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t=18 min

t=27 min

t =40 min

Figure 8.18: Gradual evolution of tridimensional cranial remodeling over time using the C1 and C3

devices.
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For skin expanders, axial or frontal expansion was measured as the distance between the base
of the device and the extent of the silicone membrane expansion (Figure 8.19). While
distraction time and expansion magnitude correlated for most devices, notable deviations
were observed for SE1 and SE2.

The SE2 mechanism expanded nearly instantaneously at the start, reaching 6 mm within the
first five minutes. This rapid expansion was attributed to the higher rigidity of the inner
section of the conical spring, coupled with increased layer density in this region due to FFF
process. Subsequent anchor failures produced a stepped expansion pattern. In contrast, the
outer spring regions stored less energy and, remaining anchored longer, experienced stress
relaxation, reducing stiffness and energy release over time. For SE1, the larger, solid
degradable frame delayed expansion due to prolonged degradation of the upper and lower
PVA layers. As shown in Figure 8.21, residual PVA was still present at the conical spring tip

at the end of the test (402 minutes), contributing to a greater final expansion.

The SE3 device employed a degradable spring mechanism like C3 and C5 mechanisms,
initially compressed and gradually releasing stored energy. Expansion began exponentially
after 10 minutes, with shorter intervals between expansions until the equilibrium was reached.
In contrast, the wicker-based mechanism (SE4) lacked sufficient stored energy to expand the
silicone membrane. The structure remained compressed until water-induced material
relaxation occurred at 17 minutes, after which the mechanism was compressed further by the
membrane, resulting in negative expansion. When tested without artificial skin, SE4
demonstrated an exponential shape-change pattern (Figure 8.20), returning to its as-printed

dome shape as PVA degradation released the stored energy.

Images of the performance of SE1, SE2, SE3, and SE4 with and without artificial skin are shown
in Figure 8.21, Figure 8.22, Figure 8.23, Figure 8.24 and Figure 8.25 respectively.
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Figure 8.19: Comparison of skin expansion achieved by different shape-morphing expanders. The

auxiliary axes represent the time-dependent evolution of skin expansion for SE3 and SE4.
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Figure 8.20: Expansion evolution of the SE4 skin expander tested without the artificial skin.
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t =245 min

t =402 min

Figure 8.21: Evolution of degradation over time of the shape-morphing skin expander SE1.
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t=0min

t=9 min
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t=770 min

Figure 8.22: Evolution of degradation over time of the shape-morphing skin expander SE2.
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Figure 8.23: Evolution of degradation over time of the shape-morphing skin expander SE3.
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t=0min

t =20 min
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t =60 min

Figure 8.24: Evolution of degradation over time of the shape-morphing skin expander SE4.
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Figure 8.25: Evolution of degradation over time of the SE4 skin expander tested without the artificial

skin.
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8.4. Discussion

The use of spring-based devices in craniosynostosis treatment represents a highly innovative
approach. Among the different configurations evaluated, the omega-shaped spring, modeled
from commercially available devices, has proven to be the most effective in achieving
significant distraction. Its superiority lies in its greater ability to store elastic energy during the
loading process, enabling higher efficiency and sustained shape transformation over time
(Figure 8.5). However, incorporating a degradable serpentine spring as an anchoring element,
similar to the design of device C5, offers a controlled and progressive release of the omega-
shaped device. This combination integrates the advantages of spring-based craniosynostosis
treatments and traditional bone distractors while supporting a less invasive surgical
procedure compared to conventional distractor systems [10,72,73,78,107,108]. Additionally, by
modifying the thickness and geometry of the anchors, the distraction force applied to the

sutures can be fine-tuned to optimize bone remodeling.

The effectiveness of expansion devices is directly related to their ability to store elastic energy.
It has been observed that implants that accumulate greater elastic energy produce more
prolonged distraction over time (Figure 8.5, Figure 8.11 and Figure 8.19). The strategy of
assembling a degradable rigid element with an elastic component provides gradual
distraction, which could be beneficial in treating various clinical cases. In this context, stress
relaxation behavior varies depending on the material used. Wicker-based structure
manufactured with photopolymerizable resin exhibit significantly more pronounced stress
relaxation compared to those made of PETG. This factor is crucial in device design, as excessive

stress relaxation can reduce expansion efficiency.

Furthermore, the use of (bio)degradable materials for the flexible component can also be
explored, ensuring that degradation occurs only after the rapidly degrading anchors have
dissolved. This strategy would eliminate the need for a second surgery to remove the spring

or expander once the treatment is completed.

Optimizing both the springs and their anchoring mechanisms is crucial for achieving the
necessary mechanical response in infant cranial remodeling. As demonstrated with the
combination of C1 and C3 in the metopic and coronal sutures, implanting different devices
along various sutures is feasible, allowing the treatment to be tailored to syndromic
craniosynostosis cases (Figure 8.18). However, the performance of these devices should first
be validated through animal models or finite element simulations before transitioning to

human trials.

For applications requiring higher distraction forces, torsion springs with one or two coils could
be used [99]. Among the analyzed shape-morphing skin expanders, the conical spring design

presented some drawbacks, particularly in the uneven force distribution caused by internal
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gaps in the structure, which could lead to localized tissue stresses. In contrast, the auxetic
model provides a more uniform force distribution, reducing the risk of complications.

However, its unidirectional expansion limits its applicability.

On the other hand, the wicker-based device offers a more organic expansion shape and, when
fabricated with metals such as superelastic nitinol, could achieve the desired mechanical
performance. The optimization of this design should focus on ensuring that the degradable
bars embedded within the woven structure initially maintain the device in a flat position and
allow for progressive volumetric expansion. However, a limitation of this approach is its non-
telescopic nature, which requires a large initial implantation area that decreases as the device

expands (Figure 8.25, top view).

From a surgical perspective, the expansion process should begin approximately three weeks
post-surgery to allow for proper wound healing [137]. This delay can be achieved by adjusting
the rigidity of the degradable element, as demonstrated with SE3 (Figure 8.19). Additionally,
coatings can be applied to slow down degradation, ensuring a more homogeneous process
and preventing localized corrosion. Localized degradation could lead to catastrophic anchor
failure, resulting in abrupt shape changes and the sudden release of stored elastic energy, an

undesirable effect that could damage surrounding tissues.

In addition, the surgeon must ensure that the treatment aligns with suture remodeling
[72,73,94] and the mechanical and biological creep properties of the skin during the expansion
process to prevent patient discomfort [112,118,124]. Achieving this balance requires careful
selection of materials that provide both structural integrity and controlled expansion. Shape-
morphing medical devices, therefore, must be produced from biocompatible and
biodegradable metals or metal-reinforced polymers to ensure adequate stiffness within a
compact volume. This characteristic is not only essential for effective skin expansion but also
plays a crucial role in craniosynostosis treatment, where cranial distraction indirectly

contributes to the expansion of the overlying skin.

The use of these materials also helps mitigate the stress relaxation observed in experimental
tests, improving device reliability over time. In this regard, additive manufacturing is a
suitable approach for producing these devices, as it allows them to conform to the curvature
of the skull, ensuring that the spring force vector remains perpendicular to the suture,

minimizing the risk of improper remodeling.

Moreover, multi-material solutions can be explored to perfectly integrate active and
degradable elements, removing the need for component assembly. However, conventional
manufacturing methods should not be overlooked. Preformed shapes, as used in current
surgical procedures [100,105], may offer advantages, particularly for biodegradable materials,
which tend to degrade more uniformly when produced through traditional processes

compared to additive manufacturing.
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Mechanical and degradation tests are essential for developing a comprehensive guide for
surgeons, enabling the selection of appropriate spring-based medical devices and degradable
anchoring elements to regulate the force exerted and its temporal distribution throughout the

shape-morphing implant’s lifespan.

As outlined in Chapter 7, there are alternative shape-shifting design strategies that should be
explored, such as devices based on plastic deformation of degradable elements or multi-step
anchors that progressively erode to release active components. These strategies may offer
innovative solutions for both craniosynostosis and skin expansion applications, further
advancing the field of minimally invasive, shape-morphing medical devices. Potential
applications include bioresorbable implants for controlled drug delivery, resorbable scaffolds
for tendon and ligament repair, dynamic orthopedic implants for pediatric deformities, and
bioresorbable scaffolds for regenerative medicine. Furthermore, these approaches can be
adapted to a variety of degradable materials, including ceramics, metals, and composites,
allowing for tailored degradation rates and mechanical properties to suit specific clinical

needs.

8.5. Conclusions and future proposals

The development of shape-morphing medical devices triggered by (bio)degradation shows
great potential for the treatment of craniosynostosis and skin expansion. By integrating
active/flexible and degradable components, these implants enable controlled and progressive
distraction/expansion, addressing key challenges such as re-synostosis and uneven force

distribution.

Among the tested designs, omega-shaped springs achieved the highest distraction forces,
while serpentine spring demonstrated potential as degradable softening anchors. In skin
expanders, auxetic structure provided uniform force distribution but was unidirectional,
whereas wicker-based mechanism allowed for more organic volumetric expansion. The
optimization of anchoring mechanisms is essential for controlling energy release and ensuring
proper device performance. Likewise, improving the active element is also crucial, as it must
be capable of storing the maximum amount of energy without undergoing permanent
deformation, which could prevent the implant from returning to its original shape and

compromise its functionality.

To further enhance these technologies, future efforts should focus on multiple aspects. In
craniosynostosis treatment, the development of multi-suture devices is necessary to optimize
interaction between perpendicular distraction axes, allowing for the treatment of more
complex cranial conditions. Regarding degradable anchors, further refinement of materials
and coatings is needed to slow degradation while preventing localized failure. Additionally,

advancements in multi-material additive manufacturing would enable seamless integration of
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active and degradable parts, enhancing reliability and reducing assembly complexity.
Alternative shape-morphing design strategies, such as plastically deformable elements or
multi-step anchors, should also be explored to expand clinical applications and improve

control over degradation rates.

For skin expansion, achieving uniform force distribution remains a critical goal. Future
refinements may focus on developing multidirectional auxetic springs and improving
manufacturing techniques for wicker-based designs. Establishing standardized mechanical
and degradation testing protocols will also be crucial in guiding clinicians to select the most

suitable devices based on patient-specific needs.

To translate these innovations into clinical practice, preclinical animal studies should be
prioritized to validate safety and efficacy, paving the way for clinical trials that assess long-
term patient outcomes. Additionally, integrating these devices into surgical workflows will
require adapting implantation techniques and postoperative care to fully leverage their
minimally invasive nature. With continued research, validation, and clinical application, these
shape-morphing technologies hold a significant promise in advancing broader biomedical

applications.
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9. Conclusions and future research proposals

9.1. Main conclusions

Throughout this PhD thesis, the proposed objectives have been achieved and the foundations

for significant progress in the emerging field of 4D printing have been established, particularly

regarding the incorporation of degradation as a triggering stimulus in smart systems and

structures capable of shape shift.

Below, the main conclusions derived from this PhD thesis are summarized:

1.

Development and validation of universal ontology for 4D printed material systems and
structures. Versatile and ambitious ontology has been designed and validated, along
with an innovative coding scheme that systematically and comprehensively describes
the lifecycle of 4D printed actuators and devices. This tool integrates fundamental
aspects such as initial geometry, shape-morphing principles, triggering stimuli,
intermediate and final shapes, and the materials and additive manufacturing
technologies employed. It has been successfully applied to a set of 54 representative
examples. Furthermore, integrating this ontology with generative artificial intelligence
algorithms has demonstrated exceptional potential to foster creativity and innovation

in the design of shape-shifting structures.

Innovation in the use of (bio)degradable materials and rapid prototyping to create actuators that
change shape through degradation. Experimental studies have proven the suitability of
combining polymers such as PVA and PETG, processed using Fused Filament
Fabrication (FFF), to produce multimaterial 4D actuators. It has been demonstrated
that PVA acts as a temporary “lock”, degrading in aqueous conditions and gradually
releasing stored energy, while PETG contributes elasticity and energy storage capacity,
maintaining its mechanical properties despite certain plasticizing effects. This synergy
enables the creation of actuators with controlled, programmable, and intelligent

metamorphoses.

Creation and classification of the most comprehensive collection of actuators that change shape
due to the degradation of one of their components. The largest available collection of
degradation-activated shape-morphing actuators has been developed, with 50
mechanisms designed, manufactured, and tested. These actuators have been classified
into four main families according to the structural configuration of the degradable

elements: external frames, interlocking elements, plastically deformed regions, and
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progressively degradable anchors. Experiments have shown shape recoveries of nearly
80% in polymer systems, and the strategy has been successfully transferred to metal

prototypes based on Laser Powder Bed Fusion (LPBF).

4. DfAM strategy and transferability to wvarious technologies and materials. The
implementation of a Design for Additive Manufacturing (DfAM) strategy has allowed
the successful translation of actuators developed via rapid prototyping techniques to
high-performance additive manufacturing processes, such as LPBF. This approach
facilitates the production of multimetallic actuators with shape-changing capabilities
and demonstrates that proof-of-concept results obtained with polymer systems can be
extended to other functional materials, thus broadening the potential applications of

this technology.

5. Creation of proof-of-concept shape-morphing implants for the treatment of craniosynostosis and
skin expansion. Degradation-activated actuators have been successfully applied in the
design and prototyping of conceptual medical devices aimed at addressing critical
challenges in biomedical engineering. In the treatment of craniosynostosis, distraction
osteogenesis implants have been developed employing innovative mechanisms such
as omega-shaped and serpentine springs. These devices are designed to exert a
constant and controlled force on cranial sutures over time, promoting bone
remodeling. Similarly, in skin expansion, conical springs, auxetic designs and organic
structures inspired by wicker patterns have been explored to enable progressive,
uniform, and adaptive expansion. These proofs-of-concept not only validate the
technical feasibility of integrating biodegradable actuators into smart implants but also
open new possibilities for developing minimally invasive and personalized
interventions with the potential to significantly improve clinical outcomes and

patients” quality of life.

6. Contribution to the scientific community and dissemination of knowledge. This PhD thesis
systematized the field of 4D printing through two key tools: the creation of an ontology
for coding 4D printed material systems and structures, and the development of a
library of degradation-activated actuators designed in accordance with FAIR
(Findability, Accessibility, Interoperability, and Reusability) principles. These
resources are available to all interested parties, enabling access to the original files,
replication of experiments, or modifications for new projects. Additionally, the
standardization of geometries, shape-morphing principles, triggering stimuli,
materials, and additive manufacturing technologies has created a universal language
for coding 4D printed devices. The dissemination of these advances and their
integration with generative artificial intelligence tools not only promotes creativity but

also contributes significantly to the advancement of the field.
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Overall, this PhD thesis has not only achieved its initial objectives but also opened new
research lines and application in single- and multi-material additive manufacturing using
(bio)degradable materials. The incorporation of a universal ontology and an innovative coding
scheme has enabled the systematization and classification of the complex world of 4D
actuators, while also facilitating their integration with artificial intelligence algorithms to boost
design creativity. Experimental validation using degradable polymers, coupled with the
successful transfer of rapid prototyping strategies to high-performance metallic systems,
underscores the versatility and potential of the developed solutions. Moreover, the application
of these advances in medical device design paves the way for innovative treatments for
craniosynostosis and skin expansion, holding significant implications for biomedical

engineering.

The integration of degradable materials within the framework of additive manufacturing has
emerged as a pivotal avenue for the exploration of sustainable solutions, offering benefits
across a range of disciplines. In the medical field, these advances have led to the development
of smart implantable devices that facilitate tissue regeneration, reduce postoperative
complications, and enable personalized treatments, as evidenced by shape-morphing implants
for craniosynostosis and skin expansion. In the field of engineering, the integration of these
materials and processes has the potential to contribute to the development of adaptive
structural systems and high-precision components applicable in sectors as varied as
automotive, aerospace, and construction, where efficient and sustainable solutions are in

demand.

Furthermore, these innovations have the potential to positively impact areas such as robotics,
electronics, and product design, offering new opportunities to create smart, customizable and
degradable systems that respond to dynamic market needs. Consequently, the outcomes of
this study offer a broad spectrum of possibilities for the enhancement of processes and the

exploration of innovative applications across multiple industrial and technological domains.

9.2. Future proposals

Below are several future research directions derived from this thesis. These proposals aim to
expand and consolidate knowledge in the field of shape-morphing material systems and
structures through the use of degradable materials. Spanning from tissue engineering to the
adaptation of shape-morphing mechanisms in metallic materials, these research directions

contribute to applications in engineering, regenerative medicine, and emerging technologies.
1) Characterization of 3D printed PV A erosion as a function of stress state

During the development of this PhD thesis, the degradation of 3D printed PVA was

characterized, revealing that in 100% solid samples the degradation process is similar
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regardless of the infill pattern, and that the degradation rate is strongly influenced by the
exposed surface-to-volume ratio. Based on these results, it is proposed to evaluate whether the
energy absorbed in the PVA, resulting from its interaction with PETG during actuator training,
significantly affects the erosion rate, and to determine how the tensile state influences the

degradation behavior.

To investigate this, a potential experiment could involve the degradation analysis of PVA
serpentine springs. The influence of stress could be examined by comparing two conditions:
one spring deformed by a frame during degradation and another printed directly with the
deformed shape obtained from finite element simulations (Figure 9.1). This approach would
allow evaluating whether highly deformed regions exhibit accelerated degradation, as

preliminary results suggest.

Deformed

As printed

Figure 9.1: Degradation analysis of PVA serpentine springs samples. Comparison between stress-
induced deformed (red frame) and directly printed springs (white frame).

2) Extension of shape-morphing mechanisms to metallic systems and structures

It is recommended that the experimental validation of the polymeric devices developed in the
4D printed actuator library be extended by redesigning them to be produced with metals
(Figure 9.2). In particular, biodegradable and biocompatible alloys facilitates the actuators’
development that have the potential to evolve into shape-morphing medical devices capable
of adapting in harmony with patient’s needs, as evidenced in Chapter 8. This study will
investigate whether the design strategies applied to polymeric systems can be replicated in
metallic materials or if new, specific approaches are required. This assessment will determine
the applicability of current techniques and, if necessary, initiate new research avenues for the
creation of adaptive structures in high-demand materials. This, in turn, will enhance their use

in medical applications and other high-complexity fields.
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Figure 9.2: (A) Comparison between actuator 13 from the actuators library and (B) its additively
manufactured version printed via LPBF with a superelastic nitinol active component and degradable
WE43meo anchors. Pictures courtesy of IMDEA Materials Institute and Meotec GmbH.

3) Finite element modeling of 4D polymeric actuators activated by degradation

Currently, numerical models based on finite element analysis are being developed to integrate
the behavior of polymeric actuators whose shape transformation is triggered by degradation
processes (Figure 9.3). This study is being carried out in collaboration with Drs. Conall Quinn
and Ted Vaughan of National University of Galway, who are also part of the consortium of
the European BIOMET4D project. The implementation of a model simulating the degradation
of the constituent materials is underway, enabling assessment of progressive release of energy
stored in the elastic structure. This approach optimizes both flexible and degradable
properties, facilitating the achievement of predefined shape transformations in a precise and

reproducible manner.

Figure 9.3: Finite element simulation of a degradable shape-shifting mechanism considering the
degradation of its anchoring elements. Image courtesy of Dr. Conall Quinn.

4) Development of skin expanders based on woven structures

The proposal entails the development of skin expanders that employ woven structures to
transition from a two-dimensional configuration to a three-dimensional one. This
transformation facilitates the storage and release of energy, thereby facilitating the expansion
of both the epidermis and dermis. This project is being conducted in collaboration with M.

Eng. Carlos Aguilar, M.Sc. Oscar Contreras, and Profs. Andrés Diaz Lantada and Jon Molina,
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a collection of skin expanders printed in superelastic nitinol is being developed (Figure 9.4),
with a focus on designing anchors that enable controlled training of shape transformation and

ensure uniform and progressive expansion of the skin tissue.

Figure 9.4: Nitinol-based woven structures for progressive tissue expansion. Picture courtesy of M.
Eng. Carlos Aguilar Vega.

5) Integration of combined triggering stimuli for the creation of ultra shape-morphing

actuators

The hypothesis to be investigated is that of strategies integrating the simultaneous or
sequential application of various triggering stimuli, including heat, magnetism, light, pH,
amongst others, in conjunction with the degradation process, with a view to inducing both
immediate and progressive shape changes in multimaterial flexible structures. In scenarios
involving simultaneous stimulation, the combined response of the structure will be analyzed
to achieve complex transformations in a single step, whereas sequential application will allow
for a controlled progression of shape transformation, generating intermediate stages that

facilitate smooth and adaptive transitions.

Additionally, the exploration of the shape memory properties of PETG to recover or modify
previous configurations is proposed, thereby enhancing the capacity of the polymeric systems
developed in this PhD thesis to respond to multiple external signals. The theoretical modelling
and experimental validation of these advanced strategies could lead to multifunctional and
adaptive devices with applications in soft robotics, medical devices, and industrial automation

systems.
6) Development of programmed degradable scaffolds for tissue engineering

The proposal entails the conceptualization of smart scaffolds, which are to be manufactured
from biodegradable materials characterized by variable degradation rates. This approach is
based on the voxel matter strategy, in which each voxel is assigned to a distinct material. In

this manner, upon exposure to a degrading environment, the mechanical and biochemical
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properties of the scaffold will evolve in a controlled fashion, thus promoting the colonization
and migration of various cell types. The methodology to be employed involves the
implementation of a three-dimensional cellular automaton to generate the initial scaffold
geometry, in conjunction with an additional automaton to simulate the differential
degradation of each material and the dynamics of cell colonization. This approach will

facilitate the prediction of the scaffold’s temporal behavior under physiological conditions.

Figure 9.5: Multimaterial voxel-based scaffold generated via cellular automaton. Red represents
material that degrades rapidly and blue represents material that degrades slowly. Picture courtesy of
Alvaro Troyano and BEng. Isaac Castillo.

7) Validation of materials and shape-morphing implants in biological and clinical

environments

A research line is proposed aimed at the comprehensive validation of the developed materials
and mechanisms, beginning with studies in animal models to assess biocompatibility, the
efficacy in inducing shape changes, and integration with tissue regeneration processes.
Subsequently, clinical trials in human subjects will be considered to adjust and optimize the
devices based on the biological response and to ensure the safety and effectiveness of the
medical applications. This phased approach will enable a safe and controlled transition from
the laboratory to real therapeutic applications, thereby consolidating the viability of these

systems in clinical environments and enhancing their potential impact.

