered channel connections improved the
watertightness and ease of printing. Based on these adjustments,
using local adaptive slicing with a 0.02 mm tolerance in layer height
(Iteration IV) achieved watertightness without significantly
increasing the strength
Among the four iterations, Iteration IV demonstrated the best per-
formance. The average maximum force at the first crack, considering
the three tested configurations, is 10.9 N, with a corresponding
average displacement of 0.7 mm. While achieving complete isotropy
along the ligaments is challenging due to shape complexity, adaptive
slicing in Iteration IV had a positive impact on the results.

Iteration IV, when embedded in natural hydraulic lime prismatic

samples, showed good bond between the unit’s ligaments and the

hydraulic lime-based matrix. Mechanical compatibility has been
observed, with no significant changes in flexural strength or stiffness,

confirming the suitability of this technology. The visibility of ink at a

CMOD of 0.08 mm suggests successful liquid release but does not

necessarily mark the exact rupture point.

In summary, 4D printed mini vascular networks (m-MVNs) offer a
promising self-healing solution for hydraulic lime-based mortars,
effectively storing healing agents without leakage and releasing them
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under suitable stress levels. This innovation opens new possibilities for
improving the durability and longevity of lime mortar joints used in the
restoration of historical masonry. The iterative design optimisation of
4D-printed m-MVNs, particularly in Iteration IV where adaptive slicing
was used, achieved significant advancements in performance, including
watertightness and effective healing agent storage.

Future research will focus on optimizing healing agent formulations
and assessing durability to expand the technology’s application in her-
itage conservation.
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