9.3. Summary of scientific-technological contributions
Articles in scientific journals and patents

1. Patent under analysis. Molina Aldareguia, J. M., Llorca Martinez, F. J., Patterson, J.,
Diaz Lantada, A., Solérzano Requejo, W. G., Kopp, A., Postges, S. Structure
comprising a first, rapidly degradable part and a second, slowly or non-degradable
part. This patent has been developed in collaboration with IMDEA Materials Institute,
Meotec GmbH, and Universidad Politécnica de Madrid as part of a joint research effort
on biodegradable structures with programmed activation.

239



William Gabriel Solérzano Requejo

2. Solérzano-Requejo, W., Vega, C. A, Martinez, R. Z., Bodaghi, M., & Lantada, A. D.
(2025). Ontology for smart 4D printed material systems and structures synergically

applied with generative artificial intelligence for creativity promotion. Smart Materials
and Structures, 34(1), 015045. https:/ /doi.org/10.1088/1361-665X/ad9dca

3. Solérzano-Requejo, W., Martinez Cendrero, A., Altun, A. A., Nohut, S., Ojeda, C,,
Garcia Molleja, J., Molina-Aldareguia, J., Schwentenwein, M., & Diaz Lantada, A.
(2024). Topology optimisation and lithography-based ceramic manufacturing of short-
stem hip prostheses with enhanced biomechanical and mechanobiological
performance. Virtual and Physical Prototyping, 19(1), €2387280.
https:/ /doi.org/10.1080/17452759.2024.2387280

4. Solérzano Requejo, W., Franco Martinez, F., Aguilar Vega, C., Zapata Martinez, R.,
Martinez Cendrero, A., & Diaz Lantada, A. (2024). Fostering creativity in engineering
design through constructive dialogues with generative artificial intelligence. Cell
Reports Physical Science, 5(9), 102157. https:/ /doi.org/10.1016/j.xcrp.2024.102157

5. Moscol-Albaiiil, I., Solérzano-Requejo, W., Rodriguez, C., Ojeda, C., & Diaz Lantada,
A. (2024). Innovative Al-driven design of patient-specific short femoral stems in
primary hip arthroplasty. Materials & Design, 240, 112868.
https:/ /doi.org/10.1016/j.matdes.2024.112868

6. Lopez-Arrabal, A., Guzman-Bautista, A., Solérzano-Requejo, W., Franco-Martinez, F.,
& Villaverde, M. (2024). Axisymmetric non-planar slicing and path planning strategy
for robot-based additive manufacturing. Materials & Design, 241, 112915.
https:/ /doi.org/10.1016/j.matdes.2024.112915

7. Solérzano Requejo, W., Ahijon, B. L., Corchado, C., Llorca, J.,, Lantada, A. D,
Patterson, J., & Diaz-Payno, P. J. (2024). An ECM scaffold combined with a compliant
3D printed spring-shaped reinforcement for cartilage engineering applications.
https:/ /doi.org/10.1101/2024.01.31.575642

8. Martinez Cendrero, A., Franco Martinez, F., Solérzano Requejo, W. G., & Diaz
Lantada, A. (2022). Open-source library of tissue engineering scaffolds. Materials &
Design, 223, 111154. https://doi.org/10.1016/j.matdes.2022.111154

9. Solérzano-Requejo, W., Ojeda, C., & Diaz Lantada, A. (2022). Innovative Design
methodology for patient-specific short femoral stems. Materials, 15(2), Article 2.
https://doi.org/10.3390/ma15020442

Publications in proceedings from scientific conferences and participation in congresses

10. Lopez-Arrabal, A., Guzman-Bautista, A., Solérzano-Requejo, W., Sancho-Arellano,
A., Franco-Martinez, F., & Lantada, A. D. (2025). Path Planning Design for Robot Based
Non-Planar Additive Manufacturing Case Study: Coronary Stent. 2025 9th International
Conference on Mechanical Engineering and Robotics Research (ICMERR), 17-21.
https:/ /doi.org/10.1109/ICMERR64601.2025.10949923

240



Conclusions and future research proposals

11.

12.

13.

14.

15.

16.

17.

18.

Solérzano-Requejo, W., Quinn, C., Martinez, V., Molina-Aldareguia, J., Vaughan, T.,
Diaz Lantada, A. & Patterson, ]J. (2024). Finite element modelling aided design of shape
morphing implants triggered by biodegradation: 18th International Conference on
Biomedical Engineering (Singapur)

Solérzano-Requejo, W., Franco Martinez, F. & Diaz Lantada, A. (2024). Artificial
intelligence empowered design of shape morphing polymeric actuators triggered by
biodegradation: 4D Materials Design and Additive Manufacturing Conference 2024
(Corsica, France)

Solérzano-Requejo, W., Aguilar, C., Callejo, G.,, & Diaz Lantada, A. (2024).
Biodegradable biodevices: a design approach based on cellular automaton: Proceedings
of the 17th International Joint Conference on Biomedical Engineering Systems and
Technologies, 34-41. https:/ /doi.org/10.5220/0012313600003657

Lantada, A., Vega, C., Martinez, R., Rendén, M., Li, M., Contreras-Almengor, 0,
Ordono, J., Solérzano-Requejo, W., Vasic, M., Munoz-Guijosa, J., & Molina-
Aldareguia, J. (2024). Additive manufacturing of nitinol for smart personalized
medical devices: current capabilities and challenges: Proceedings of the 17th International
Joint  Conference on Biomedical Engineering Systems and Technologies, 123-134.
https:/ /doi.org/10.5220/0012363900003657

Lantada, A., Cendrero, A., Martinez, F., Martinez, R., Vega, C., Solérzano-Requejo,
W., & Blas De Miguel, A. (2024). Bioinspired design and manufacturing strategies for
next generation medical implants: trends and challenges: Proceedings of the 17th
International Joint Conference on Biomedical Engineering Systems and Technologies, 42-53.
https:/ /doi.org/10.5220/0012363800003657

Solérzano-Requejo, W., Aguilar, C., Zapata Martinez, R., Contreras-Almengor, O.,
Moscol, 1., Ojeda, C., Molina-Aldareguia, J., & Diaz Lantada, A. (2023). Artificial
intelligence and numerical methods aided design of patient-specific coronary stents:
Proceedings of the 16th International Joint Conference on Biomedical Engineering Systems and
Technologies, 37-45. https:/ /doi.org/10.5220/0011639000003414

Franco-Martinez, F., Solérzano-Requejo, W., de Blas-de Miguel, A., Vostatek, M.,
Grasl, C.,, Bonora, M., Moscato, F.,, & Diaz Lantada, A. (2023). Design and
manufacturing of microtextured patient-specific coronary stent: Proceedings of the 16th
International Joint Conference on Biomedical Engineering Systems and Technologies, 142-149.
https://doi.org/10.5220/0011691600003414

Zapata Martinez, R., Aguilar, C., Solérzano-Requejo, W., Contreras-Almengor, O.,
Polvorinos Fernandez, C., Molina-Aldareguia, J., & Diaz Lantada, A. (2023). 4D printed
surgical devices: current capabilities and challenges: Proceedings of the 16th International
Joint  Conference on Biomedical Engineering Systems and Technologies, 157-163.
https://doi.org/10.5220/0011744300003414

241



William Gabriel Solérzano Requejo

19.

20.

21.

22.

23.

Tuesta-Guzman, J., Solérzano-Requejo, W., Grosso-Salazar, G., Ojeda, C., & Diaz
Lantada, A. (2022). Innovative methodology for the 3D reconstruction of body
geometries using open-source software: Proceedings of the 15th International Joint
Conference on  Biomedical —Engineering Systems and  Technologies, 162-169.
https:/ /doi.org/10.5220/0010870200003123

Moscol, I., Solérzano-Requejo, W., Ojeda, C., & Rodriguez, C. (2022). Personalized hip
replacement: state of the art and new tools proposals: Proceedings of the 15th International

Joint  Conference on Biomedical Engineering Systems and Technologies, 46-57.
https:/ /doi.org/10.5220/0010823100003123

Solérzano Requejo, W., Martinez Cendrero, A., Aguilar Vega, C., Zapata Martinez, R.,
Ojeda, C., & Diaz Lantada, A. (2022). Diserio de dispositivos médicos personalizados asistido
por inteligencia artificial y métodos numéricos: Aplicacion a protesis articulares.
https:/ /hdl.handle.net/20.500.14468 /19888

Molina Aldareguia, J., Aguilar Vega, C., Zapata Martinez, R., Li, M., Contreras, 0,
Pefia Juan, D., Solérzano Requejo, W., Martinez Cendrero, A., & Diaz Lantada, A.
(2022). Impresion 4D empleando polimeros y aleaciones con memoria de forma para una nueva
generacion de dispositivos médicos inteligentes.
https:/ /hdl.handle.net/20.500.14468 /19931

Franco Martinez, F., Blas de Miguel, A. de, Solérzano Requejo, W., Martinez Cendrero,
A., Diaz Lantada, A., & Echdavarri Otero, J. (2022). Metodologia de diseiio de microtexturas
sobre  geometrias  complejas:  Aplicacion —a  implantes  tisulares  bioinspirados.
https:/ /hdl.handle.net/20.500.14468 /19873

Book chapters

24.

25.

Diaz Lantada, A., Solérzano, W., Martinez Cendrero, A., Zapata Martinez, R., Ojeda,
C., & Munoz-Guijosa, J. M. (2022). Methods and technologies for the personalized
design of open-source medical devices. In A. Ahluwalia, C. De Maria, & A. Diaz
Lantada (Eds.), Engineering Open-Source Medical Devices: A Reliable Approach for
Safe, Sustainable and Accessible Healthcare (pp. 191-218). Springer International
Publishing. https://doi.org/10.1007 /978-3-030-79363-0_9

Tuesta Guzman, J., Solérzano Requejo, W., Martinez Cendrero, A., Zapata Martinez,
R., Ojeda Diaz, C., Diaz Lantada, A. (2022). Key enabling design and manufacturing
technologies for open-source medical devices. In: "Biomedical engineering for a
sustainable development", Book of the “XLI Annual School of the Italian National
Bioengineering Group”, Grupo Nazionale di Bioingegneria, Patron. ISBN:
9788855535700.

242



Conclusions and future research proposals

Final degree theses supervised

26.

27.

28.

29.

30.

31.

32.

33.

34.

Co-direction with Prof. Francisco Franco Martinez of the Bachelor’s Thesis of Mr.
Stephen Mulhern Lépez Oliva, titled: “Deep learning para la prediccion del dngulo de

contacto en el diserio de superficies microtexturizadas”, 2025.

Co-direction with Prof. Andrés Diaz Lantada of the Master’s Thesis of Mr. Victor
Moreno Gutiérrez, titled: “Desarrollo de automatas celulares para la generacion de
estructuras basadas en superficies minimas triplemente periddicas”, 2024. This work was
awarded an Honorable Mention ex aequo in the Innovation Technology Award by the
Rodolfo Benito Samaniego Foundation

Co-direction with Prof. Andrés Diaz Lantada of the Master’s Thesis of Mr. Gabriel
Callejo Goena, titled: “Simulacion de la degradacion de muelles de PVA mediante automatas
celulares y elementos finitos”, 2023.

Co-direction with Prof. Carlos Ojeda Diaz of the Bachelor’s degree final project of Mr.
Fernando Javier Tuesta Guzman, titled: “Metodologia de diserio personalizado de ortesis
para el tratamiento de lesiones y fracturas: aplicacion a férulas de antebrazo”, 2023.

Co-direction with Prof. Andrés Diaz Lantada of the Bachelor’s degree final project of
Mr. José Antonio Yafez Gonzalez-Cuéllar, titled: “Diserio personalizado de un vdstago
femoral corto asistido por redes neuronales convolucionales”, 2023.

Co-direction with Prof. Andrés Diaz Lantada of the Bachelor’s degree final project of
Mr. Alvaro Morales Sanchez, titled: “Disefio inteligente de dispositivos médicos
personalizados: explorando la eficiencia de la superelipse y el casco convexo”, 2023.

Co-direction with Prof. Andrés Diaz Lantada of the Bachelor’s degree final project of
Mr. Victor Moreno Gutiérrez, titled: “Innovacion en el diseiio personalizado de vdstagos
humerales cortos”, 2023.

Co-direction with Prof. Andrés Diaz Lantada of the Bachelor’s degree final project of
Mr. Diego Mufoz Garcia, titled: “Diserio y fabricacion de mecanismos 4D biodegradables
para aplicaciones médicas”, 2023.

Co-direction with Prof. Carlos Ojeda Diaz of the Bachelor’s degree final project of Mrs.
Isabel del Pilar Moscol Albafil, titled: “Optimizacion asistida por inteligencia artificial de
vdstago femoral corto personalizado”, 2022.

243






References

References

[1]

2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

H. Chu, W. Yang, L. Sun, S. Cai, R. Yang, W. Liang, H. Yu, L. Liu, 4D Printing: A Review
on Recent Progresses, Micromachines 11 (2020) 796.
https:/ /doi.org/10.3390/mi11090796.

S.Saska, L. Pilatti, A. Blay, ].A. Shibli, Bioresorbable Polymers: Advanced Materials and
4D  Printing for  Tissue  Engineering,  Polymers 13  (2021)  563.
https://doi.org/10.3390/ polym13040563.

A.Sharma, P.N. Vishwakarma, S. Gupta, S. Dixit, S.R. Kumar, A comprehensive review
to find capabilities of 4D printing in implantable medical devices, Materialwissenschaft
Werkst 55 (2024) 496-507. https:/ /doi.org/10.1002/ mawe.202300231.

B. Parkinson, B. Sargent, C. Roubicek, S. Magleby, V. Garcia, L. Howell, Mechanical
actuation via resorbable materials, Robotica (2023) 1-15.
https:/ /doi.org/10.1017/50263574723001534.

N. Hassan, T. Krieg, M. Zinser, K. Schroder, N. Kroger, An Overview of Scaffolds and
Biomaterials for Skin Expansion and Soft Tissue Regeneration: Insights on Zinc and
Magnesium as New Potential Key Elements, Polymers 15 (2023) 3854.
https:/ /doi.org/10.3390/ polym15193854.

M. Grosjean, S. Ouedraogo, S. Déjean, X. Garric, V. Luchnikov, A. Ponche, N. Mathieu,
K. Anselme, B. Nottelet, Bioresorbable Bilayered Elastomer/Hydrogel Constructs with
Gradual Interfaces for the Fast Actuation of Self-Rolling Tubes, ACS Appl. Mater.
Interfaces 14 (2022) 43719-43731. https:/ /doi.org/10.1021/acsami.2c11264.

C.Lin, J. Lv, Y. Li, F. Zhang, J. Li, Y. Liu, L. Liu, J. Leng, 4D-Printed Biodegradable and
Remotely Controllable Shape Memory Occlusion Devices, Adv Funct Materials 29
(2019) 1906569. https:/ /doi.org/10.1002/adfm.201906569.

U. Amin, M.K.I. Khan, A.A. Maan, A. Nazir, S. Riaz, M.U. Khan, M. Sultan, P.E.S.
Munekata, J.M. Lorenzo, Biodegradable active, intelligent, and smart packaging
materials for food applications, Food Packaging and Shelf Life 33 (2022) 100903.
https://doi.org/10.1016/j.fpsl.2022.100903.

X.-J. Ju, R. Xie, L. Yang, L.-Y. Chu, Biodegradable “intelligent’ materials in response to
chemical stimuli for biomedical applications, Expert Opinion on Therapeutic Patents 19
(2009) 683-696. https:/ /doi.org/10.1517 /13543770902769617.

F. Tiberio, I. Cacciotti, P. Frassanito, G. Nocca, G. Tamburrini, A. Arcovito, W. Lattanzi,
Personalized Bone Reconstruction and Regeneration in the Treatment of
Craniosynostosis, Applied Sciences 11 (2021) 2649.
https://doi.org/10.3390/app11062649.

J.T. Goodrich, A.L. Sandler, O. Tepper, A review of reconstructive materials for use in
craniofacial surgery bone fixation materials, bone substitutes, and distractors, Childs
Nerv Syst 28 (2012) 1577-1588. https:/ /doi.org/10.1007 /s00381-012-1776-y.

M.A. Fouda, L.A. Seltzer, K. Zappi, C. Hoffman, S.C. Pannullo, Posterior cranial vault
distraction in children with syndromic craniosynostosis: the era of biodegradable
materials—a comprehensive review of the literature and proposed novel global
application, Childs Nerv Syst 40 (2024) 759-768. https:/ /doi.org/10.1007 /s00381-023-
06221-7.

245



William Gabriel Solérzano Requejo

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

U. Eckelt, M. Nitsche, A. Miiller, E. Pilling, T. Pinzer, D. Roesner, Ultrasound aided pin
fixation of biodegradable osteosynthetic materials in cranioplasty for infants with
craniosynostosis, Journal of Cranio-Maxillofacial Surgery 35 (2007) 218-221.
https:/ /doi.org/10.1016/].jcms.2007.04.005.

H.Z. Morawiec, Z.H. Lekston, K.F. Kobus, M.C. Wegrzyn, ].T. Drugacz, Superelastic
NiTi springs for corrective skull operations in children with craniosynostosis, ] Mater
Sci: Mater Med 18 (2007) 1791-1798. https:/ /doi.org/10.1007 / s10856-007-3029-2.

J.O. Al Madani, Second Generation Self-Inflating Tissue Expanders: A Two-Year
Experience, Plastic Surgery International 2014 (2014) 1-6.
https://doi.org/10.1155/2014 /457205.

A.G. Ellesge, R. Shado, LN. Pereira, D. Madruga, H. Hassan, Soft tissue expansion using
self-inflating osmotic hydrogel expanders prior to bone augmentation: healing and
complications. Evidence-based review, BDJ Open 9 (2023).
https://doi.org/10.1038 /s41405-023-00175-3.

F42 Committee, Terminology for Additive Manufacturing Technologies, (n.d.).
https://doi.org/10.1520/F2792-12.

X. Kuang, D.J. Roach, J. Wu, CM. Hamel, Z. Ding, T. Wang, M.L. Dunn, H.J. Qji,
Advances in 4D Printing: Materials and Applications, Adv Funct Materials 29 (2019)
1805290. https:/ /doi.org/10.1002/adfm.201805290.

J. Carrell, G. Gruss, E. Gomez, Four-dimensional printing using fused-deposition
modeling: a review, RP] 26 (2020) 855-869. https:/ /doi.org/10.1108/RPJ-12-2018-0305.
S. Tibbits, 4D Printing: Multi-Material Shape Change, Archit Design 84 (2014) 116-121.
https://doi.org/10.1002/ad.1710.

P. Fu, H. Li, J. Gong, Z. Fan, A.T. Smith, K. Shen, T.O. Khalfalla, H. Huang, X. Qian, J.R.
McCutcheon, L. Sun, 4D printing of polymers: Techniques, materials, and prospects,
Progress in Polymer Science 126 (2022) 101506.
https:/ /doi.org/10.1016/j.progpolymsci.2022.101506.

Z.Lyu, J. Wang, Y. Chen, 4D printing: interdisciplinary integration of smart materials,
structural design, and new functionality, Int. J. Extrem. Manuf. 5 (2023) 032011.
https:/ /doi.org/10.1088/2631-7990/ ace090.

A. Mandal, K. Chatterjee, 4D printing for biomedical applications, J]. Mater. Chem. B 12
(2024) 2985-3005. https:/ /doi.org/10.1039/ D4TB00006D.

X. Wan, Y. He, Y. Liu, J. Leng, 4D printing of multiple shape memory polymer and
nanocomposites with biocompatible, programmable and selectively actuated
properties, Additive Manufacturing 53 (2022) 102689.
https://doi.org/10.1016/j.addma.2022.102689.

M. Zarek, M. Layani, I. Cooperstein, E. Sachyani, D. Cohn, S. Magdassi, 3D Printing of
Shape Memory Polymers for Flexible Electronic Devices, Advanced Materials 28 (2016)
4449-4454. https:/ /doi.org/10.1002/adma.201503132.

Q. Ge, A.-H. Sakhaei, H. Lee, C.K. Dunn, N.X. Fang, M.L. Dunn, Multimaterial 4D
Printing with Tailorable Shape Memory Polymers, Sci Rep 6 (2016) 31110.
https://doi.org/10.1038 /srep31110.

M. Niziot, ]. Paleczny, A. Junka, A. Shavandi, A. Dawiec-Lisniewska, D. Podstawczyk,
3D Printing of Thermoresponsive Hydrogel Laden with an Antimicrobial Agent
towards Wound Healing Applications, Bioengineering 8 (2021) 79.
https:/ /doi.org/10.3390/bioengineering8060079.

S.K. Leist, J. Zhou, Current status of 4D printing technology and the potential of light-
reactive smart materials as 4D printable materials, Virtual and Physical Prototyping 11
(2016) 249-262. https:/ /doi.org/10.1080/17452759.2016.1198630.

246



References

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

H. Lu, J. Leng, S. Du, A phenomenological approach for the chemo-responsive shape
memory effect in amorphous polymers, Soft Matter 9 (2013) 3851.
https:/ /doi.org/10.1039/c3sm27539f.

H. Lu, W. Min Huang, Y.Q. Fu, J. Leng, Quantitative separation of the influence of
hydrogen bonding of ethanol/water mixture on the shape recovery behavior of
polyurethane shape memory polymer, Smart Mater. Struct. 23 (2014) 125041.
https:/ /doi.org/10.1088/0964-1726/23 /12 /125041.

X. Peng, H. Wang, Shape changing hydrogels and their applications as soft actuators, J
Polym Sci B Polym Phys 56 (2018) 1314-1324. https:/ /doi.org/10.1002/polb.24724.

S. Zeng, R. Li, S.G. Freire, V.M.M. Garbellotto, E.Y. Huang, A.T. Smith, C. Hu, W.R.T.
Tait, Z. Bian, G. Zheng, D. Zhang, L. Sun, Moisture-Responsive Wrinkling Surfaces with
Tunable Dynamics, Advanced Materials 29 (2017) 1700828.
https://doi.org/10.1002/adma.201700828.

M.C. Mulakkal, R.S. Trask, V.P. Ting, A.M. Seddon, Responsive cellulose-hydrogel
composite ink for 4D printing, Materials & Design 160 (2018) 108-118.
https://doi.org/10.1016/j.matdes.2018.09.009.

K.R. Ryan, M.P. Down, C.E. Banks, Future of additive manufacturing: Overview of 4D
and 3D printed smart and advanced materials and their applications, Chemical
Engineering Journal 403 (2021) 126162. https:/ /doi.org/10.1016/j.cej.2020.126162.

H. Lu, J. Gou, J. Leng, S. Du, Magnetically aligned carbon nanotube in nanopaper
enabled shape-memory nanocomposite for high speed electrical actuation, Applied
Physics Letters 98 (2011) 174105. https:/ / doi.org/10.1063/1.3585669.

AM. Schmidt, Electromagnetic Activation of Shape Memory Polymer Networks
Containing Magnetic Nanoparticles, Macromol. Rapid Commun. 27 (2006) 1168-1172.
https:/ /doi.org/10.1002/marc.200600225.

J.C. Breger, C. Yoon, R. Xiao, H.R. Kwag, M.O. Wang, ]J.P. Fisher, T.D. Nguyen, D.H.
Gracias, Self-Folding Thermo-Magnetically Responsive Soft Microgrippers, ACS Appl.
Mater. Interfaces 7 (2015) 3398-3405. https:/ / doi.org/10.1021/am508621s.

H. Wei, Q. Zhang, Y. Yao, L. Liu, Y. Liu, J. Leng, Direct-Write Fabrication of 4D Active
Shape-Changing Structures Based on a Shape Memory Polymer and Its Nanocomposite,
ACS Appl. Mater. Interfaces 9 (2017) 876-883.
https://doi.org/10.1021/acsami.6b12824.

Z. Xu, C. Ding, D.-W. Wei, R.-Y. Bao, K. Ke, Z. Liu, M.-B. Yang, W. Yang, Electro and
Light-Active Actuators Based on Reversible Shape-Memory Polymer Composites with
Segregated Conductive Networks, ACS Appl. Mater. Interfaces 11 (2019) 30332-30340.
https://doi.org/10.1021/acsami.9b10386.

H. Li, Z. Yuan, K.Y. Lam, H.P. Lee, J. Chen, J. Hanes, J. Fu, Model development and
numerical simulation of electric-stimulus-responsive hydrogels subject to an externally
applied electric field, Biosensors and Bioelectronics 19 (2004) 1097-1107.
https://doi.org/10.1016/j.bios.2003.10.004.

D. Han, C. Farino, C. Yang, T. Scott, D. Browe, W. Choi, ].W. Freeman, H. Lee, Soft
Robotic Manipulation and Locomotion with a 3D Printed Electroactive Hydrogel, ACS
Appl. Mater. Interfaces 10 (2018) 17512-17518.
https:/ /doi.org/10.1021/acsami.8b04250.

J. Wong, A. Basu, M. Wende, N. Boechler, A. Nelson, Mechano-Activated Objects with
Multidirectional Shape Morphing Programmed via 3D Printing, ACS Appl. Polym.
Mater. 2 (2020) 2504-2508. https:/ /doi.org/10.1021/acsapm.0c00588.

F. Cerbe, D. Mahlstedt, M. Sinapius, C. Hithne, M. Bol, Relationship between
programming stress and residual strain in FDM 4D printing, Prog Addit Manuf 9 (2024)
123-132. https:/ /doi.org/10.1007 / s40964-023-00477-w.

247



William Gabriel Solérzano Requejo

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

H.Y. Jeong, S.-C. An, Y. Lim, M.J. Jeong, N. Kim, Y.C. Jun, 3D and 4D Printing of
Multistable Structures, Applied Sciences 10 (2020) 7254.
https:/ /doi.org/10.3390/app10207254.

H.Y. Jeong, S.-C. An, I.C. Seo, E. Lee, S. Ha, N. Kim, Y.C. Jun, 3D printing of twisting
and rotational bistable structures with tuning elements, Sci Rep 9 (2019) 324.
https:/ /doi.org/10.1038 /s41598-018-36936-6.

J.L. Tan, J. Tien, D.M. Pirone, D.S. Gray, K. Bhadriraju, C.S. Chen, Cells lying on a bed
of microneedles: An approach to isolate mechanical force, Proc. Natl. Acad. Sci. U.S.A.
100 (2003) 1484-1489. https:/ /doi.org/10.1073 / pnas.0235407100.

A.D. Lantada, J.G. Korvink, M. Islam, Taxonomy for engineered living materials, Cell
Reports Physical Science 3 (2022) 100807. https://doi.org/10.1016 /j.xcrp.2022.100807.
M. Islam, C. Selhuber-Unkel, J.G. Korvink, A.D. Lantada, Engineered living carbon
materials, Matter 6 (2023) 1382-1403. https:/ /doi.org/10.1016/j.matt.2023.03.018.

A. Pramanick, T. Hayes, V. Sergis, E. McEvoy, A. Pandit, A.C. Daly, 4D Bioprinting
Shape-Morphing Tissues in Granular Support Hydrogels: Sculpting Structure and
Guiding  Maturation, Adv  Funct  Materials 35 (2025) 2414559.
https://doi.org/10.1002/adfm.202414559.

S. Anju, N. Prajitha, V.S. Sukanya, P.V. Mohanan, Complicity of degradable polymers
in health-care applications, Materials Today Chemistry 16 (2020) 100236.
https://doi.org/10.1016/j.mtchem.2019.100236.

C. Niu, X. Li, Y. Wang, X. Liu, J. Shi, X. Wang, Design and performance of a poly(vinyl
alcohol)/silk fibroin enzymatically crosslinked semi-interpenetrating hydrogel for a
potential hydrophobic drug delivery, RSC Adv. 9 (2019) 41074-41082.
https:/ /doi.org/10.1039/ CO9RA09344C.

Y. Wang, H. Cui, T. Esworthy, D. Mei, Y. Wang, L.G. Zhang, Emerging 4D Printing
Strategies for Next-Generation Tissue Regeneration and Medical Devices, Advanced
Materials 34 (2022) 2109198. https:/ /doi.org/10.1002/adma.202109198.

R.J. Morrison, S.J. Hollister, M.F. Niedner, M.G. Mahani, A.H. Park, D.K. Mehta, R.G.
Ohye, G.E. Green, Mitigation of tracheobronchomalacia with 3D-printed personalized
medical devices in pediatric patients, Sci. Transl. Med. 7 (2015).
https://doi.org/10.1126/ scitranslmed.3010825.

M. Zarek, N. Mansour, S. Shapira, D. Cohn, 4D Printing of Shape Memory-Based
Personalized Endoluminal Medical Devices, Macromol. Rapid Commun. 38 (2017)
1600628. https:/ /doi.org/10.1002/marc.201600628.

F. Zhang, N. Wen, L. Wang, Y. Bai, J]. Leng, Design of 4D printed shape-changing
tracheal stent and remote controlling actuation, International Journal of Smart and Nano
Materials 12 (2021) 375-389. https:/ /doi.org/10.1080/19475411.2021.1974972.

M.S. Cabrera, B. Sanders, O.J.G.M. Goor, A. Driessen-Mol, C.W.J]. Oomens, F.P.T.
Baaijens, Computationally Designed 3D Printed Self-Expandable Polymer Stents with
Biodegradation Capacity for Minimally Invasive Heart Valve Implantation: A Proof-of-
Concept Study, 3D Print Addit Manuf 4 (2017) 19-29.
https:/ /doi.org/10.1089/3dp.2016.0052.

M.]J. Mirzaali, A.A. Zadpoor, Orthopedic meta-implants, APL Bioengineering 8 (2024)
010901. https:/ /doi.org/10.1063/5.0179908.

F.S.L. Bobbert, S. Janbaz, T. Van Manen, Y. Li, A.A. Zadpoor, Russian doll deployable
meta-implants: Fusion of kirigami, origami, and multi-stability, Materials & Design 191
(2020) 108624. https:/ /doi.org/10.1016/j.matdes.2020.108624.

I. Lukin, S. Musquiz, I. Erezuma, T.H. Al-Tel, N. Golafshan, A. Dolatshahi-Pirouz, G.
Orive, Can 4D bioprinting revolutionize drug development?, Expert Opinion on Drug
Discovery 14 (2019) 953-956. https:/ /doi.org/10.1080/17460441.2019.1636781.

248



References

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Y.-C. Li, Y.S. Zhang, A. Akpek, S.R. Shin, A. Khademhosseini, 4D bioprinting: the next-
generation technology for biofabrication enabled by stimuli-responsive materials,
Biofabrication 9 (2016) 012001. https:/ /doi.org/10.1088/1758-5090/9,/1/012001.

A. Melocchi, N. Inverardi, M. Uboldi, F. Baldi, A. Maroni, S. Pandini, F. Briatico-
Vangosa, L. Zema, A. Gazzaniga, Retentive device for intravesical drug delivery based
on water-induced shape memory response of poly(vinyl alcohol): design concept and
4D printing feasibility, International Journal of Pharmaceutics 559 (2019) 299-311.
https://doi.org/10.1016/j.ijpharm.2019.01.045.

G. Kumari, K. Abhishek, S. Singh, A. Hussain, M.A. Altamimi, H. Madhyastha, T.].
Webster, A. Dev, A Voyage From 3D to 4D Printing in Nanomedicine and Healthcare:
Part II, Nanomedicine (Lond.) 17 (2022) 255-270. https://doi.org/10.2217 /nnm-2021-
0454.

C.A. Spiegel, M. Hippler, A. Miinchinger, M. Bastmeyer, C. Barner-Kowollik, M.
Wegener, E. Blasco, 4D Printing at the Microscale, Adv Funct Materials 30 (2020)
1907615. https:/ /doi.org/10.1002/adfm.201907615.

L.K. Rivera-Tarazona, T. Shukla, K.A. Singh, A.K. Gaharwar, Z.T. Campbell, T.H. Ware,
4D Printing of Engineered Living Materials, Adv Funct Materials 32 (2022) 2106843.
https://doi.org/10.1002/adfm.202106843.

B. Basa, G. Jakab, N. Kallai-Szab6, B. Borbas, V. Fiilop, E. Balogh, 1. Antal, Evaluation of
Biodegradable PVA-Based 3D Printed Carriers during Dissolution, Materials 14 (2021)
1350. https:/ /doi.org/10.3390/ ma14061350.

P. Mostafalu, A. Tamayol, R. Rahimi, M. Ochoa, A. Khalilpour, G. Kiaee, I.K. Yazdi, S.
Bagherifard, M.R. Dokmeci, B. Ziaie, S.R. Sonkusale, A. Khademhosseini, Smart
Bandage for Monitoring and Treatment of Chronic Wounds, Small 14 (2018) 1703509.
https:/ /doi.org/10.1002/smll.201703509.

M.K. Gupta, F. Meng, B.N. Johnson, Y.L. Kong, L. Tian, Y.-W. Yeh, N. Masters, S.
Singamaneni, M.C. McAlpine, 3D Printed Programmable Release Capsules, Nano Lett.
15 (2015) 5321-5329. https:/ /doi.org/10.1021/acs.nanolett.5b01688.

C. Xin, D. Jin, Y. Hu, L. Yang, R. Li, L. Wang, Z. Ren, D. Wang, S. Ji, K. Hu, D. Pan, H.
Wu, W. Zhu, Z. Shen, Y. Wang, J. Li, L. Zhang, D. Wu, J. Chu, Environmentally Adaptive
Shape-Morphing Microrobots for Localized Cancer Cell Treatment, ACS Nano 15 (2021)
18048-18059. https:/ /doi.org/10.1021/acsnano.1c06651.

W. Kitana, I. Apsite, J. Hazur, A.R. Boccaccini, L. Ionov, 4D Biofabrication of T-Shaped
Vascular  Bifurcation, Adv  Materials Technologies 8 (2023) 2200429.
https:/ /doi.org/10.1002/admt.202200429.

A. Lendlein, R. Langer, Biodegradable, Elastic Shape-Memory Polymers for Potential
Biomedical Applications, Science 296 (2002) 1673-1676.
https://doi.org/10.1126 /science.1066102.

A. Kirillova, R. Maxson, G. Stoychev, C.T. Gomillion, L. Ionov, 4D Biofabrication Using
Shape-Morphing  Hydrogels, = Advanced Materials 29  (2017)  1703443.
https://doi.org/10.1002/adma.201703443.

M.R. Proctor, J.G. Meara, A review of the management of single-suture
craniosynostosis, past, present, and future: JNSPG 75th Anniversary Invited Review
Article,  Journal = of  Neurosurgery:  Pediatrics 24  (2019)  622-631.
https:/ /doi.org/10.3171/2019.7. PEDS18585.

S.R. Cohen, R.C. Frank, H.S. Meltzer, M.L. Levy, Craniosynostosis, in: Handbook of
Craniomaxillofacial =~ Surgery, WORLD  SCIENTIFIC, 2014: pp. 343-368.
https:/ /doi.org/10.1142/9789814295109_0013.

G. Cacciaguerra, M. Palermo, L. Marino, F.A.S. Rapisarda, P. Pavone, R. Falsaperla, M.
Ruggieri, S. Marino, The Evolution of the Role of Imaging in the Diagnosis of

249



William Gabriel Solérzano Requejo

[75]

[76]

[77]

[78]
[79]
[80]
[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

Craniosynostosis: A Narrative  Review,  Children 8 (2021) 727.
https:/ /doi.org/10.3390/ children8090727.

J. Regelsberger, G. Delling, K. Helmke, M. Tsokos, G. Kammler, H. Krénzlein, M.
Westphal, Ultrasound in the Diagnosis of Craniosynostosis:, Journal of Craniofacial
Surgery 17 (2006) 623-625. https:/ /doi.org/10.1097 /00001665-200607000-00002.

T.M. Helfer, A.B. Peixoto, G. Tonni, E. Araujo Janior, Craniosynostosis: prenatal
diagnosis by 2D/3D ultrasound, magnetic resonance imaging and computed
tomography., Med Ultrason 18 (2016) 378.
https://doi.org/10.11152/mu.2013.2066.183.3du.

E. Stanton, M. Urata, J.-F. Chen, Y. Chai, The clinical manifestations, molecular
mechanisms and treatment of craniosynostosis, Disease Models & Mechanisms 15
(2022) dmm049390. https:/ /doi.org/10.1242 / dmm.049390.

LS. Governale, Craniosynostosis, Pediatric Neurology 53 (2015) 394-401.
https://doi.org/10.1016/j.pediatrneurol.2015.07.006.

O.M. Tepper, S.M. Warren, Craniofacial Embryology, in: Plastic Surgery Secrets Plus,
Elsevier, 2010: pp. 139-145. https:/ /doi.org/10.1016/B978-0-323-03470-8.00021-1.

J. Carreiro, Head and neck, in: Pediatric Manual Medicine, Elsevier, 2009: pp. 13-97.
https:/ /doi.org/10.1016/B978-0-443-10308-7.00002-8.

Apoptosis, (n.d.). https://www.genome.gov/genetics-glossary/apoptosis (accessed
January 15, 2025).

S.-W. Jin, K.-B. Sim, S.-D. Kim, Development and Growth of the Normal Cranial Vault :
An  Embryologic Review, ] Korean Neurosurg Soc 59 (2016) 192.
https:/ /doi.org/10.3340/jkns.2016.59.3.192.

What Is Capsular Contracture and How Is It Treated?, (n.d.).
https:/ /www .breastcancer.org/treatment/surgery/ breast-reconstruction/ corrective-
reconstruction/capsular-contracture (accessed January 15, 2025).

https:/ /www.cancer.gov/publications/dictionaries / cancer-terms/ def / perfusion,

(2011). https:/ /www.cancer.gov/publications/dictionaries / cancer-
terms/def/perfusion (accessed April 3, 2025).
Keratitis - Symptoms and causes, Mayo Clinic (n.d.).

https:/ /www.mayoclinic.org/diseases-conditions / keratitis/ symptoms-causes/ syc-
20374110 (accessed January 15, 2025).

R.D. Adams, M. Victor, A.H. Ropper, Principles of neurology. Companion handbook,
6th ed, McGraw-Hill, Health Professions Division, New York, 1998.

V.M. Kanukollu, G. Sood, Strabismus, in: StatPearls, StatPearls Publishing, Treasure
Island (FL), 2025. http://www.ncbi.nlm.nih.gov/books/NBK560782/ (accessed
January 15, 2025).

D.M. Mirsky, K.V. Shekdar, L.T. Bilaniuk, Fetal MRI, Magnetic Resonance Imaging
Clinics of North America 20 (2012) 605-618.
https://doi.org/10.1016/j.mric.2012.06.002.

BALVERSA®  (erdafitinib), (n.d.). https://www.balversa.com/about-bladder-
cancer/what-is-fgfr/ (accessed January 16, 2025).

C. Lauritzen, Y. Sugawara, O. Kocabalkan, R. Olsson, SPRING MEDIATED DYNAMIC
CRANIOFACIAL RESHAPING: Case report, Scandinavian Journal of Plastic and
Reconstructive ~ Surgery and  Hand  Surgery 32  (1998)  331-338.
https:/ /doi.org/10.1080/02844319850158697.

M.-L.C. Van Veelen, L.M.]. Mathijssen, Spring-assisted correction of sagittal suture
synostosis, Childs Nerv Syst 28 (2012) 1347-1351. https:/ /doi.org/10.1007 /s00381-012-
1850-5.

250



References

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

I. Rizvi, R.R. Hallac, E.L. Geisler, ] K. Perez, B.Y. Ainuz, M.P. Pressler, S.A. Jackson, G.B.
Skolnick, M.D. Smyth, ]J.R. Seaward, C.A. Derderian, L.R. David, C.M. Runyan, K.B.
Patel, A.A. Kane, Multicenter comparison of head shape outcomes for three minimally
invasive strip craniectomy techniques for sagittal craniosynostosis, Journal of
Neurosurgery: Pediatrics 32 (2023) 277-284.
https:/ /doi.org/10.3171/2023.5.PEDS22528.

G.B. Skolnick, J.L. Yu, K.B. Patel, L.R. David, D.E. Couture, M.D. Smyth, A.S. Woo,
Comparison of 2 Sagittal Craniosynostosis Repair Techniques: Spring-Assisted Surgery
Versus Endoscope-Assisted Craniectomy With Helmet Molding Therapy, The Cleft
Palate Craniofacial Journal 58 (2021) 678-686.
https://doi.org/10.1177 /1055665620966521.

C. Davis, P. Windh, C.G.K. Lauritzen, Spring Expansion Is Influenced by Cranial
Biomechanics, Journal of Craniofacial Surgery 21  (2010) 843-846.
https://doi.org/10.1097 /SCS.0b013e3181d7a803.

K. Kumar, C. Sabarigirinathan, Cephalic index -A review, Int ] Med Rev Case Rep (2019)
1. https:/ /doi.org/10.5455/IJMRCR.cephalic-index.

CM. Runyan, K.S. Gabrick, ]J.G. Park, D. Massary, K. Hemal, E.S. Owens, ].T.
Thompson, D. Couture, L.R. David, Long-Term Outcomes of Spring-Assisted Surgery
for Sagittal Craniosynostosis, Plastic & Reconstructive Surgery 146 (2020) 833-841.
https:/ /doi.org/10.1097 /PRS.0000000000007168.

J.J. Ng, A.E. Chang, D.F. Villavisanis, S. Shakir, B.B. Massenburg, M. Wu, D.J. Romeo,
J.W. Swanson, S.P. Bartlett, ].A. Taylor, A coddling of the sagittal suture: inequality in
spring-assisted = expansion, = Childs Nerv  Syst 40 (2024) 3993-4002.
https:/ /doi.org/10.1007 /s00381-024-06531-4.

Protrusion | Explanation, (n.d.). https:/ /balumed.com/en/medical-
dictionary/ protrusion~1 (accessed January 21, 2025).

A. Borghi, S. Schievano, N. Rodriguez Florez, R. McNicholas, W. Rodgers, A. Ponniah,
G. James, R. Hayward, D. Dunaway, N.U.O. Jeelani, Assessment of spring cranioplasty
biomechanics in sagittal craniosynostosis patients, Journal of Neurosurgery: Pediatrics
20 (2017) 400-409. https:/ /doi.org/10.3171/2017.1. PEDS16475.

C.L. Kalmar, J.W. Swanson, S. Shakir, A.M. Tucker, B.C. Kennedy, P.B. Storm, G.G.
Heuer, S.P. Bartlett, ].A. Taylor, S.-S. Lang, Spring-mediated cranioplasty for sagittal
craniosynostosis, Neurosurgical Focus: Video 4 (2021) Veé.
https://doi.org/10.3171/2021.1.FOCVID2060.

J. Jacob, S. Bozkurt, Automated surgical planning in spring-assisted sagittal
craniosynostosis correction using finite element analysis and machine learning, PLoS
ONE 18 (2023) e0294879. https:/ /doi.org/10.1371/journal.pone.0294879.

J. Jacob, S. Bozkurt, Interrelations Between Surgical Outcome and Bone, Spring and
Surgical Parameters in Scaphocephalic Skulls Treated with Spring-Assisted
Cranioplasty, Advced Theory and Sims 7 (2024) 2400218.
https:/ /doi.org/10.1002/adts.202400218.

D. Garcia-Mato, S. Ochandiano, M. Garcia-Sevilla, C. Navarro-Cuéllar, J.V. Darriba-
Allés, R. Garcia-Leal, J.A. Calvo-Haro, R. Pérez-Maiianes, ]J.I. Salmerén, ]. Pascau,
Craniosynostosis surgery: workflow based on virtual surgical planning, intraoperative
navigation and 3D printed patient-specific guides and templates, Sci Rep 9 (2019) 17691.
https:/ /doi.org/10.1038 /541598-019-54148-4.

D. Garcia-Mato, R. Moreta-Martinez, M. Garcia-Sevilla, S. Ochandiano, R. Garcia-Leal,
R. Pérez-Mananes, J.A. Calvo-Haro, J.I. Salmerén, J. Pascau, Augmented reality
visualization for craniosynostosis surgery, Computer Methods in Biomechanics and

251



William Gabriel Solérzano Requejo

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Biomedical Engineering: Imaging &  Visualization 9 (2021) 392-399.
https:/ /doi.org/10.1080/21681163.2020.1834876.

L.S. Governale, J.A. Ching, Spring-assisted minimally invasive repair of sagittal
craniosynostosis, Neurosurgical Focus: Video 4 (2021) V8.
https:/ /doi.org/10.3171/2021.1.FOCVID20103.

J.A. Persing, MOC-PS(SM) CME Article: Management Considerations in the Treatment
of Craniosynostosis;, Plastic and Reconstructive Surgery 121 (2008) 1-11.
https:/ /doi.org/10.1097/01.prs.0000305929.40363.bf.

D. Johns, R. Blagg, ] R.W. Kestle, ].K. Riva-Cambrin, F. Siddiqi, B. Gociman, Distraction
Osteogenesis Technique for the Treatment of Nonsyndromic Sagittal Synostosis:, Plastic
and  Reconstructive = Surgery -  Global Open 3 (2015) e474.
https:/ /doi.org/10.1097 /GOX.0000000000000442.

G.S. Mundinger, S.A. Rehim, O. Johnson, J. Zhou, A. Tong, C. Wallner, A.H. Dorafshar,
Distraction Osteogenesis for Surgical Treatment of Craniosynostosis: A Systematic
Review,  Plastic &  Reconstructive  Surgery 138  (2016)  657-669.
https:/ /doi.org/10.1097 /PRS.0000000000002475.

D. Garcia-Mato, J. Pascau, S. Ochandiano, New Technologies to Improve Surgical
Outcome during Open-Cranial Vault Remodeling, in: B. Kolarovszki, R. Messina, V. Blé
(Eds.), Spina Bifida and Craniosynostosis - New Perspectives and Clinical Applications,
IntechOpen, 2021. https://doi.org/10.5772 /intechopen.94536.

A. Wiberg, S. Magdum, P.G. Richards, J. Jayamohan, S.A. Wall, D. Johnson, Posterior
calvarial distraction in craniosynostosis - An evolving technique, Journal of Cranio-
Maxillofacial Surgery 40 (2012) 799-806. https:/ /doi.org/10.1016/j.jcms.2012.02.018.
G. Coelho, E.G. Figueiredo, N.N. Rabelo, M.]. Teixeira, N. Zanon, Development and
evaluation of a new pediatric mixed-reality model for neurosurgical training, Journal of
Neurosurgery: Pediatrics 24 (2019) 423-432.
https:/ /doi.org/10.3171/2019.2.PEDS18597.

A.M. Zollner, M.A. Holland, K.S. Honda, A.K. Gosain, E. Kuhl, Growth on demand:
Reviewing the mechanobiology of stretched skin, Journal of the Mechanical Behavior of
Biomedical Materials 28 (2013) 495-509. https:/ /doi.org/10.1016/j.jmbbm.2013.03.018.
Anatomy, Physiology, Histology, and Immunohistochemistry of Human Skin, in: Skin
Tissue Engineering and Regenerative Medicine, Elsevier, 2016: pp. 1-17.
https:/ /doi.org/10.1016/b978-0-12-801654-1.00001-2.

J.A. McGrath, J. Uitto, Anatomy and Organization of Human Skin, in: T. Burns, S.
Breathnach, N. Cox, C. Griffiths (Eds.), Rook’s Textbook of Dermatology, 1st ed., Wiley,
2010: pp. 1-53. https:/ /doi.org/10.1002/9781444317633.ch3.

D. Pamplona, C. Carvalho, Characterization of human skin through skin expansion, J.
Mech. Mater. Struct. 7 (2012) 641-655. https:/ /doi.org/10.2140/jomms.2012.7.641.
AM. Zollner, A. Buganza Tepole, E. Kuhl, On the biomechanics and mechanobiology
of growing skin, Journal of Theoretical Biology 297 (2012) 166-175.
https://doi.org/10.1016/j.jtbi.2011.12.022.

R.G. Bennett, M. Hirt, A History of Tissue Expansion: Concepts, Controversies, and
Complications, The Journal of Dermatologic Surgery and Oncology 19 (1993) 1066-1073.
https:/ /doi.org/10.1111/j.1524-4725.1993.tb01001.x.

M.G. Fernandes, L.P. Da Silva, A.P. Marques, Skin Mechanobiology and Biomechanics:
From Homeostasis to Wound Healing, in: Advances in Biomechanics and Tissue
Regeneration, Elsevier, 2019: pp. 343-360. https:/ /doi.org/10.1016/B978-0-12-816390-
0.00017-0.

252



References

[119]

[120]

[121]

[122]

[123]

[124]
[125]
[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

A. Buganza Tepole, A K. Gosain, E. Kuhl, Stretching skin: The physiological limit and
beyond, International Journal of Non-Linear Mechanics 47 (2012) 938-949.
https:/ /doi.org/10.1016/].ijjnonlinmec.2011.07.006.

M. Wagh, V. Dixit, Tissue expansion: Concepts, techniques and unfavourable results,
Indian ] Plast Surg 46 (2013) 333. https:/ /doi.org/10.4103/0970-0358.118612.
Extracellular matrix, (2011).
https:/ /www.cancer.gov/publications/dictionaries/cancer-terms/ def/ extracellular-
matrix (accessed January 14, 2025).

A. Catic, A. Weinzierl, ]. Heimer, B. Pompei, Y. Harder, Smooth Operator: Nanotextured
Breast Tissue Expanders Are Associated with Lower Rates of Capsular Contracture, J
Clin Med 13 (2024) 5803. https:/ /doi.org/10.3390/jcm13195803.

AM. Zdllner, A. Buganza Tepole, A.K. Gosain, E. Kuhl, Growing skin: tissue expansion
in pediatric forehead reconstruction, Biomech Model Mechanobiol 11 (2012) 855-867.
https:/ /doi.org/10.1007 /s10237-011-0357-4.

E.A. Mangubat, Scalp Repair Using Tissue Expanders, Facial Plastic Surgery Clinics of
North America 21 (2013) 487-496. https:/ /doi.org/10.1016/j.fsc.2013.05.006.
Fibroblast, (n.d.). https://www.genome.gov/genetics-glossary/Fibroblast (accessed
January 14, 2025).

Cellular Mechanisms and Embryonic Tissues, in: Fetal Medicine, Elsevier, 2020: pp. 6-
22.el. https:/ /doi.org/10.1016/b978-0-7020-6956-7.00002-6.

J.A. Virtanen, M.K. Vartiainen, Diverse functions for different forms of nuclear actin,
Current Opinion in Cell Biology 46 (2017) 33-38.
https://doi.org/10.1016 /j.ceb.2016.12.004.

T.H. Adair, ]J.-P. Montani, Overview of Angiogenesis, in: Angiogenesis, Morgan &
Claypool Life Sciences, 2010. https://www.ncbi.nlm.nih.gov/books/NBK53238/
(accessed January 14, 2025).

D.C. Pamplona, R.Q. Velloso, H.N. Radwanski, On skin expansion, Journal of the
Mechanical ~ Behavior of Biomedical Materials 29  (2014) 655-662.
https:/ /doi.org/10.1016/j.jmbbm.2013.03.023.

C.G. Neumann, THE EXPANSION OF AN AREA OF SKIN BY PROGRESSIVE
DISTENTION OF A SUBCUTANEOUS BALLOON: Use of the Method for Securing
Skin for Subtotal Reconstruction of the Ear, Plastic and Reconstructive Surgery 19 (1957)
124-130. https:/ /doi.org/10.1097 /00006534-195702000-00004.

M.-]. Cho, R.V. Farhadi, D.W. Nash, J. Kaleeny, S.P. Povoski, A.H. Chao, The current
use of tissue expanders in breast reconstruction: device design, features, and technical
considerations, Expert Review of Medical Devices 21 (2024) 27-35.
https:/ /doi.org/10.1080/17434440.2023.2288911.

D. Nikkhah, L. Yildirimer, N.W. Bulstrode, Tissue expansion, in: R.D. Farhadieh, N.W.
Bulstrode, S. Cugno (Eds.), Plastic and Reconstructive Surgery, 1st ed., Wiley, 2015: pp.
51-61. https:/ /doi.org/10.1002/9781118655412.ché.

M.-P. Newswire, AirXpanders Receives FDA de novo Clearance for AeroForm® Tissue
Expander System, Multivu (n.d.).
http:/ /www.multivu.com/players/English/7932251-airxpanders-aeroform-fda-
approval/ (accessed January 19, 2025).

PMT Corporation - Quality Medical Products and Devices for Neurosurgery,
Orthopedeic, Plastic Surgery, Reconstructive Surgery, Micropigmentation and
Demabrasion, (n.d.). http://www.pmtcorp.com/breastexpanders.html (accessed
January 14, 2025).

253



William Gabriel Solérzano Requejo

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

M.C. Obdeijn, J.-P.A. Nicolai, P.M.N. Werker, The osmotic tissue expander: a three-year
clinical experience, Journal of Plastic, Reconstructive & Aesthetic Surgery 62 (2009)
1219-1222. https:/ /doi.org/10.1016/j.bjps.2007.12.088.

A. Awadeen, M. Fareed, A.M. Elameen, The Impact of Aeroform Tissue Expanders on
the Outcomes of Implant-Based Breast Reconstruction; A Systematic Review and Meta-
Analysis, Aesth Plast Surg 47 (2023) 130-143. https://doi.org/10.1007/s00266-022-
02901-y.

H. Karimi, N.-A. Latifi M. Momeni, S. Sedigh-Maroufi, A.-M. Karimi, M.-R.
Akhoondinasab, Tissue expanders; review of indications, results and outcome during
15 years’ experience, Burns 45 (2019) 990-1004.
https://doi.org/10.1016/j.burns.2018.11.017.

J.H.A. Van Rappard, J. Molenaar, K. Van Doom, G.]J. Sonneveld, ] M.H.M. Borghouts,
R.E. Shively, Surface-Area Increase in Tissue Expansion, Plastic and Reconstructive
Surgery 82 (1988) 833-837. https:/ /doi.org/10.1097 /00006534-198811000-00016.

G.F. Brobmann, J. Huber, Effects of Different-Shaped Tissue Expanders on Transluminal
Pressure, Oxygen Tension, Histopathologic Changes, and Skin Expansion in Pigs,

Plastic and Reconstructive Surgery 76 (1985) 731-745.
https:/ /doi.org/10.1097/00006534-198511000-00013.
Seroma, (2011). https:/ /www.cancer.gov/publications/dictionaries/cancer-

terms/def/seroma (accessed January 14, 2025).

W.M. ElShaer, A.A. Enab, H.M. EIManawi, Endoscopic tissue expansion placement in
face and mneck burn scar reconstruction, Burns 37 (2011) 474-479.
https://doi.org/10.1016/j.burns.2010.09.014.

C. Dong, L. Dong, Z. Yu, X. Ma, Endoscopy-assisted versus open tissue expander
placement in plastic and reconstructive surgery: a meta-analysis, Journal of Plastic
Surgery and Hand Surgery 57 (2023) 193-201.
https:/ /doi.org/10.1080/2000656x.2022.2032106.

J.B. Wieslander, Tissue Expansion in the Head and Neck: A 6-year Review,
Scandinavian Journal of Plastic and Reconstructive Surgery and Hand Surgery 25 (1991)
47-56. https:/ /doi.org/10.3109/02844319109034923.

J. Dean, C. Hoch, B. Wollenberg, J. Navidzadeh, B. Maheta, A. Mandava, S. Knoedler,
K. Sherwani, H. Baecher, A. Schmitz, M. Alfertshofer, M. Heiland, K. Kreutzer, S.
Koerdt, L. Knoedler, Advancements in bioengineered and autologous skin grafting
techniques for skin reconstruction: a comprehensive review, Front. Bioeng. Biotechnol.
12 (2025) 1461328. https:/ /doi.org/10.3389/fbioe.2024.1461328.

M. Pezeshki-Modaress, M. Zandi, S. Rajabi, Tailoring the gelatin/chitosan electrospun
scaffold for application in skin tissue engineering: an in vitro study, Prog Biomater 7
(2018) 207-218. https:/ /doi.org/10.1007 / s40204-018-0094-1.

P.-C.Tan, P.-Q. Zhang, S.-B. Zhou, ].-Z. He, J. Qian, R.-L. Huang, Z.-Y. Zhang, C. Cheng,
Q.-F. Li, Y. Xie, Co-administration of autologous concentrated growth factor (CGF)
increases skin thickness and area during tissue expansion: a randomized clinical trial,
Plastic & Reconstructive Surgery (2023).
https:/ /doi.org/10.1097 /PRS.0000000000010227.

Y. Jin, H. Bi, Current progress of skin tissue engineering: Seed cells, bioscaffolds, and
construction strategies, Burn Trauma 1 (2013) 63. https://doi.org/10.4103/2321-
3868.118928.

R.A. Serway, ].W. Jewett, Physics For Scientists And Engineers With Modern Physics,
Seventh Edition, Thomson Brooks/Cole, California, USA, 2008.

Y.A. Cengel, M.A. Boles, M. Kanoglu, Thermodynamics: an engineering approach,
Ninth edition in SI units, McGraw-Hill, Singapore, 2020.

254



References

[150]
[151]
[152]
[153]
[154]
[155]

[156]

[157]

[158]

[159]

[160]

[161]
[162]

[163]

[164]

[165]

[166]

[167]
[168]
[169]

[170]

S. Timoshenko, D.H. Young, Elements of Strength of Materials, Van Nostrand, 1968.
https:/ /books.google.es/books?id=41PZzwEACAA].

B.J. Goodno, .M. Gere, Mechanics of materials, Ninth edition, SI edition, Cengage
Learning, Boston, MA, 2018.

R.G. Budynas, K.J. Nisbett, ].K. Nisbett, ].E. Shigley, Shigley’s mechanical engineering
design, 10. ed. in SI units, McGraw-Hill Education, New York, NY, 2015.

J.L. Meriam, L.G. Kraige, Dynamics, 7th ed, Wiley, Hoboken, NJ, 2012.

G. Barillaro, A. Molfese, A. Nannini, F. Pieri, Analysis, simulation and relative
performances of two kinds of serpentine springs, J. Micromech. Microeng. 15 (2005)
736-746. https:/ /doi.org/10.1088/0960-1317/15/4/010.

M. Bedier, R. AbdelRassoul, Analysis and Simulation of Serpentine Suspensions for
MEMS Applications, IJMSE 1 (2013) 82-85. https:/ /doi.org/10.12720/ijmse.1.2.82-85.
Y. Zhang, S. Xu, H. Fu, J. Lee, J. Su, K.-C. Hwang, J.A. Rogers, Y. Huang, Buckling in
serpentine microstructures and applications in elastomer-supported ultra-stretchable
electronics with high areal coverage, Soft Matter 9 (2013) 8062.
https:/ /doi.org/10.1039/c3sm51360b.

Q. Lu, J. Bai, K. Wang, P. Chen, W. Fang, C. Wang, Single Chip-Based Nano-
Optomechanical Accelerometer Based on Subwavelength Grating Pair and Rotated
Serpentine Springs, Sensors 18 (2018) 2036. https:/ /doi.org/10.3390/s18072036.

M.-]. Lin, H.-M. Chou, R. Chen, Geometric Effect on the Nonlinear Force-Displacement
Relationship of Awl-Shaped Serpentine Microsprings for In-Plane Deformation,
Materials 13 (2020) 2864. https:/ /doi.org/10.3390/ ma13122864.

S. lIyer, Y. Zhou, T. Mukherjee, Analytical modeling of cross-axis coupling in
micromechanical springs, in: 1999: pp. 632-635.

T.J. Recio Muiiiz, Célculo simbélico, calculo formal, algebra computacional: qué es y
para qué sirve, in: Las matematicas del siglo XX una mirada en 101 articulos,
Universidad de La Laguna, 2000: PpP- 469-472.
https:/ / portalinvestigacion.nebrija.com/documentos/5ebf1£292999524bdf7a2e94.
SymPy, (n.d.). https://www.sympy.org/en/index.html (accessed January 11, 2025).

J. Zhang, L. Sui, G. Shi, Buckling analysis of planar compression micro-springs, AIP
Advances 5 (2015) 041322. https:/ /doi.org/10.1063/1.4907928.

E. Rodriguez, M. Paredes, M. Sartor, Analytical Behavior Law for a Constant Pitch
Conical Compression Spring, Journal of Mechanical Design 128 (2006) 1352-1356.
https://doi.org/10.1115/1.2338580.

Data Apps for Production | Plotly, (n.d.). https://plotly.com/ (accessed January 11,
2025).

M. Sahin, Z. Kulunk, Optimization of spring parameters by using the Bees algorithm
for the foldable wing mechanism, Sci Rep 12 (2022) 21913.
https://doi.org/10.1038 /s41598-022-26361-1.

A. Silva, G. Lopez-Navarrete, C. Garcia-Martos, ].M. Mufioz-Guijosa, Automated
resolution of the spiral torsion spring inverse design problem, Sci Rep 14 (2024) 2956.
https:/ /doi.org/10.1038 /s41598-024-53404-6.

H.-H. Lee, Finite element simulations with ANSYS Workbench 2021, SDC Publications,
Mission, KS, 2021.

O.C. Zienkiewicz, R.L. Taylor, J.Z. Zhu, The finite element method: its basis and
fundamentals, 6th ed, Elsevier/Butterworth-Heinemann, Oxford Burlington, MA, 2005.
T.J.R. Hughes, The finite element method: linear static and dynamic finite element
analysis, 1. Dr., Prentice Hall, Englewood Cliffs, N.J., 1987.

K.-J. Bathe, Finite element procedures, Intern. student ed, Prentice Hall, Englewood
Cliffs, NJ, 1996.

255



William Gabriel Solérzano Requejo

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

R.D. Cook, R.D. Cook, eds., Concepts and applications of finite element analysis, 4. ed,
Wiley, New York, NY, 2002.

T. Belytschko, D. Organ, C. Gerlach, Element-free galerkin methods for dynamic
fracture in concrete, Computer Methods in Applied Mechanics and Engineering 187
(2000) 385-399. https:/ /doi.org/10.1016/5S0045-7825(00)80002-X.

R. Liu, H. Wang, X. Li, J. Tang, S. Mao, G. Ding, Analysis, simulation and fabrication of
MEMS springs for a micro-tensile system, ]J. Micromech. Microeng. 19 (2009) 015027.
https://doi.org/10.1088/0960-1317/19/1/015027.

A. Nirala, N. Kumar, D. Bandhu Singh, A. Kumar Singh, S. Kumar Sharma, J. Kumar
Yadav, H. Prasad, S. Chandan, A. Kumar Shrivastava, Simulation analysis of composite
helical spring for compression, torsional and transverse mode, Materials Today:
Proceedings 28 (2020) 2263-2267. https:/ /doi.org/10.1016 /j.matpr.2020.04.558.

E. Chiellini, R. Solaro, Biodegradable Polymeric Materials, Advanced Materials 8 (1996)
305-313. https:/ /doi.org/10.1002/adma.19960080406.

B. Laycock, M. Nikoli¢, .M. Colwell, E. Gauthier, P. Halley, S. Bottle, G. George,
Lifetime prediction of biodegradable polymers, Progress in Polymer Science 71 (2017)
144-189. https:/ /doi.org/10.1016/j.progpolymsci.2017.02.004.

ASTM Standard D883-12 Standard terminology relating to plastics, (2012).

PD CEN/TR15351:2006 Plastics - guide for vocabulary in the field of degradable and
biodegradable polymers and plastic items, (2006).

M. Oleksy, K. Dynarowicz, D. Aebisher, Advances in Biodegradable Polymers and
Biomaterials for Medical Applications—A Review, Molecules 28 (2023) 6213.
https:/ /doi.org/10.3390/ molecules28176213.

S. Ahmed, R.A.M. Osmani, eds., Handbook of biodegradable polymers: applications in
biomedical sciences, industry, and the environment, Jenny Stanford Publishing,
Singapore, 2025.

T.V. Shah, D.V. Vasava, A glimpse of biodegradable polymers and their biomedical
applications, E-Polymers 19 (2019) 385-410. https:/ /doi.org/10.1515/ epoly-2019-0041.
E. Chiellini, A. Corti, S. D’Antone, R. Solaro, Biodegradation of poly (vinyl alcohol)
based materials, Progress in Polymer Science 28 (2003) 963-1014.
https://doi.org/10.1016/S0079-6700(02)00149-1.

A.A. Shah, F. Hasan, A. Hameed, S. Ahmed, Biological degradation of plastics: A
comprehensive  review, Biotechnology = Advances 26  (2008)  246-265.
https://doi.org/10.1016 /j.biotechadv.2007.12.005.

V. Siracusa, P. Rocculi, S. Romani, M.D. Rosa, Biodegradable polymers for food
packaging: a review, Trends in Food Science & Technology 19 (2008) 634-643.
https://doi.org/10.1016/j.tifs.2008.07.003.

ZW. Abdullah, Y. Dong, L]. Davies, S. Barbhuiya, PVA, PVA Blends, and Their
Nanocomposites for Biodegradable Packaging Application, Polymer-Plastics
Technology and Engineering 56 (2017) 1307-1344.
https:/ /doi.org/10.1080/03602559.2016.1275684.

L. Avérous, E. Pollet, Biodegradable Polymers, in: L. Avérous, E. Pollet (Eds.),
Environmental Silicate Nano-Biocomposites, Springer London, London, 2012: pp. 13-
39. https:/ /doi.org/10.1007 /978-1-4471-4108-2_2.

E. Chiellini, A. Corti, R. Solaro, Biodegradation of poly(vinyl alcohol) based blown films
under different environmental conditions, Polymer Degradation and Stability 64 (1999)
305-312. https:/ /doi.org/10.1016/50141-3910(98)00206-7.

M. Gaspar, Zs. Benks, G. Dogossy, K. Réczey, T. Czigany, Reducing water absorption
in compostable starch-based plastics, Polymer Degradation and Stability 90 (2005) 563~
569. https:/ /doi.org/10.1016/j.polymdegradstab.2005.03.012.

256



References

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

S. Pandey, S.K. Pandey, V. Parashar, G.K. Mehrotra, A.C. Pandey, Ag/PVA
nanocomposites: optical and thermal dimensions, J. Mater. Chem. 21 (2011) 17154.
https:/ /doi.org/10.1039/c1jm13276h.

A. Lapworth, A.C.O. Hann, CXLIX. —The mutarotation of camphorquinonehydrazone
and mechanism of simple desmotropic change, J. Chem. Soc., Trans. 81 (1902) 1508~
1519. https:/ /doi.org/10.1039/CT9028101508.

C.M. Hassan, N.A. Peppas, Structure and Applications of Poly(vinyl alcohol) Hydrogels
Produced by Conventional Crosslinking or by Freezing/Thawing Methods, in:
Biopolymers - PVA Hydrogels, Anionic Polymerisation Nanocomposites, Springer
Berlin Heidelberg, Berlin, Heidelberg, 2000: pp. 37-65. https:/ /doi.org/10.1007 /3-540-
46414-X_2.

J. Clayden, N. Greevs, S. Warren, P. Wothers, eds., Organic chemistry, First Edition,
Oxford Univ. Press, Oxford, 2000.

D. Wong, J. Parasrampuria, Polyvinyl Alcohol, in: Analytical Profiles of Drug
Substances and Excipients, Elsevier, 1996: pp. 397-441. https:/ /doi.org/10.1016 /S0099-
5428(08)60699-1.

S. Mallakpour, S. Rashidimoghadam, Poly(vinyl alcohol)/carbon nanotube
nanocomposites, in: Biodegradable and Biocompatible Polymer Composites, Elsevier,
2018: pp. 297-315. https:/ /doi.org/10.1016 / B978-0-08-100970-3.00010-9.

S. Rashidi, A. Ataie, Structural and magnetic characteristics of PVA/CoFe204 nano-
composites prepared via mechanical alloying method, Materials Research Bulletin 80
(2016) 321-328. https:/ /doi.org/10.1016/j.materresbull.2016.04.021.

C.C. Thong, D.C.L. Teo, C.K. Ng, Application of polyvinyl alcohol (PVA) in cement-
based composite materials: A review of its engineering properties and microstructure
behavior, Construction and Building Materials 107 (2016) 172-180.
https:/ /doi.org/10.1016/j.conbuildmat.2015.12.188.

B. Liu, J. Zhang, H. Guo, Research Progress of Polyvinyl Alcohol Water-Resistant Film
Materials, Membranes 12 (2022) 347. https:/ /doi.org/10.3390/ membranes12030347.

A. Shanbhag, H.E. Rubash, ].J. Jacobs, eds., Joint Replacement and Bone Resorption, 0
ed., CRC Press, 2005. https://doi.org/10.1201/b14138.

N. Ben Halima, Poly(vinyl alcohol): review of its promising applications and insights
into biodegradation, RSC Adv. 6 (2016) 39823-39832.
https://doi.org/10.1039/ C6RA05742].

Y. Umemoto, S. Uchida, T. Yoshida, K. Shimada, H. Kojima, A. Takagi, S. Tanaka, Y.
Kashiwagura, N. Namiki, An effective polyvinyl alcohol for the solubilization of poorly
water-soluble drugs in solid dispersion formulations, Journal of Drug Delivery Science
and Technology 55 (2020) 101401. https://doi.org/10.1016/j.jddst.2019.101401.

D.M. Jtnior, M.A. Hausen, J. Asami, A.M. Higa, F.L. Leite, G.P. Mambrini, A.L. Rossi,
D. Komatsu, E.A.D.R. Duek, A New Dermal Substitute Containing Polyvinyl Alcohol
with Silver Nanoparticles and Collagen with Hyaluronic Acid: In Vitro and In Vivo
Approaches, Antibiotics 10 (2021) 742. https:/ /doi.org/10.3390/ antibiotics10060742.
W. Herrmann, H. Wolfram, Process for the preparation of polymerized vinyl alcohol
and its derivatives, US1672156A, n.d.
https:/ / patents.google.com/patent/ US1672156A /en.

X. Tang, S. Alavi, Recent advances in starch, polyvinyl alcohol based polymer blends,
nanocomposites and their biodegradability, Carbohydrate Polymers 85 (2011) 7-16.
https://doi.org/10.1016/j.carbpol.2011.01.030.

S. Aruldass, V. Mathivanan, A.R. Mohamed, C.T. Tye, Factors affecting hydrolysis of
polyvinyl acetate to polyvinyl alcohol, Journal of Environmental Chemical Engineering
7 (2019) 103238. https:/ /doi.org/10.1016/j.jece.2019.103238.

257



William Gabriel Solérzano Requejo

[205]

[206]
[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]
[220]
[221]

[222]

W.H. Organization, Evaluation of certain food additives and contaminants: Sixty-first
report of the Joint FAO/WHO Expert Committee on Food Additives, World Health
Organization, Albany, 2004.

C. K. Haweel, S. H. Ammar, Preparation of Polyvinyl Alcohol from Local Raw Material,
IJCPE 9 (2008) 15-21. https:/ /doi.org/10.31699/1JCPE.2008.1.3.

V. Mathivanan, Study On Hydrolysis Of Polyvinyl Acetate To Polyvinyl Alcohol,
Universiti Sains Malaysia, 2018. https:/ /eprints.usm.my/54085/ .

S.P. Bangar, W.S. Whiteside, A.O. Ashogbon, M. Kumar, Recent advances in
thermoplastic starches for food packaging: A review, Food Packaging and Shelf Life 30
(2021) 100743. https:/ /doi.org/10.1016/j.fps].2021.100743.

titration,  (2025).  https://dictionary.cambridge.org/dictionary/english/titration
(accessed April 7, 2025).

F.L. Marten, Vinyl Alcohol Polymers, in: H.F. Mark (Ed.), Encyclopedia of Polymer
Science and Technology, 3rd ed., Wiley, 2002.
https:/ /doi.org/10.1002/0471440264.pst384.

M. Julinov4, L. Vattharovd, M. Jur¢a, Water-soluble polymeric xenobiotics - Polyvinyl
alcohol and polyvinylpyrrolidon - And potential solutions to environmental issues: A
brief review, Journal of Environmental Management 228 (2018) 213-222.
https://doi.org/10.1016/j.jenvman.2018.09.010.

F. Ni, G. Wang, H. Zhao, Molecular and condition parameters dependent diffusion
coefficient of water in poly(vinyl alcohol): a molecular dynamics simulation study,
Colloid Polym Sci 295 (2017) 859-868. https:/ /doi.org/10.1007/s00396-017-4077-x.
C.W. Bunn, Crystal Structure of Polyvinyl Alcohol, Nature 161 (1948) 929-930.
https:/ /doi.org/10.1038/161929a0.

C.A. Finch, Some Properties of Polyvinyl Alcohol and their Possible Applications, in:
C.A. Finch (Ed.), Chemistry and Technology of Water-Soluble Polymers, Springer US,
Boston, MA, 1983: pp. 287-306. https:/ /doi.org/10.1007 /978-1-4757-9661-2_17.

M. Petkovsek, A. Krzan, A. Smid, E. Zagar, M. Zupanc, Degradation of water soluble
poly(vinyl alcohol) with acoustic and hydrodynamic cavitation: laying foundations for
microplastics, Npj Clean Water 6 (2023) 35. https:/ /doi.org/10.1038 /s41545-023-00248-
8.

M. Li, Enhancement of PVA-Degrading Enzyme Production by the Application of pH
Control  Strategy, J. Microbiol. Biotechnol. 22 (2012) 220-225.
https:/ /doi.org/10.4014/jmb.1107.07030.

[llustrated  Glossary of Organic  Chemistry -  Beta-diketone, (n.d.).
https:/ /www.chem.ucla.edu/~harding/IGOC/B/beta_diketone.html (accessed
January 11, 2025).

E. De Souza Costa-Jtinior, M.M. Pereira, H.S. Mansur, Properties and biocompatibility
of chitosan films modified by blending with PVA and chemically crosslinked, ] Mater
Sci: Mater Med 20 (2009) 553-561. https:/ /doi.org/10.1007 /s10856-008-3627-7.

A. Hudita, B. Galdteanu, Polymer Materials for Drug Delivery and Tissue Engineering,
Polymers 15 (2023) 3103. https:/ /doi.org/10.3390/ polym15143103.

D. Feldman, Poly(Vinyl Alcohol) Recent Contributions to Engineering and Medicine, J.
Compos. Sci. 4 (2020) 175. https:/ /doi.org/10.3390/jcs4040175.

A.C. Miiller, S. Guido, Introduction to machine learning with Python: a guide for data
scientists, First edition, O’Reilly Media, Inc, Sebastopol, CA, 2016.

M. Ida, A Narrative History of Artificial Intelligence: The Perpetual Frontier of
Information  Technology, Springer Nature Singapore, Singapore, 2024.
https:/ /doi.org/10.1007 /978-981-97-0771-3.

258



References

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

[238]

[239]

K.Jacobson, V. Murali, E. Newett, B. Whitman, R. Yon, Music Personalization at Spotify,
in: Proceedings of the 10th ACM Conference on Recommender Systems, ACM, Boston
Massachusetts USA, 2016: pp. 373-373. https:/ /doi.org/10.1145/2959100.2959120.

P.P. Shinde, S. Shah, A Review of Machine Learning and Deep Learning Applications,
in: 2018 Fourth International Conference on Computing Communication Control and
Automation (ICCUBEA), IEEE, Pune, India, 2018: PP- 1-6.
https:/ /doi.org/10.1109/ICCUBEA.2018.8697857.

Xue-Wen Chen, Xiaotong Lin, Big Data Deep Learning: Challenges and Perspectives,
IEEE Access 2 (2014) 514-525. https:/ /doi.org/10.1109/ ACCESS.2014.2325029.

D. Foster, Generative deep learning: teaching machines to paint, write, compose, and
play, First edition, O’'Reilly Media, Inc, Sebastopol, CA, 2019.

The DALL E 2 prompt book, (n.d.). https://pitch.com/v/DALL-E-prompt-book-v1-
tmd33y (accessed January 11, 2025).

T.S. Qaid, H. Mazaar, M.Y.H. Al-Shamri, M.S. Alqahtani, A.A. Raweh, W. Alakwaa,
Hybrid Deep-Learning and Machine-Learning Models for Predicting COVID-19,
Computational  Intelligence  and  Neuroscience 2021  (2021)  9996737.
https://doi.org/10.1155/2021/9996737.

G. Briganti, O. Le Moine, Artificial Intelligence in Medicine: Today and Tomorrow,
Front. Med. 7 (2020) 27. https:/ /doi.org/10.3389/fmed.2020.00027.

LK. Nti, A.F. Adekoya, B.A. Weyori, O. Nyarko-Boateng, Applications of artificial
intelligence in engineering and manufacturing: a systematic review, | Intell Manuf 33
(2022) 1581-1601. https:/ /doi.org/10.1007 /s10845-021-01771-6.

X. Jin, J. Han, K-Means Clustering, in: C. Sammut, G.I. Webb (Eds.), Encyclopedia of
Machine Learning, Springer US, Boston, MA, 2011: pp. 563-564.
https:/ /doi.org/10.1007 /978-0-387-30164-8_425.

J.C. Russ, J.C. Russ, Introduction to image processing and analysis, CRC Press, Boca
Raton, FL, 2008.

N. Dhanachandra, K. Manglem, Y.J. Chanu, Image Segmentation Using K -means
Clustering Algorithm and Subtractive Clustering Algorithm, Procedia Computer
Science 54 (2015) 764-771. https:/ /doi.org/10.1016/j.procs.2015.06.090.

H. Inbarani H., A.T. Azar, ]J. G, Leukemia Image Segmentation Using a Hybrid
Histogram-Based Soft Covering Rough K-Means Clustering Algorithm, Electronics 9
(2020) 188. https:/ /doi.org/10.3390/ electronics9010188.

M. Ester, H.-P. Kriegel, J. Sander, X. Xu, A density-based algorithm for discovering
clusters in large spatial databases with noise, in: Proceedings of the Second International
Conference on Knowledge Discovery and Data Mining, AAAI Press, Portland, Oregon,
1996: pp. 226-231.

O. Caelen, M.-A. Blete, Developing apps with GPT-4 and ChatGPT: build intelligent
chatbots, content generators, and more, First edition, O’'Reilly, Beijing Boston Farnham
Sebastopol Tokyo, 2023.

M. Li, Y. Jiang, Y. Zhang, H. Zhu, Medical image analysis using deep learning
algorithms, Front. Public Health 11 (2023) 1273253.
https:/ /doi.org/10.3389/fpubh.2023.1273253.

S. Rasouli, D. Alkurdi, B. Jia, The Role of Artificial Intelligence in Modern Medical
Education and  Practice: A  Systematic  Literature = Review,  (2024).
https:/ /doi.org/10.1101/2024.07.25.24311022.

M. Al-kfairy, D. Mustafa, N. Kshetri, M. Insiew, O. Alfandi, Ethical Challenges and
Solutions of Generative Al: An Interdisciplinary Perspective, Informatics 11 (2024) 58.
https:/ /doi.org/10.3390/informatics11030058.

259



William Gabriel Solérzano Requejo

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]
[249]

[250]

[251]

[252]
[253]

[254]
[255]
[256]

[257]

[258]

J. Phoenix, Prompt engineering for generative Al: future-proof inputs for reliable Al
outputs at scale, O'Reilly, Beijing Bosten Farnham Sebastopol Tokyo, 2024.

J. Wei, X. Wang, D. Schuurmans, M. Bosma, B. Ichter, F. Xia, E.H. Chi, Q.V. Le, D. Zhou,
Chain-of-thought prompting elicits reasoning in large language models, in: Proceedings
of the 36th International Conference on Neural Information Processing Systems, Curran
Associates Inc., Red Hook, NY, USA, 2024: pp. 24824-24837.

M. Sclar, Y. Choi, Y. Tsvetkov, A. Suhr, Quantifying Language Models” Sensitivity to
Spurious Features in Prompt Design or: How I learned to start worrying about prompt
formatting, (2023). https:/ /doi.org/10.48550/ ARXIV.2310.11324.

A. Leidinger, R. van Rooij, E. Shutova, The language of prompting: What linguistic
properties make a prompt successful?, (2023).
https://doi.org/10.48550/ arXiv.2311.01967.

D. Zhou, N. Schérli, L. Hou, J. Wei, N. Scales, X. Wang, D. Schuurmans, C. Cui, O.
Bousquet, Q. Le, E. Chi, Least-to-Most Prompting Enables Complex Reasoning in Large
Language Models, (2023). https://doi.org/10.48550/ arXiv.2205.10625.

P. Sahoo, A K. Singh, S. Saha, V. Jain, S. Mondal, A. Chadha, A Systematic Survey of
Prompt Engineering in Large Language Models: Techniques and Applications, (2024).
https:/ /doi.org/10.48550/ arXiv.2402.07927.

W. Solérzano Requejo, F. Franco Martinez, C. Aguilar Vega, R. Zapata Martinez, A.
Martinez Cendrero, A. Diaz Lantada, Fostering creativity in engineering design through
constructive dialogues with generative artificial intelligence, Cell Reports Physical
Science 5 (2024) 102157. https:/ /doi.org/10.1016/j.xcrp.2024.102157.

M.]. Buehler, Accelerating scientific discovery with generative knowledge extraction,
graph-based representation, and multimodal intelligent graph reasoning, Mach. Learn.:
Sci. Technol. 5 (2024) 035083. https://doi.org/10.1088 /2632-2153 /ad7228.

Bambu Lab X1C 3D Printer, Bambu Lab EU (n.d.). https://eu.store.bambulab.com/es-
es/products/x1-carbon (accessed February 10, 2025).

Phrozen Sonic Mighty 4K Resin 3D Printer, Phrozen Technology (n.d.).
https:/ / phrozen3d.com/products/sonic-mighty-4k (accessed February 10, 2025).

G. Maltese, P. Tarnow, C.G. Lauritzen, Spring-Assisted Correction of Hypotelorism in
Metopic Synostosis:;, Plastic and Reconstructive Surgery 119 (2007) 977-984.
https://doi.org/10.1097/01.prs.0000252276.46113.ee.

opencv-python: Wrapper package for OpenCV python bindings., (n.d.).
https:/ / github.com/opencv/opencv-python (accessed January 28, 2025).

NumPy, (n.d.). https:/ /numpy.org/ (accessed January 28, 2025).

Matplotlib — Visualization with Python, (n.d.). https://matplotlib.org/ (accessed
January 28, 2025).

Image], (n.d.). https:/ /imagej.net/ij/ (accessed February 7, 2025).

ISO Standard, Plastics — Determination of flexural properties, ISO Geneva, Switzerland
(2019).

Out of Production 5900 Series Universal Testing Systems, (2025).
https:/ /www.instron.com/en/products/ testing-systems/universal-testing-
systems/low-force-universal-testing-systems/5900-series.

A. Fallah, Q. Saleem, B. Koc, Assessment of mechanical properties and shape memory
behavior of 4D printed continuous fiber-reinforced PETG composites, Composites Part
A: Applied Science and Manufacturing 181 (2024) 108165.
https://doi.org/10.1016/j.compositesa.2024.108165.

E. Soleyman, D. Rahmatabadi, K. Soltanmohammadi, M. Aberoumand, I. Ghasemi, K.
Abrinia, M. Baniassadi, K. Wang, M. Baghani, Shape memory performance of PETG 4D

260



References

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

[267]

[268]

[269]

[270]

[271]

[272]

printed parts under compression in cold, warm, and hot programming, Smart Mater.
Struct. 31 (2022) 085002. https:/ /doi.org/10.1088/1361-665X/ac77cb.

S. Nam, E. Pei, A taxonomy of shape-changing behavior for 4D printed parts using
shape-memory  polymers, Prog  Addit Manuf 4 (2019) 167-184.
https:/ /doi.org/10.1007 / s40964-019-00079-5.

D.P. Holmes, Elasticity and stability of shape-shifting structures, Current Opinion in
Colloid & Interface Science 40 (2019) 118-137.
https://doi.org/10.1016/j.cocis.2019.02.008.

F. Momeni, S. M.Mehdi Hassani.N, X. Liu, J. Ni, A review of 4D printing, Materials &
Design 122 (2017) 42-79. https:/ /doi.org/10.1016/j.matdes.2017.02.068.

J. Zhou, S.S. Sheiko, Reversible shape-shifting in polymeric materials, J. Polym. Sci. Part
B: Polym. Phys. 54 (2016) 1365-1380. https:/ /doi.org/10.1002/polb.24014.

J. Zhou, S.A. Turner, S.M. Brosnan, Q. Li, ].-M.Y. Carrillo, D. Nykypanchuk, O. Gang,
V.S. Ashby, A.V. Dobrynin, S.S. Sheiko, Shapeshifting: Reversible Shape Memory in
Semicrystalline Elastomers, Macromolecules 47 (2014) 1768-1776.
https://doi.org/10.1021/ma4023185.

S. Janbaz, R. Hedayati, A.A. Zadpoor, Programming the shape-shifting of flat soft
matter: from self-rolling/ self-twisting materials to self-folding origami, Mater. Horiz. 3
(2016) 536-547. https:/ /doi.org/10.1039/ C6MHO00195E.

S.A. Zirbel, K.A. Tolman, B.P. Trease, L.L. Howell, Bistable Mechanisms for Space
Applications, PLOS ONE 11 (2016) e0168218.
https:/ /doi.org/10.1371/journal.pone.0168218.

K. Meena, S. Singamneni, A new auxetic structure with significantly reduced stress
concentration  effects, Materials & Design 173 (2019) 107779.
https:/ /doi.org/10.1016/j.matdes.2019.107779.

I. Sahafnejad-Mohammadi, M. Karamimoghadam, A. Zolfagharian, M. Akrami, M.
Bodaghi, 4D printing technology in medical engineering: a narrative review, ] Braz. Soc.
Mech. Sci. Eng. 44 (2022) 233. https:/ /doi.org/10.1007 /s40430-022-03514-x.

Y. Zhang, Q. Wang, S. Yi, Z. Lin, C. Wang, Z. Chen, L. Jiang, 4D Printing of
Magnetoactive Soft Materials for On-Demand Magnetic Actuation Transformation,
ACS Appl. Mater. Interfaces 13 (2021) 4174-4184.
https://doi.org/10.1021/acsami.0c19280.

J.C. Alvarez Elipe, A. Diaz Lantada, Comparative study of auxetic geometries by means
of computer-aided design and engineering, Smart Mater. Struct. 21 (2012) 105004.
https://doi.org/10.1088/0964-1726/21/10/105004.

A.Lantada, C. Vega, R. Martinez, M. Rendén, M. Li, 0. Contreras-Almengor, ]. Ordofio,
W. Solérzano-Requejo, M. Vasic, J. Munoz-Guijosa, ]J. Molina-Aldareguia, Additive
Manufacturing of Nitinol for Smart Personalized Medical Devices: Current Capabilities
and Challenges:, in: Proceedings of the 17th International Joint Conference on
Biomedical Engineering Systems and Technologies, SCITEPRESS - Science and
Technology Publications, Rome, Italy, 2024: PP 123-134.
https:/ /doi.org/10.5220/0012363900003657.

A. Lantada, A. Cendrero, F. Martinez, R. Martinez, C. Vega, W. Sol6rzano-Requejo, A.
Blas De Miguel, Bioinspired Design and Manufacturing Strategies for next Generation
Medical Implants: Trends and Challenges:, in: Proceedings of the 17th International
Joint Conference on Biomedical Engineering Systems and Technologies, SCITEPRESS -
Science and Technology Publications, Rome, Italy, 2024: pp. 42-53.
https:/ /doi.org/10.5220/0012363800003657.

M.Y. Khalid, Z.U. Arif, R. Noroozi, A. Zolfagharian, M. Bodaghi, 4D printing of shape
memory polymer composites: A review on fabrication techniques, applications, and

261



William Gabriel Solérzano Requejo

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

[282]

[283]

[284]

[285]

[286]

[287]

[288]

future perspectives, Journal of Manufacturing Processes 81 (2022) 759-797.
https:/ /doi.org/10.1016/j.jmapro.2022.07.035.

S. Dimassi, F. Demoly, C. Cruz, H.J. Qi, K.-Y. Kim, J.-C. André, S. Gomes, An ontology-
based framework to formalize and represent 4D printing knowledge in design,
Computers in Industry 126 (2021) 103374.
https:/ /doi.org/10.1016/j.compind.2020.103374.

M.Y. Khalid, Z.U. Arif, W. Ahmed, 4D Printing: Technological and Manufacturing
Renaissance, Macromolecular Materials and Engineering 307 (2022) 2200003.
https:/ /doi.org/10.1002/mame.202200003.

A. Ahmed, S. Arya, V. Gupta, H. Furukawa, A. Khosla, 4D printing: Fundamentals,
materials, applications and challenges, Polymer 228 (2021) 123926.
https://doi.org/10.1016/j.polymer.2021.123926.

P. Pingale, S. Dawre, V. Dhapte-Pawar, N. Dhas, A. Rajput, Advances in 4D printing:
from stimulation to simulation, Drug Deliv. and Transl. Res. (2022).
https:/ /doi.org/10.1007 /s13346-022-01200-y.

Y.S. Lui, W.T. Sow, L.P. Tan, Y. Wu, Y. Lai, H. Li, 4D printing and stimuli-responsive
materials in biomedical aspects, Acta Biomaterialia 92 (2019) 19-36.
https:/ /doi.org/10.1016 /j.actbio.2019.05.005.

M.IL Farid, W. Wu, X. Liu, P. Wang, Additive manufacturing landscape and materials
perspective in 4D printing, Int ] Adv Manuf Technol 115 (2021) 2973-2988.
https:/ /doi.org/10.1007/s00170-021-07233-w.

B. Li, C. Zhang, F. Peng, W. Wang, B.D. Vogt, K.T. Tan, 4D printed shape memory
metamaterial for vibration bandgap switching and active elastic-wave guiding, ]. Mater.
Chem. C9 (2021) 1164-1173. https:/ /doi.org/10.1039/D0TC04999A.

Y. Ma, H. Li, S. Chen, Y. Liu, Y. Meng, J. Cheng, X. Feng, Skin-Like Electronics for
Perception and Interaction: Materials, Structural Designs, and Applications, Advanced
Intelligent Systems 3 (2021) 2000108. https:/ /doi.org/10.1002/aisy.202000108.

W.J. Hendrikson, J. Rouwkema, F. Clementi, C.A. van Blitterswijk, S. Fare, L. Moroni,
Towards 4D printed scaffolds for tissue engineering: exploiting 3D shape memory
polymers to deliver time-controlled stimulus on cultured cells, Biofabrication 9 (2017)
031001. https:/ /doi.org/10.1088/1758-5090/ aa8114.

M. Gomez, D.E. Moulton, D. Vella, Passive Control of Viscous Flow via Elastic Snap-
Through, Phys. Rev. Lett. 119 (2017) 144502.
https://doi.org/10.1103/PhysRevLett.119.144502.

C.J. Naify, A. Ikei, C.A. Rohde, Locally programmable metamaterial elements using
four-dimensional printing, Extreme Mechanics Letters 36 (2020) 100654.
https:/ /doi.org/10.1016/j.em1.2020.100654.

T. Pretsch, Review on the Functional Determinants and Durability of Shape Memory
Polymers, Polymers 2 (2010) 120-158. https:/ /doi.org/10.3390/ polym2030120.

D. Kokkinis, M. Schaffner, A.R. Studart, Multimaterial magnetically assisted 3D
printing  of composite  materials, Nat Commun 6  (2015)  8643.
https:/ /doi.org/10.1038 /ncomms9643.

W.V. Srubar, Engineered Living Materials: Taxonomies and Emerging Trends, Trends
in Biotechnology 39 (2021) 574-583. https:/ /doi.org/10.1016/j.tibtech.2020.10.009.

C. Appiah, C. Arndt, K. Siemsen, A. Heitmann, A. Staubitz, C. Selhuber-Unkel, Living
Materials Herald a New Era in Soft Robotics, Adv. Mater. 31 (2019) 1807747.
https://doi.org/10.1002/adma.201807747.

S. Liu, K.-Y. Kim, Ontological Knowledge Graph Framework for 4D Printed Product
Design: Elongated Homogenous Rod Case, in: K.-Y. Kim, L. Monplaisir, ]. Rickli (Eds.),
Flexible Automation and Intelligent Manufacturing: The Human-Data-Technology

262



References

[289]

[290]

[291]

[292]

[293]

[294]

[295]

[296]

[297]

[298]

[299]

[300]

[301]

[302]

[303]

Nexus, Springer International Publishing, Cham, 2023: pp. 101-109.
https:/ /doi.org/10.1007/978-3-031-17629-6_12.

F.E. Azhar, E. Pei, A Conceptual Framework to Improve the Symbol Implementation of
4D Printing Communication between Designers and Engineers, Designs 6 (2021) 3.
https:/ /doi.org/10.3390/ designs6010003.

J. Lv, H. Shen, ]J. Fu, A New Phenomenon of Ni-Ti Alloys and Its Application for
Fabricating Thermally Responsive Microrobots, Adv. Eng. Mater. 23 (2021) 2001367.
https://doi.org/10.1002/adem.202001367.

Y. Cheng, H. Lu, X. Lee, H. Zeng, A. Priimagi, Kirigami-Based Light-Induced Shape-
Morphing and Locomotion, Adv. Mater. 32 (2020) 1906233.
https://doi.org/10.1002/adma.201906233.

J.W. Boley, W.M. van Rees, C. Lissandrello, M.N. Horenstein, R.L. Truby, A. Kotikian,
J.A. Lewis, L. Mahadevan, Shape-shifting structured lattices via multimaterial 4D
printing, Proc. Natl. Acad. Sci. USA. 116 (2019) 20856-20862.
https://doi.org/10.1073 / pnas.1908806116.

G. Villar, A.D. Graham, H. Bayley, A Tissue-Like Printed Material, Science 340 (2013)
48-52. https:/ /doi.org/10.1126/ science.1229495.

D. Podstawczyk, M. Niziot, P. Szymczyk-Ziétkowska, M. Fiedot-Tobota, Development
of Thermoinks for 4D Direct Printing of Temperature-Induced Self-Rolling Hydrogel
Actuators, Adv. Funct. Mater. 31 (2021) 2009664.
https:/ /doi.org/10.1002/adfm.202009664.

L. Yi, K. Gutzeit, S. Ehmsen, P. Kolsch, M. Glatt, ].C. Aurich, Exploration of the potential
of polymer 4D printing: Experiments on the printing quality and the impact of
temperature and geometry on the shape-changing effect, Procedia CIRP 103 (2021) 103-
108. https://doi.org/10.1016/j.procir.2021.10.016.

H. Cui, X. Du, J. Wang, Q. Zhao, Y. Hu, T. Wu, M.S. Humayun, Thermal-induced three-
dimensional shape transformations of hydrogel sheets, in: 2017 IEEE 12th International
Conference on Nano/Micro Engineered and Molecular Systems (NEMS), IEEE, Los
Angeles, CA, USA, 2017: pp. 706-709. https:/ /doi.org/10.1109/ NEMS.2017.8017118.
L. Ren, B. Li, Q. Liu, L. Ren, Z. Song, X. Zhou, P. Gao, 4D Printing Dual Stimuli-
Responsive Bilayer Structure Toward Multiple Shape-Shifting, Front. Mater. 8 (2021)
655160. https:/ /doi.org/10.3389/fmats.2021.655160.

T. Langford, A. Mohammed, K. Essa, A. Elshaer, H. Hassanin, 4D Printing of Origami
Structures for Minimally Invasive Surgeries Using Functional Scaffold, Applied
Sciences 11 (2020) 332. https:/ /doi.org/10.3390/app11010332.

S. Miao, H. Cui, M. Nowicki, L. Xia, X. Zhou, S. Lee, W. Zhu, K. Sarkar, Z. Zhang, L.G.
Zhang, Stereolithographic 4D Bioprinting of Multiresponsive Architectures for Neural
Engineering, Adv. Biosys. 2 (2018) 1800101. https://doi.org/10.1002/adbi.201800101.
T. Kim, Y.-G. Lee, Shape transformable bifurcated stents, Sci Rep 8 (2018) 13911.
https://doi.org/10.1038 /s41598-018-32129-3.

S.J.P. Callens, N. Tiimer, A.A. Zadpoor, Hyperbolic origami-inspired folding of triply
periodic minimal surface structures, Applied Materials Today 15 (2019) 453-461.
https:/ /doi.org/10.1016/j.apmt.2019.03.007.

Z. Zhao, J. Wu, X. Mu, H. Chen, HJ. Qi, D. Fang, Origami by frontal
photopolymerization, Sci. Adv. 3 (2017) €1602326.
https://doi.org/10.1126 /sciadv.1602326.

H. Yang, L. Ma, 1D to 3D multi-stable architected materials with zero Poisson’s ratio
and controllable thermal expansion, Materials & Design 188 (2020) 108430.
https:/ /doi.org/10.1016/j.matdes.2019.108430.

263



William Gabriel Solérzano Requejo

[304]

[305]

[306]

[307]

[308]

[309]

[310]

[311]

[312]

[313]

[314]

[315]

[316]

[317]

[318]

[319]

E. Sachyani Keneth, R. Lieberman, M. Rednor, G. Scalet, F. Auricchio, S. Magdassi,
Multi-Material 3D Printed Shape Memory Polymer with Tunable Melting and Glass
Transition Temperature Activated by Heat or Light, Polymers 12 (2020) 710.
https:/ /doi.org/10.3390/ polym12030710.

J.N. Rodriguez, C. Zhu, E.B. Duoss, T.S. Wilson, C.M. Spadaccini, J.P. Lewicki, Shape-
morphing composites with designed micro-architectures, Sci Rep 6 (2016) 27933.
https:/ /doi.org/10.1038 /srep27933.

M.O. Saed, C.P. Ambulo, H. Kim, R. De, V. Raval, K. Searles, D.A. Siddiqui, ]. M.O. Cue,
M.C. Stefan, M.R. Shankar, T.H. Ware, Molecularly-Engineered, 4D-Printed Liquid
Crystal Elastomer Actuators, Adv. Funct. Mater. 29 (2019) 1806412.
https://doi.org/10.1002/adfm.201806412.

C.P. Ambulo, J.J. Burroughs, J.M. Boothby, H. Kim, M.R. Shankar, T.H. Ware, Four-
dimensional Printing of Liquid Crystal Elastomers, ACS Appl. Mater. Interfaces 9 (2017)
37332-37339. https:/ /doi.org/10.1021 /acsami.7b11851.

A. Sydney Gladman, E.A. Matsumoto, R.G. Nuzzo, L. Mahadevan, J.A. Lewis,
Biomimetic 4D printing, Nature Mater 15 (2016) 413-418.
https://doi.org/10.1038 /nmat4544.

G. Liu, Y. Zhao, G. Wu, J. Lu, Origami and 4D printing of elastomer-derived ceramic
structures, Sci. Adv. 4 (2018) eaat0641. https://doi.org/10.1126/sciadv.aat0641.

Y. Kim, H. Yuk, R. Zhao, S.A. Chester, X. Zhao, Printing ferromagnetic domains for
untethered fast-transforming soft materials, Nature 558 (2018) 274-279.
https:/ /doi.org/10.1038 /s41586-018-0185-0.

S. Tibbits, 4D Printing: Multi-Material Shape Change, Archit Design 84 (2014) 116-121.
https://doi.org/10.1002/ad.1710.

AR. Rajkumar, K. Shanmugam, Additive manufacturing-enabled shape
transformations via FFF 4D printing, ]. Mater. Res. 33 (2018) 4362-4376.
https:/ /doi.org/10.1557 /jmr.2018.397.

H. Wei, X. Cauchy, I.O. Navas, Y. Abderrafai, K. Chizari, U. Sundararaj, Y. Liu, J. Leng,
D. Therriault, Direct 3D Printing of Hybrid Nanofiber-Based Nanocomposites for
Highly Conductive and Shape Memory Applications, ACS Appl. Mater. Interfaces 11
(2019) 24523-24532. https:/ /doi.org/10.1021/acsami.9b04245.

Z. Ding, C. Yuan, X. Peng, T. Wang, H.J. Qi, M.L. Dunn, Direct 4D printing via active
composite materials, Sci. Adv. 3 (2017) €1602890.
https://doi.org/10.1126/sciadv.1602890.

G. Le Fer, M.L. Becker, 4D Printing of Resorbable Complex Shape-Memory
Poly(propylene fumarate) Star Scaffolds, ACS Appl. Mater. Interfaces 12 (2020) 22444-
22452, https:/ /doi.org/10.1021/acsami.0c01444.

T. van Manen, S. Janbaz, KM.B. Jansen, A.A. Zadpoor, 4D printing of reconfigurable
metamaterials and devices, Commun Mater 2 (2021) 56.
https:/ /doi.org/10.1038 /543246-021-00165-8.

T. Chen, K. Shea, Computational design of multi-stable, reconfigurable surfaces,
Materials & Design 205 (2021) 109688. https:/ / doi.org/10.1016/j.matdes.2021.109688.
H. Li, C.B. Chng, H. Zheng, M.S. Wu, P.].D.S. Bartolo, H.J. Qi, Y.J. Tan, K. Zhou, Self-
Healable and 4D Printable Hydrogel for Stretchable Electronics, Advanced Science 11
(2024) 2305702. https:/ /doi.org/10.1002/advs.202305702.

W. Guo, B. Zhou, Y. Zou, X. Lu, 4D Printed Poly(L-lactide)/(FeCI3-TA/MgO)
Composite Scaffolds with Near-Infrared Light-Induced Shape-Memory Effect and
Antibacterial Properties, Adv Eng Mater 26 (2024) 2301381.
https:/ /doi.org/10.1002/adem.202301381.

264



References

[320]

[321]

[322]

[323]

[324]

[325]

[326]

[327]

[328]

[329]

[330]

[331]

[332]

[333]

[334]

A. Saeedi, H. Kwon, P. Soni, B. Dillenburger, M. Shahverdi, Design and multiphysical
modeling of SMA-driven bi-stable structures with efficient energy consumption,
Engineering Structures 314 (2024) 118367.
https:/ /doi.org/10.1016/j.engstruct.2024.118367.

Z. Jiao, Z. Hu, Y. Shi, K. Xu, F. Lin, P. Zhu, W. Tang, Y. Zhong, H. Yang, J. Zou,
Reprogrammable, intelligent soft origami LEGO coupling actuation, computation, and
sensing, The Innovation 5 (2024) 100549. https:/ /doi.org/10.1016/j.xinn.2023.100549.
E. Fakhimi, S. Van Hoa, Bifurcation points in unsymmetric laminates and their influence
on lay-up design for 4D printing of composites, Composites Part C: Open Access 14
(2024) 100457. https:/ /doi.org/10.1016/j.jcomc.2024.100457.

A. Gruzdenko, D.J. Mulder, A.P.H.J. Schenning, ]. M.]. Den Toonder, M.G. Debije, Dual-
Wavelength Volumetric Microlithography for Rapid Production of 4D Microstructures,
ACS Appl. Mater. Interfaces 16 (2024) 22696-22703.
https://doi.org/10.1021/acsami.4c01883.

G. Hu, M. Bodaghi, Direct Fused Deposition Modeling 4D Printing and Programming
of Thermoresponsive Shape Memory Polymers with Autonomous 2D-to-3D Shape
Transformations, Adv Eng Mater 25 (2023) 2300334.
https://doi.org/10.1002/adem.202300334.

M. Bodaghi, A. Serjouei, A. Zolfagharian, M. Fotouhi, H. Rahman, D. Durand,
Reversible energy absorbing meta-sandwiches by FDM 4D printing, International
Journal of Mechanical Sciences 173 (2020) 105451.
https://doi.org/10.1016/j.ijmecsci.2020.105451.

M. Bodaghi, W.H. Liao, 4D printed tunable mechanical metamaterials with shape
memory operations, Smart Mater. Struct. 28 (2019) 045019.
https:/ /doi.org/10.1088/1361-665X/ab0b6b.

M. Bodaghi, N. Namvar, A. Yousefi, H. Teymouri, F. Demoly, A. Zolfagharian,
Metamaterial boat fenders with supreme shape recovery and energy
absorption/dissipation via FFF 4D printing, Smart Mater. Struct. 32 (2023) 095028.
https:/ /doi.org/10.1088/1361-665X/acedde.

M. Lalegani Dezaki, M. Bodaghi, Sustainable 4D printing of magneto-electroactive
shape memory polymer composites, Int ] Adv Manuf Technol 126 (2023) 35-48.
https://doi.org/10.1007 /s00170-023-11101-0.

M. Bodaghi, A.R. Damanpack, W.H. Liao, Triple shape memory polymers by 4D
printing, Smart Mater. Struct. 27 (2018) 065010. https://doi.org/10.1088/1361-
665X /aabc2a.

M. Bodaghi, R. Noroozi, A. Zolfagharian, M. Fotouhi, S. Norouzi, 4D Printing Self-
Morphing Structures, Materials 12 (2019) 1353. https://doi.org/10.3390/ ma12081353.
S. Badini, S. Regondi, E. Frontoni, R. Pugliese, Assessing the capabilities of ChatGPT to
improve additive manufacturing troubleshooting, Advanced Industrial and
Engineering Polymer Research 6 (2023) 278-287.
https://doi.org/10.1016/j.aiepr.2023.03.003.

D. Popescu, Exploring the use of ChatGPT AND DALL-E for the preliminary design of
3D-printed wrist-hand orthoses, Proceedings in Manufacturing Systems 18 (2024) 93-
98.

N. Rane, S. Choudhary, J. Rane, A New Era of Automation in the Construction Industry:
Implementing Leading-Edge Generative Artificial Intelligence, such as ChatGPT or
Bard, SSRN Journal (2024). https:/ /doi.org/10.2139/ssrn.4681676.

C.P. Gomes, B. Selman, ].M. Gregoire, Artificial intelligence for materials discovery,
MRS Bull. 44 (2019) 538-544. https:/ /doi.org/10.1557 / mrs.2019.158.

265



William Gabriel Solérzano Requejo

[335]

[336]

[337]

[338]

[339]

[340]

[341]

[342]

[343]

[344]

[345]

[346]

[347]

[348]

[349]

[350]

J.J. de Pablo, N.E. Jackson, M.A. Webb, L.-Q. Chen, ]J.E. Moore, D. Morgan, R. Jacobs, T.
Pollock, D.G. Schlom, E.S. Toberer, J. Analytis, I. Dabo, D.M. DeLongchamp, G.A. Fiete,
G.M. Grason, G. Hautier, Y. Mo, K. Rajan, E.J. Reed, E. Rodriguez, V. Stevanovic, J.
Suntivich, K. Thornton, J.-C. Zhao, New frontiers for the materials genome initiative,
Npj Comput Mater 5 (2019) 41. https://doi.org/10.1038 / s41524-019-0173-4.

G. Sossou, F. Demoly, H. Belkebir, H.J]. Qi, S. Gomes, G. Montavon, Design for 4D
printing: A voxel-based modeling and simulation of smart materials, Materials &
Design 175 (2019) 107798. https:/ /doi.org/10.1016/j.matdes.2019.107798.

F. Momeni, ]J. Ni, Laws of 4D Printing, Engineering 6 (2020) 1035-1055.
https://doi.org/10.1016/j.eng.2020.01.015.

A. Ahmed, S. Arya, V. Gupta, H. Furukawa, A. Khosla, 4D printing: Fundamentals,
materials, applications and challenges, Polymer 228 (2021) 123926.
https://doi.org/10.1016/j.polymer.2021.123926.

J. Choi, O.-C. Kwon, W. Jo, H.]J. Lee, M.-W. Moon, 4D Printing Technology: A Review,
3D Printing and Additive Manufacturing 2 (2015) 159-167.
https://doi.org/10.1089/3dp.2015.0039.

A. Diaz Lantada, Systematic Development Strategy for Smart Devices Based on Shape-
Memory Polymers, Polymers 9 (2017) 496. https:/ /doi.org/10.3390/ polym9100496.

T. Abdullah, O. Okay, 4D Printing of Body Temperature-Responsive Hydrogels Based
on Poly(acrylic acid) with Shape-Memory and Self-Healing Abilities, ACS Appl. Bio
Mater. 6 (2023) 703-711. https:/ /doi.org/10.1021/acsabm.2c00939.

C.A. Spiegel, M. Hackner, V.P. Bothe, ].P. Spatz, E. Blasco, 4D Printing of Shape Memory
Polymers: From Macro to Micro, Adv Funct Materials 32 (2022) 2110580.
https://doi.org/10.1002/adfm.202110580.

S. Micalizzi, A. Diaz Lantada, C. De Maria, Shape-memory actuators manufactured by
dual extrusion multimaterial 3d printing of conductive and non-conductive filaments,
Smart Mater. Struct. 28 (2019) 105025. https:/ /doi.org/10.1088/1361-665X/ab3b35.

B. Luo, Z. Zhu, X. Xu, C. Bian, 4D-printed low-voltage electroactive polymers modeling
and fabrication, in: Smart Materials in Additive Manufacturing, Volume 1 : 4D Printing
Principles and Fabrication, Elsevier, 2022: pp. 107-150. https:/ /doi.org/10.1016/B978-
0-12-824082-3.00029-5.

M. Gastaldi, C.A. Spiegel, C. Vazquez-Martel, C. Barolo, I. Roppolo, E. Blasco, 4D
printing of light activated shape memory polymers with organic dyes, Mol. Syst. Des.
Eng. 8 (2023) 323-329. https:/ /doi.org/10.1039/D2ME00201A.

H.Y. Jeong, B.H. Woo, N. Kim, Y.C. Jun, Multicolor 4D printing of shape-memory
polymers for light-induced selective heating and remote actuation, Sci Rep 10 (2020)
6258. https:/ /doi.org/10.1038 /s41598-020-63020-9.

L. Cecchini, S. Mariani, M. Ronzan, A. Mondini, N.M. Pugno, B. Mazzolai, 4D Printing
of Humidity-Driven Seed Inspired Soft Robots, Advanced Science 10 (2023) 2205146.
https:/ /doi.org/10.1002/advs.202205146.

C. De Kergariou, F. Demoly, A. Perriman, A. Le Duigou, F. Scarpa, The Design of 4D-
Printed Hygromorphs: State-of-the-Art and Future Challenges, Adv Funct Materials 33
(2023) 2210353. https:/ /doi.org/10.1002/adfm.202210353.

Y. Zhang, A. Raza, Y.-Q. Xue, G. Yang, U. Hayat, J. Yu, C. Liu, H.-]. Wang, J.-Y. Wang,
Water-responsive 4D printing based on self-assembly of hydrophobic protein “Zein”
for the control of degradation rate and drug release, Bioactive Materials 23 (2023) 343-
352. https:/ /doi.org/10.1016/j.bioactmat.2022.11.009.

T. Agarwal, S.Y. Hann, I. Chiesa, H. Cui, N. Celikkin, S. Micalizzi, A. Barbetta, M.
Costantini, T. Esworthy, L.G. Zhang, C. De Maria, T.K. Maiti, 4D printing in biomedical

266



References

[351]

[352]

[353]

[354]

[355]

[356]

[357]

[358]

[359]

[360]

[361]

[362]

[363]

applications: emerging trends and technologies, J. Mater. Chem. B 9 (2021) 7608-7632.
https:/ /doi.org/10.1039/D1TB01335A.

M.Y. Khalid, Z.U. Arif, W. Ahmed, R. Umer, A. Zolfagharian, M. Bodaghi, 4D printing;:
Technological developments in robotics applications, Sensors and Actuators A: Physical
343 (2022) 113670. https:/ /doi.org/10.1016/j.sna.2022.113670.

C. De Marco, S. Pané, B.J. Nelson, 4D printing and robotics, Sci. Robot. 3 (2018)
eaau0449. https:/ /doi.org/10.1126/scirobotics.aau0449.

S. Tibbits, C. McKnelly, C. Olguin, D. Dikovsky, S. Hirsch, 4D Printing and Universal
Transformation, in: Los Angeles (Califormia), USA, 2014: pp. 539-548.
https:/ /doi.org/10.52842 / conf.acadia.2014.539.

T. Cheng, Y. Tahouni, E.S. Sahin, K. Ulrich, S. Lajewski, C. Bonten, D. Wood, ]. Riihe, T.
Speck, A. Menges, Weather-responsive adaptive shading through biobased and
bioinspired hygromorphic 4D-printing, Nat Commun 15 (2024) 10366.
https://doi.org/10.1038 /s41467-024-54808-8.

S. Amonchomchupong, R. Pidaparti, The Future of Aerospace Design and
Manufacturing through Self-Assembly and 4D Printing, in: 2023 Regional Student
Conferences, American Institute of Aeronautics and Astronautics, University at Buffalo,
Buffalo, New York, United States of America, 2023. https://doi.org/10.2514/6.2023-
71234.

M. Aberoumand, K. Soltanmohammadi, E. Soleyman, D. Rahmatabadi, I. Ghasemi, M.
Baniassadi, K. Abrinia, M. Baghani, A comprehensive experimental investigation on 4D
printing of PET-G under bending, Journal of Materials Research and Technology 18
(2022) 2552-2569. https:/ /doi.org/10.1016/j.jmrt.2022.03.121.

D. Rahmatabadi, K. Mirasadi, A. Bayati, M. Khajepour, I. Ghasemi, M. Baniassadi, K.
Abrinia, M. Bodaghi, M. Baghani, 4D printing thermo-magneto-responsive PETG-
Fe304 nanocomposites with enhanced shape memory effects, Applied Materials Today
40 (2024) 102361. https:/ /doi.org/10.1016/j.apmt.2024.102361.

K. Bouguermouh, M. Habibi, L. Laperriére, Z. Li, Y. Abdin, 4D-printed PLA-PETG
polymer blends: comprehensive analysis of thermal, mechanical, and shape memory
performances, ] Mater Sci 59 (2024) 11596-11613. https:/ / doi.org/10.1007 /s10853-024-
09862-4.

SJ.A. Ali, D. Rahmatabadi, M. Baghani, M. Baniassadi, Design, processing, 3D/4D
printing, and characterization of the novel PETG-PBAT blends, ] Mater Sci 59 (2024)
9150-9164. https:/ /doi.org/10.1007 /s10853-024-09761-8.

T.L. Brooks-Richards, N.C. Paxton, M.C. Allenby, M.A. Woodruff, Dissolvable 3D
printed PVA moulds for melt electrowriting tubular scaffolds with patient-specific
geometry, Materials & Design 215 (2022) 110466.
https://doi.org/10.1016/j.matdes.2022.110466.

C. Duran, V. Subbian, M.T. Giovanetti, J.R. Simkins, F.R. Beyette Jr, Experimental
desktop 3D printing using dual extrusion and water-soluble polyvinyl alcohol, Rapid
Prototyping Journal 21 (2015) 528-534. https:/ /doi.org/10.1108 /RPJ-09-2014-0117.

S. Barbon, M. Contran, E. Stocco, S. Todros, V. Macchi, R.D. Caro, A. Porzionato,
Enhanced Biomechanical Properties of Polyvinyl Alcohol-Based Hybrid Scaffolds for
Cartilage Tissue Engineering, Processes 9 (2021) 730.
https:/ /doi.org/10.3390/ pr9050730.

C. Wei, N.G. Solanki, ].M. Vasoya, A.V. Shah, A.T.M. Serajuddin, Development of 3D
Printed Tablets by Fused Deposition Modeling Using Polyvinyl Alcohol as Polymeric
Matrix for Rapid Drug Release, Journal of Pharmaceutical Sciences 109 (2020) 1558~
1572. https:/ /doi.org/10.1016/j.xphs.2020.01.015.

267



William Gabriel Solérzano Requejo

[364]

[365]

[366]

[367]

[368]

[369]

[370]

[371]

[372]

[373]

[374]

[375]

[376]

[377]

[378]

W. Sun, AS. Williamson, R. Sukhnandan, C. Majidi, L. Yao, A.W. Feinberg, V.A.
Webster-Wood, Biodegradable, Sustainable Hydrogel Actuators with Shape and
Stiffness Morphing Capabilities via Embedded 3D Printing, Adv Funct Materials 33
(2023) 2303659. https:/ /doi.org/10.1002/adfm.202303659.

F. Hartmann, M. Baumgartner, M. Kaltenbrunner, Becoming Sustainable, The New
Frontier in Soft Robotics, Advanced Materials 33 (2021) 2004413.
https:/ /doi.org/10.1002/adma.202004413.

LK. John, R. Murugan, S. Singamneni, Impact of quasi-isotropic raster layup on the
mechanical behaviour of fused filament fabrication parts, High Performance Polymers
34 (2022) 77-86. https:/ /doi.org/10.1177/09540083211041954.

C.G. Hynes, E. Morra, P. Walsh, F. Buchanan, Degradation of biomaterials, in: Tissue
Engineering, Elsevier, 2023: pp. 213-259. https://doi.org/10.1016/B978-0-12-824459-
3.00032-9.

A.C. Vieira, A.T. Marques, R-M. Guedes, V. Tita, 4D Numerical Analysis of Scaffolds: A
New Approach, in: P.R. Fernandes, P.]. Bartolo (Eds.), Tissue Engineering, Springer
Netherlands, Dordrecht, 2014: pp. 69-95. https://doi.org/10.1007/978-94-007-7073-
7_4.

K. Van Gaalen, F. Gremse, F. Benn, P.E. McHugh, A. Kopp, T.J. Vaughan, Automated
ex-situ detection of pitting corrosion and its effect on the mechanical integrity of rare
earth magnesium alloy - WE43, Bioactive Materials 8 (2022) 545-558.
https:/ /doi.org/10.1016 /j.bioactmat.2021.06.024.

X.Duan, H. Yuan, W. Tang, J. He, X. Guan, An Engineering Prediction Model for Stress
Relaxation of Polymer Composites at Multiple Temperatures, Polymers 14 (2022) 568.
https:/ /doi.org/10.3390/ polym14030568.

H. Tobushi, H. Hara, E. Yamada, S. Hayashi, Thermomechanical properties in a thin
film of shape memory polymer of polyurethane series, Smart Mater. Struct. 5 (1996) 483-
491. https:/ /doi.org/10.1088/0964-1726/5/4/012.

S.K. Mallapragada, N.A. Peppas, Dissolution mechanism of semicrystalline poly(vinyl
alcohol) in water, J. Polym. Sci. B Polym. Phys. 34 (1996) 1339-1346.
https:/ /doi.org/10.1002/ (SICI)1099-0488(199605)34:7<1339:: AID-POLB15>3.0.CO;2-B.
M. Moradi, M. Karamimoghadam, S. Meiabadi, S. Rasool, G. Casalino, M.
Shamsborhan, P.K. Sebastian, A. Poulose, A. Shaiju, M. Rezayat, Optimizing Layer
Thickness and Width for Fused Filament Fabrication of Polyvinyl Alcohol in Three-
Dimensional Printing and Support Structures, Machines 11 (2023) 844.
https:/ /doi.org/10.3390/ machines11080844.

M.R. Wisnom, The Relationship between Tensile and Flexural Strength of
Unidirectional Composites, Journal of Composite Materials 26 (1992) 1173-1180.
https:/ /doi.org/10.1177/002199839202600805.

K. Polak-Krasna, A.R. Abaei, R.N. Shirazi, E. Parle, O. Carroll, W. Ronan, T.J. Vaughan,
Physical and mechanical degradation behaviour of semi-crystalline PLLA for
bioresorbable stent applications, Journal of the Mechanical Behavior of Biomedical
Materials 118 (2021) 104409. https:/ /doi.org/10.1016/j.jmbbm.2021.104409.

S. Valvez, AP. Silva, P.N.B. Reis, Compressive Behaviour of 3D-Printed PETG
Composites, Aerospace 9 (2022) 124. https:/ /doi.org/10.3390/ aerospace9030124.
A.D.Banjo, V. Agrawal, M.L. Auad, A.-D.N. Celestine, Moisture-induced changes in the
mechanical behavior of 3D printed polymers, Composites Part C: Open Access 7 (2022)
100243. https:/ /doi.org/10.1016/j.jcomc.2022.100243.

D.R. Nizin, T.A. Nizina, A.V. Mar’yanova, E.B. Mironov, Moisture absorption of 3D-
printed PETG  plastic = samples, Vestnik MGSU  (2023)  1078-1088.
https:/ /doi.org/10.22227/1997-0935.2023.7.1078-1088.

268



References

[379]

[380]

[381]

[382]

[383]

[384]

[385]

[386]

[387]

[388]

[389]

[390]

[391]

[392]

[393]

[394]

K. Tiifekci, B.G. Cakan, V.M. Kiictikakarsu, Stress relaxation of 3D printed PLA of
various infill orientations under tensile and bending loadings, ] of Applied Polymer Sci
140 (2023) e54463. https:/ /doi.org/10.1002/app.54463.

A. Bertocco, M. Bruno, E. Armentani, L. Esposito, M. Perrella, Stress Relaxation
Behavior of Additively Manufactured Polylactic Acid (PLA), Materials 15 (2022) 3509.
https:/ /doi.org/10.3390/ ma15103509.

L. Mulderrig, F. Chambers, T.A. Isais, R. Jeske, Y. Li, ].G. Kennemur, D.T. Hallinan,
Hydrolytic Degradation of 3D-Printed Poly (Lactic Acid) Structures, Sdr 3 (2021) p17.
https://doi.org/10.30560/sdr.v3n3p17.

P. Arany, A. Kirély, P. Fehér, Z. Ijjhelyi, M. Vecsernyés, M. Zichar, 1. Papp, 1. Bacskay,
Biocompatibility and Dissolution Profile of FDM 3D Printed PETG Tablets, APH 91
(2021) 171-172. https:/ /doi.org/10.33892/aph.2021.91.171-172.

S.Y. Shilov, Y.A. Rozhkova, L.N. Markova, M.A. Tashkinov, I.V. Vindokurov, V.V.
Silberschmidt, Biocompatibility of 3D-Printed PLA, PEEK and PETG: Adhesion of Bone
Marrow and  Peritoneal Lavage Cells, Polymers 14  (2022) 3958.
https://doi.org/10.3390/ polym14193958.

C. Yan, C. Kleiner, A. Tabigue, V. Shah, G. Sacks, D. Shah, V. DeStefano, PETG:
Applications in Modern Medicine, Engineered Regeneration 5 (2024) 45-55.
https://doi.org/10.1016/j.engreg.2023.11.001.

F. Gomi, N. Sasaki, Y. Shichi, F. Minami, S. Shinji, M. Toyoda, T. Ishiwata, Polyvinyl
alcohol increased growth, migration, invasion, and sphere size in the PK-8 pancreatic
ductal adenocarcinoma cell line, Heliyon 7 (2021) e06182.
https:/ /doi.org/10.1016/j.heliyon.2021.e06182.

M. Minérova, Isothermal viscoelasticity and energy, MATEC Web Conf. 310 (2020)
00043. https:/ /doi.org/10.1051/ matecconf/202031000043.

M. Mansour, K. Tsongas, D. Tzetzis, A. Antoniadis, Mechanical and Dynamic Behavior
of Fused Filament Fabrication 3D Printed Polyethylene Terephthalate Glycol Reinforced
with Carbon Fibers, Polymer-Plastics Technology and Engineering 57 (2018) 1715-1725.
https:/ /doi.org/10.1080/03602559.2017.1419490.

M.E. Ashby, Materials selection in mechanical design, Fifth edition, Butterworth-
Heinemann, Amsterdam Boston Heidelberg, 2017.

K. Yu, M.L. Dunn, HJ. Qi, Digital manufacture of shape changing components, Extreme
Mechanics Letters 4 (2015) 9-17. https:/ /doi.org/10.1016/j.em1.2015.07.005.

H. Gu, M. Mockli, C. Ehmke, M. Kim, M. Wieland, S. Moser, C. Bechinger, Q. Boehler,
B.J. Nelson, Self-folding soft-robotic chains with reconfigurable shapes and
functionalities, Nat Commun 14 (2023) 1263. https://doi.org/10.1038/s41467-023-
36819-z.

H.Lin, L. He, F. Song, Y. Li, T. Cheng, C. Zheng, W. Wang, H. Oh, FlexHaptics: A Design
Method for Passive Haptic Inputs Using Planar Compliant Structures, in: CHI
Conference on Human Factors in Computing Systems, ACM, New Orleans LA USA,
2022: pp. 1-13. https:/ /doi.org/10.1145/3491102.3502113.

L. He, H. Peng, M. Lin, R. Konjeti, F. Guimbretiére, ].E. Froehlich, Ondulé: Designing
and Controlling 3D Printable Springs, in: Proceedings of the 32nd Annual ACM
Symposium on User Interface Software and Technology, ACM, New Orleans LA USA,
2019: pp. 739-750. https:/ /doi.org/10.1145/3332165.3347951.

J. Sutton, C. Ynchausti, K. Dahl, S.P. Magleby, L.L. Howell, B.D. Jensen, Ultra-Compact
Orthoplanar Spring via Euler-Spiral Flexures, Machines 12 (2024) 273.
https:/ /doi.org/10.3390/ machines12040273.

J. Koh, S. Kim, K. Cho, Self-Folding Origami Using Torsion Shape Memory Alloy Wire
Actuators, in: Volume 5B: 38th Mechanisms and Robotics Conference, American Society

269



William Gabriel Solérzano Requejo

[395]

[396]

[397]

[398]

[399]

[400]

[401]

[402]

[403]

[404]

[405]

[406]

[407]

[408]

[409]

of Mechanical Engineers, Buffalo, New York, USA, 2014: p. VO05BT08A043.
https:/ /doi.org/10.1115/DETC2014-34822.

D. Leen, N. Peek, R. Ramakers, LamiFold: Fabricating Objects with Integrated
Mechanisms Using a Laser cutter Lamination Workflow, in: Proceedings of the 33rd
Annual ACM Symposium on User Interface Software and Technology, ACM, Virtual
Event USA, 2020: pp. 304-316. https:/ /doi.org/10.1145/3379337.3415885.

S. Naficy, R. Gately, R. Gorkin, H. Xin, G.M. Spinks, 4D Printing of Reversible Shape
Morphing Hydrogel Structures, Macromol. Mater. Eng. 302 (2017) 1600212.
https://doi.org/10.1002/mame.201600212.

D. Raviv, W. Zhao, C. McKnelly, A. Papadopoulou, A. Kadambi, B. Shi, S. Hirsch, D.
Dikovsky, M. Zyracki, C. Olguin, R. Raskar, S. Tibbits, Active Printed Materials for
Complex  Self-Evolving ~ Deformations, Sci Rep 4 (2014) 7422.
https://doi.org/10.1038 /srep07422.

S. Yamamura, E. Iwase, Hybrid hinge structure with elastic hinge on self-folding of 4D
printing using a fused deposition modeling 3D printer, Materials & Design 203 (2021)
109605. https:/ /doi.org/10.1016/j.matdes.2021.109605.

K. Kim, Y. Guo, J. Bae, S. Choi, H.Y. Song, S. Park, K. Hyun, S. Ahn, 4D Printing of
Hygroscopic Liquid Crystal Elastomer Actuators, Small 17 (2021) 2100910.
https:/ /doi.org/10.1002/smll.202100910.

Z. Fang, H. Song, Y. Zhang, B. Jin, J. Wu, Q. Zhao, T. Xie, Modular 4D Printing via
Interfacial Welding of Digital Light-Controllable Dynamic Covalent Polymer Networks,
Matter 2 (2020) 1187-1197. https:/ /doi.org/10.1016/j.matt.2020.01.014.

S. Wu, Q. Ze, R. Zhang, N. Hu, Y. Cheng, F. Yang, R. Zhao, Symmetry-Breaking
Actuation Mechanism for Soft Robotics and Active Metamaterials, ACS Appl. Mater.
Interfaces 11 (2019) 41649-41658. https:/ /doi.org/10.1021/acsami.9b13840.

M.A. Robertson, ]. Paik, Low-inertia vacuum-powered soft pneumatic actuator coil
characterization and design methodology, in: 2018 IEEE International Conference on
Soft Robotics (RoboSoft), IEEE, Livorno, 2018: PP 431-436.
https:/ /doi.org/10.1109/ROBOSOFT.2018.8405364.

H.K. Yap, HY. Ng, C.-H. Yeow, High-Force Soft Printable Pneumatics for Soft Robotic
Applications, Soft Robotics 3 (2016) 144-158. https:/ /doi.org/10.1089/soro.2016.0030.
T. Liu, G. Hao, Design of Deployable Structures by Using Bistable Compliant
Mechanisms, Micromachines 13 (2022) 651. https://doi.org/10.3390/ mi13050651.

H. Yang, W.R. Leow, T. Wang, J]. Wang, J. Yu, K. He, D. Qi, C. Wan, X. Chen, 3D Printed
Photoresponsive Devices Based on Shape Memory Composites, Advanced Materials 29
(2017) 1701627. https:/ /doi.org/10.1002/adma.201701627.

J. Li, K. Fu, Y. Gu, Z. Zhao, Torsional negative stiffness mechanism by thin strips,
Theoretical ~and  Applied  Mechanics  Letters 9 (2019) 206-211.
https://doi.org/10.1016/j.tam1.2019.01.012.

M. Janus-Michalska, D. Jasiriska, ]J. Smardzewski, Comparison of Contact Stress
Distribution for Foam Seat and Seat of Auxetic Spring Skeleton, International Journal of
Applied Mechanics and Engineering 18 (2013) 55-72. https://doi.org/10.2478 /ijame-
2013-0004.

J. Smardzewski, D. Jasifiska, M. Janus-Michalska, Structure and properties of composite
seat with auxetic springs, Composite Structures 113 (2014) 354-361.
https://doi.org/10.1016 /j.compstruct.2014.03.041.

C.R. Ruiz, S.N. Le, K.-L. Low, Generating multi-style paper pop-up designs using 3D
primitive fitting, in: SIGGRAPH Asia 2013 Technical Briefs, ACM, Hong Kong Hong
Kong, 2013: pp. 1-4. https:/ /doi.org/10.1145/2542355.2542360.

270



References

[410]

[411]

[412]

[413]

[414]

[415]

[416]

[417]

Y. Tang, Y. Chi, J. Sun, T.-H. Huang, O.H. Maghsoudi, A. Spence, J. Zhao, H. Su, J. Yin,
Leveraging elastic instabilities for amplified performance: Spine-inspired high-speed
and high-force soft robots, Sci. Adv. 6 (2020) eaaz6912.
https:/ /doi.org/10.1126 /sciadv.aaz6912.

Z.Yan, F. Zhang, F. Liu, M. Han, D. Ou, Y. Liu, Q. Lin, X. Guo, H. Fu, Z. Xie, M. Gao, Y.
Huang, J. Kim, Y. Qiu, K. Nan, J. Kim, P. Gutruf, H. Luo, A. Zhao, K.-C. Hwang, Y.
Huang, Y. Zhang, J.A. Rogers, Mechanical assembly of complex, 3D mesostructures
from releasable multilayers of advanced materials, Sci. Adv. 2 (2016) e1601014.
https://doi.org/10.1126 /sciadv.1601014.

T. Chen, K. Shea, An Autonomous Programmable Actuator and Shape Reconfigurable
Structures Using Bistability and Shape Memory Polymers, 3D Printing and Additive
Manufacturing 5 (2018) 91-101. https://doi.org/10.1089/3dp.2017.0118.

A. Castejon Gonzélez, M.P. Llorens Pena, U. Thams, G. Fiirst, G. Watzek, F. San Romén
Ascaso, El cerdo minipig como modelo en la elevaciéon de seno maxilar en implantologia
humana, Gaceta dental: Industria y profesiones 181 (2007) 94-103.
https:/ / produccioncientifica.ucm.es/documentos /5d3999df2999520684456d8c.

C. Sanger, A. Argenta, M. Morykwas, S.S. Glazier, L.C. Argenta, L.R. David, Dynamic
Spring Mediated Cranioplasty in an Experimental Model With Resorbable Foot Plates,
Journal of Craniofacial Surgery 18 (2007) 54-59.
https:/ /doi.org/10.1097/01.scs.0000248657.61028.99.

Z.Li, B.-K. Park, W. Liu, J. Zhang, M.P. Reed, ].D. Rupp, C.N. Hoff, J. Hu, A Statistical
Skull Geometry Model for Children 0-3 Years Old, PLoS ONE 10 (2015) e0127322.
https:/ /doi.org/10.1371/journal.pone.0127322.

F.M. Anderson, Treatment of Coronal and Metopic Synostosis: 107 Cases, Neurosurgery
8 (1981) 143-149. https:/ / doi.org/10.1227 /00006123-198102000-00001.

A. Martinez Cendrero, Biomimetic design and additive manufacturing strategies for
multi-scale and multi-material tissue engineering, PhD Thesis, Universidad Politécnica
de Madrid, 2024. https:/ /doi.org/10.20868 / UPM.thesis.81612.

271






Appendix A. Glossary for the proposed ontology

Appendix A. Glossary for the proposed ontology

Table A.1. Geometries, dimensions and common shapes in shape-morphing & 4D printed actuators.

Common shapes Geometrical dimensions Abbreviation
Cube 0D, 3D C
Bar 1D.3D B
Plate 2D, 3D PL
Cylinder 1D, 3D CY
Elliptical cylinder 1D, 3DB ECY
Tube 1D, 3D T
Disk 2D DK
Ring 2D RG
Sphere 0D, 3D S
Dome 3D D
Spring 3D spP
Serpentine spring 1D, 2D SSP
Torsion spring 2D, 3D TSP
Letter-bar-shape 2D, 3D -BS (U-BS)
Letter-cylinder-shape 2D, 3D -CYS (O-CYS)
Letter-tube-shape 3D -TS (Y-TS)
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Table A.2. Shape-morphing principles classified according to achieved geometrical evolution.

Shape-shifting

Other names

Definitions [259,260]

Abbrev.

Abbrev. v.2

behaviors/types
. . Mechanical expansion
Expansion / Encapsulation .
] according to two preferred EXP EXP/CONT
contraction [259] /scaling [260]
directions
Swelling / Three-dimensional
Dilation expansion through specific SW SW/DSW
deswelling .
volume increase
Stretching / Shrinkage, Mechanical expansion
compressing deformation according to a preferred STR STR/COMP
[260,261] [261]- direction
Folding is a localized
Folding / deformation with sharp
o F F/UF
unfolding [259] angles within a narrow
hinge area [259]
Bending / Bending is the overall
) _ deformation leading to a BE BE/STRA
straightening [259] smoother curvature [259]
Rolling  occurs  when
Rolling / continuous force is applied,
is a motion in which the R R/UR
unrolling [259]
shape rotates more than
360° on its axis [259]
Waving, Curving is the amount of
Curving / curling [2],  curvature that deviates
_ wrinkling,  from a flat surface of a
flattening [259] . o CUR CUR/FLAT
creasing [1],  geometric object [259]
snapping
[260]
Surface topography
. o represents a
Topographical Pitting, .
) local/micrometer TC TC
change [259] corrosion o
deviation of the surface
from a flat plane [259]
Twisting / Twisting is dominated by
Torsion ™ TW/UTW

untwisting [259]

stretching in the plane [259]
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Shape-shifting

. Other names Definitions [259,260] Abbrev. Abbrev. v.2
behaviors/types
] ] Helix is the type of smooth
o Coil, spiral ] ]
Helixing / space deformation with
. [262,263], o HE HE/UHE
unhelixing [259] . curves occurring in the 3D
spiral [264]
space [259]
Buckling is characterized
Buckling / by sudden sideways failure
debuckling [259- of structural members BU BU/DBU
261] under high compression
stress [259]
Mechanism that has several
Hierarchical [259] . H H
shape shifting types
Structure that has two (or
i BS BS
Bistable multiple) stable
equilibrium positions
(Multistable) e .
within the range of motion (MTS) (MTS)
[265]

) ) Origami structure can only
Origami ) ) O O
change its shape by folding

Kirigami structure can
Kirigami change its shape by folding KI KI

and cutting

Kusama involves folding

several sheets into identical

Kusadama modules that are then KU KU
assembled to form a
structure
Mechanism Multi-body systems and
(Kinematic chain) kinematic chains  with MECHA MECHA
kinematic joints
Metamaterials are
structures rationally
Metamaterial designed to enable META META

functionality not found in

natural materials [260]

) ) It consists of a structure
Auxetic (special
. that expands when
family of AUX AUX
. stretched and contracts
metamaterials)
when compressed [266]
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Shape-shifting
behaviors/types

Other names

Definitions [259,260]

Abbrev.

Abbrev. v.2

Textile

Textile structure is
composed of fibers that are

intertwined with each other

TE

TE

Blossoming

This  mechanism  that
allows the unfolding of
petal-like structures while
maintaining structural

integrity

BLO

BLO

Self-assembly

Structures assemble
themselves and grow from

interconnectable units

SFA

SFA
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Table A.3. General scheme of stimuli for actuating smart materials and structures, following [275] with modifications for its adequate adaptation to the
proposed codification scheme.

Families of triggering

principles

Specific triggering principles or stimuli

Definitions / comments / quotations from references

Abbrev.

Physical stimuli:

Transform the chain
dynamics or internal
atomic packing
arrangements of stimuli-
responsive  materials,
resulting in  shape-
shifting behavior

[276,277].

Force/ Stress/

Pressure

The materials can deform under the influence of a mechanical force.
Also, the internal stress-triggered shape change is driven by the
incorporation of the “stress-relaxation” phenomenon during the

material manufacturing process [52].

MS-F

Movement [278] /
Mechanical Vibration

stimuli

“A tunable, locally resonant structural waveguide is proposed and
demonstrated for active vibration bandgap switching and elastic-
wave manipulation between 1000-4000 Hz based on 3D printed
building blocks of zinc-neutralized poly(ethylene-co-methacrylic

acid) ionomer” [279].

MS-V

Strain/ Deformation

Mechanical-responsive materials with versatile responsiveness and
high-end precision detect various regimes of pressure or strain at
different positions on the human body during physical activities
[280].

A defined strain can be applied to seeded cells during shape recovery

and provide dynamic instructions to the scaffold shape [281].

MS-ST

Fluidic stimuli

“We demonstrate the passive control of viscous flow in a channel by
using an elastic arch embedded in the flow. Depending on the fluid
flux, the arch may “snap” between two states—constricting and
unconstricting —that differ in hydraulic conductivity by up to an

order of magnitude” [282]

FS

Acoustic stimuli (acoustic field)

Naify et al. [283] explore the intersection of tunable acoustic

structures and additive manufacturing by 4D printing a metamaterial

AS
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Families of triggering

principles

Specific triggering principles or stimuli

Definitions / comments / quotations from references

Abbrev.

element whose acoustic response can be locally, actively tuned via
resistive heating. Contrary to existing, thermally tunable structures,
which rely on ambient heating for elastic modulation, the 3D printed
structure presented here can be precisely controlled to selectively

soften or stiffen only desired areas of the structure.

Electromagnetic stimuli (EM-fields) in
some cases with the electrical aspects more
presents, in others with the magnetic ones

more present

Electric fields have the capability of manipulating cells to predefined
positions or orientating cells in particular directions, these
phenomena are known as galvanotaxis and electro tropism
respectively [277]. Nevertheless, if the applied electric current is too
high, it can cause cell death, localized heating, and membrane
rupture [276].

Electricity is also an indirect stimulus, as it has been proved to show
heating effect due to the resistive nature of material through which it

passes [275].

ES

“The shape recovery was actuated as a result of induction heating in
the presence of alternating magnetic field” [277]. Furthermore,
magnetic field frequency must be in the medical safety range (50-100
kHz) to circumvent the raised temperature that may hurt the body
tissue [276,284]. Also, shape-shifting can be realized using magnetic

forces, with magnetic dipoles [277].

Magnetism-responsive materials have been widely used to design
and fabricate various actuation devices due to their excellent
mechanical response to an external MF, including magnetic force and

torque [52].

MGS
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Families of triggering . ) L . .
.. Specific triggering principles or stimuli
principles

Definitions / comments / quotations from references

Abbrev.

The magnetic field is an direct and indirect stimulus that can bring

deformation in the structure [275].

Thermal stimuli (heat)

Heat transfer is a direct stimulus.

The changes in the shape of these materials are mainly due to two
mechanisms: the shape change effect (SCE) or the shape memory
effect (SME). In the case of SCE materials, the deformation is
proportional to the stimulus applied. The bilayer structure uses the
SCE mechanism [275].

A typical 4D structure usually results from the change of molecular
structure, anisotropic nature, or different swelling behaviors with the

variation of temperature [52].

TS

NIR light

UV light

Light stimuli
(special case of

EM stimuli) Visible light

The application of light-responsive materials, by selecting specific
wavelength, can be characterized into two models: one is the direct
light-induced SME, and the other is the indirect effect, whose
principal mechanism of action is the photothermal SME (the heat
generated from absorbed light) [274,275,277]. Moreover, photo-
activated materials are limited, generating responses at a particular
wavelength [276].

LS-NIR

LS-UV

LS-V

Chemical stimuli:
Variations in
physiological situations pH
such as a change in pH

or ionic concentrations

4D structures shift when the ratio of H+/OH- ions in an aqueous
solution are varied. The mechanism was attributed to the electrostatic
repulsion [52,274].

*pH responsive materials are capable of swelling, shrinking,

dissociation or degradation upon change in environmental pH,

pH
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Families of triggering

i cipl Specific triggering principles or stimuli Definitions / comments / quotations from references Abbrev.
principles
are  usually  crucial attributed to either protonation of ionizable groups or degradation of
symptoms for acid-cleavable bonds [277].
distinguishable kinds of Shape morphing could be realized through changing salt
diseases, like concentration. Despite relatively little research on material’s
cardiovascular  system Ionic concentration response to ionic concentration, it is important to note that  ION
illnesses, infections and physiological electrolytes level can be a critical indication for various
cancers; therefore, diseases [277].
interpreting them as
P & The solvent-induced stimulus is relatively easy because a 4D

critical aims of . . .

construct can achieve the shape transformation or functional
consideration when . . .

transformation only through immersion into a solvent such as water
designing and [52]
developing  chemical- . I '

. . Biodegradation This mechanism was demonstrated by Kokkinis et al. [285] in the
responsive materials BIODEG
[267,277] Solvent (dissolution mechanics [261]) field of bioprinting. In this mechanism, a printed structure is

,277].

immersed in an appropriate solvent (ethyl acetate), based on the
studied polymer structures. A change in shape occurs as a result of
the loss of some non-crosslinked polymers when the structure is
immersed in the solvent [261].

Printed structures change their shape when they absorb water and
recover their original shape after drying [274].

Humidity /Moisture MO

For liquid-responsive materials, transformation is designed such that
differential swelling of the different compartments occurs in spatially

and temporally dependent manner [276,277].

8 If degradation is the triggering stimulus, the abbreviation used will be DEG.
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Families of triggering

principles Specific triggering principles or stimuli Definitions / comments / quotations from references Abbrev.
Biological stimuli: In the Enzymatic degradable materials are also of significant interest in the
human body, biological field of tissue regeneration because implants made of these materials
processes often rely on can be broken down and removed naturally from the body after they
feedback-controlled ) . . have fulfilled their functions [277].
communication piological scavenging However, weak mechanical strength, slow response time, and BIOSCA
involving biological

hydrolysis can cause degradation, and swelling/de-swelling cycles

small molecules or bio- . . . S .
are essential considerations when estimating the material’s usage and

macromolecules such as

life span [276].
glucose, enzymes,
nucleic acids Living materials incorporating cells within synthetic chassis, with the
polypeptides an (i Cell traction force [274] cells acting mechanically upon the chassis and moving them. CTF
proteins [276,277].. All
play a significant role in Enzymes [274,276] Shape-shifting processes at molecular level.
controlling the normal
mechanism and Glucose [276]

functioning of organs.

Therefore, recognizing Proteins [276]

these important )

Polypeptides [276] NANO
parameters and
biomaterials that Nucleic acids [276]

respond to biological

Glucose [276]

stimuli are essential for
the better performance
of 4D printing Proteins [276]

technology [267].
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Table A.4. Common families of materials and shape memory [261,267,272] materials, with which
shape-morphing systems and 4D printed actuators can be created.

Family Materials Abbreviation
Alloys A
Polymers p
Composites CcO
Common materials Multimaterials MT*
Ceramics CE
Gels G
Carbons CA
Alloys A (SMA)
Polymers P
Composites CcO
Shape memory (SM) materials Multimaterials MT*
Ceramics CE
Gels G
Carbons CA

* When defining 4D printed actuator that is multimaterial, the component

materials are added as follows: MT(CE+P+...)

Table A.5. The ontology and codification scheme, as regards additive manufacturing technologies, is
based on the 7-family division commonly accepted [274], with some minor modifications. The Table
below includes the glossary of selected relevant additive manufacturing technologies for the proposed
ontology and codification scheme.

Abbreviation Reference

Technology AM process
Material extrusion Fused filament fabrication FFF [273,274]
EXT Direct ink writing DIW [273]
Material jetting Nano particle jetting NPJ [273]
JET Drop on demand DOD [273]
Stereolithography SLA [273,274]
Vat polymerization
Continuous direct light processing CDLP [273,274]
VAT
Digital light processing DLP [273,274]
Binder jetting Binder jetting
BJ [274]
BIN Inkjet head printing
Multi jet fusion MFJ [274]
Powder bed fusion
Electron beam melting EBM [273,274]
PBF
SLM [273,274]

Selective laser melting
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Technology AM process Abbreviation Reference
Selective laser sintering SLS [273,274]
Laser engineered net shaping LENS [273,274]
Laser metal deposition LMD [273]
Direct energy deposition
Cold metal transfer CMT [273]
DED
Rapid plasma deposition RPD [273]
Electron-beam additive manufacturing EBAM [274]
Laminated object manufacturing LOM [273,274]
Sheet lamination
Solid foil polymerization SFP [273]
LAM
Ultrasonic additive manufacturing UAM [273]
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Appendix B. Shape changes in the mechanisms of
the 4D actuator library triggered by degradation

(A)

t=0min t =240 min t=393 min

(B)

Figure B.1. (A) CAD models & prototypes and (B) shape-morphing test for actuator 1.
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t =206 min

(B)

| il ‘i““"‘“'[‘ Il I xﬂmlll'il'inWH |
f S0 11 1]2 13 14 1‘5 l;() L7F18 1 15 16 17 18 1¢
ﬁli]llll[llIl'm!'llllhi\i‘l il H‘I!:Hm“m‘nui\ il !

(A)

t=0min t= 34 min t =48 min

£ £ £

t=57 min t=71min t=78 min

(B)

Figure B.3. (A) CAD models & prototypes and (B) shape-morphing test for actuator 3.
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t=0min t =45 min

(B)

Figure B.4. (A) CAD models & prototypes and (B) shape-morphing test for actuator 4.

(A)

t=0min t =24 min t =33 min

i mer W

M |l L

t=39 min t =47 min t=58 min

(B)

Figure B.5. (A) CAD models & prototypes and (B) shape-morphing test for actuator 5.
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(A)

t=0 min t=22 min t =25 min

t =28 min t=33 min

(B)

Figure B.6. (A) CAD models & prototypes and (B) shape-morphing test for actuator 6.

(A)

t=0min t =40 min t =96 min

#

t =140 min t =151 min t=175 min

(B)

Figure B.7. (A) CAD models & prototypes and (B) shape-morphing test for actuator 7.
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(A)

t =0 min t=47 min t=72 min

t=116 min t=128 min t =139 min

(B)

Figure B.8. (A) CAD models & prototypes and (B) shape-morphing test for actuator 8.

t=0min t =260 min =510 min t =570 min

nh s

=690 min t =840 min =990 min t = 1043 min

-
o 1

(B)

Figure B.9. (A) CAD models & prototypes and (B) shape-morphing test for actuator 9.
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t=0min t =390 min t =660 min

R

t =900 min t =1230 min

e gl

(B)

Figure B.10. (A) CAD models & prototypes and (B) shape-morphing test for actuator 10.

t=0min t=18 min t=50 min

t =84 min t=210 min

(B)

Figure B.11. (A) CAD models & prototypes and (B) shape-morphing test for actuator 11.
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t=0min t =40 min

t =90 min t =145 min

(B)

Figure B.12. (A) CAD models & prototypes and (B) shape-morphing test for actuator 12.

(A)

t=0min t= 102 min

v 3 YRy, ,-

t =174 min t =190 min
-
. . - Py
o
Iy,

(B)

Figure B.13. (A) CAD models & prototypes and (B) shape-morphing test for actuator 13.

291



William Gabriel Solérzano Requejo

t =0 min t =231 min

e :
. Q‘E‘G,m‘nf. s

(B)

Figure B.14. (A) CAD models & prototypes and (B) shape-morphing test for actuator 14.

W

t=0min t=57 min t =107 min

t =168 min t =194 min t =228 min

(B)

Figure B.15. (A) CAD models & prototypes and (B) shape-morphing test for actuator 15.

292



Appendix B. Shape changes in the mechanisms of the 4D actuator library triggered by
degradation

t=0min

(B)

Figure B.16. (A) CAD models & prototypes and (B) shape-morphing test for actuator 16.

t=0min t= 29 min

.

- ]
R el

t =90 min

L
PR . E . r

(B)

.

Figure B.17. (A) CAD models & prototypes and (B) shape-morphing test for actuator 17.
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(A)

t=0min

(B)
Figure B.18. (A) CAD models & prototypes and (B) shape-morphing test for actuator 18.

(A)

(B)

Figure B.19. (A) CAD models & prototypes and (B) shape-morphing test for actuator 19.
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t=0min

t =135 min

(B)

Figure B.20. (A) CAD models & prototypes and (B) shape-morphing test for actuator 20.

(A)

t=0min © t=1min © t=4min
Y .

t=8 min t=13 min t=18 min

(B)

Figure B.21. (A) CAD models & prototypes and (B) shape-morphing test for actuator 21.
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(A)

t=0min t=1min t=4min

t=8 min t=13 min t=18 min

(B)

Figure B.22. (A) CAD models & prototypes and (B) shape-morphing test for actuator 22.

(A)

t =0 min t=3 min t=5min

S

t=8 min t=27 min

?

_

(B)

Figure B.23. (A) CAD models & prototypes and (B) shape-morphing test for actuator 23.
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(A)

t=0min t=3 min t=12 min

\

N

t =28 min t=73 min

(B)

Figure B.24. (A) CAD models & prototypes and (B) shape-morphing test for actuator 24.

(A)

t=0min t=3 min t=9min

>

.. L L

t=17 min t =28 min

.

Figure B.25. (A) CAD models & prototypes and (B) shape-morphing test for actuator 25.

(B)
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(A)

t=3 min t=8 min

L

t=18 min t =43 min

(B)

(A)

t=0min t =20 min

t =60 min

(B)

Figure B.27. (A) CAD models & prototypes and (B) shape-morphing test for actuator 27.
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t=0min t =10 min

f

hd

t =20 min

(B)

(A)

t=0 min t=3 min t =10 min

t =18 min t=37 min

(B)

Figure B.29. (A) CAD models & prototypes and (B) shape-morphing test for actuator 29.
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(A)

t=0min t=2min t=4 min
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t=7min t=11 min t =40 min
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P

(B)

(A)

t=0min t =4 min t=10 min t=18 min t =25 min

N W NN R

(B)

Figure B.31. (A) CAD models & prototypes and (B) shape-morphing test for actuator 31.
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t=0min t=15 min

t =42 min

(B)

t=0min t =61 min

(B)

Figure B.33. (A) CAD models & prototypes and (B) shape-morphing test for actuator 33.
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t=0min t =45 min t=123 min

t =293 min t =400 min t =450 min

(B)

Figure B.34. (A) CAD models & prototypes and (B) shape-morphing test for actuator 34.

(A)

t =0 min t =100 min t =200 min

t =250 min t =275 min

(B)

Figure B.35. (A) CAD models & prototypes and (B) shape-morphing test for actuator 35.
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(A)

t=0min t =23 min t =55 min

t=75min t =125 min t =150 min

(B)

Figure B.36. (A) CAD models & prototypes and (B) shape-morphing test for actuator 36.

(A)

t=0min t =15 min t=18 min

t =20 min t=20.5 min t =21 min

(B)

Figure B.37. (A) CAD models & prototypes and (B) shape-morphing test for actuator 37.
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t=4min t =8 min

t=0min

\

t=12 min t =26 min

\ N\

(B)

Figure B.38. (A) CAD models & prototypes and (B) shape-morphing test for actuator 38.
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t=8 min

Ay By

(B)

Figure B.39. (A) CAD models & prototypes and (B) shape-morphing test for actuator 39.
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t=0min t=2min t=5min

\ / \ Wi

A

¢ VA

t=8 min t=17 min t =23 min

: i
4

(B)

Figure B.40. (A) CAD models & prototypes and (B) shape-morphing test for actuator 40.

10" 11
il
(A)

t=0min t=18min t =38 min

t =58 min t =78 min t =98 min

(B)

Figure B.41. (A) CAD models & prototypes and (B) shape-morphing test for actuator 41.
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t=0min t=28 min
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t =45 min t=73 min

o
(&N
-

(B)

Figure B.42. (A) CAD models & prototypes and (B) shape-morphing test for actuator 42.

(A)

t=0min t=70 min t=108 min t=173 min t=222 min

b

s

(B)

Figure A.43. (A) CAD models & prototypes and (B) shape-morphing test for actuator 43.
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(A)

t=0min t =28 min t=78 min

t =134 min t =165 min t =230 min

(B)

Figure B.44. (A) CAD models & prototypes and (B) shape-morphing test for actuator 44.

(A)

t=0min t=14 min t=28 min

4’& ,."" ',v\k |

J

t=52 min t =63 min

(B)
Figure B.45. (A) CAD models & prototypes and (B) shape-morphing test for actuator 45.
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(A)

t=0min t =35 min t=53 min
} t\ N blk‘
[ %] OV

% % %

t =80 min t =126 min t =147 min

(B)

Figure B.46. (A) CAD models & prototypes and (B) shape-morphing test for actuator 46.

(A)
t=0min t=15min
\ SR . -V
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t =43 min t =108 min

(B)

Figure B.47. (A) CAD models & prototypes and (B) shape-morphing test for actuator 47.
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t=0min t=3 min t=10 min

.
o b — i
« A PRFL B B ¢ A=A, -

t=15min t=17 min t=22 min

(B)
Figure B.48. (A) CAD models & prototypes and (B) shape-morphing test for actuator 48.

=P

(A)

t=0min t=6 min t=12 min

t=22 min t=26 min

(B)
Figure B.49. (A) CAD models & prototypes and (B) shape-morphing test for actuator 49.
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(A)

t=0min t=37 min t=61min

t =80 min t =92 min t=112 min

(B)

Figure B.50. (A) CAD models & prototypes and (B) shape-morphing test for actuator 50.

t=0 min t=100 min

Figure B.51. The first proof of concept tested, the red material made of PLA and the transparent
material PVA.
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Appendix C. Codification of the collection of

shape-morphing actuators

Table A.6. Summary of prototyped and tested shape-morphing actuators with their codification
according to ontology for shape-morphing actuators (ontology originally presented in chapter 5, as
one of the main outcomes from the creativity promotion action performed leading to a codified
description of the actuation life cycle).

Shape-
Representative p. Triggering
Actuator L. Geometry Shape morphing . . Geometry Shape
design image L. stimuli
principle
1D ssp STR DEG 1D ssp
3D SsP STR DEG 3D sP
2D PL EXP DEG 3D D
1D ssp AUX DEG 1D ssp
1D ssp STR DEG 1D ssp
STAR- STAR-
2D EXP DEG 2D
BS BS
2D V-BS UF DEG 1D B
1D ssp STR DEG 1D ssp
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Shape-

Representative . Triggering
Actuator L. Geometry Shape morphing . . Geometry Shape
design image L stimuli
principle
‘ 1D SSP STR DEG 1D SSP
10 1D SSP STR DEG 1D SSP
11 3D SP STR DEG 3D SP
T- ) ) B B ) )
13 <~ 3 by 2D PL EXP DEG 3D D
eom—
14 1D SSP STR DEG 1D SSP
15 1D SSP STR DEG 1D SSP
16 2D V-BS STRA DEG 2D U-BS
17 o T 3D D COMP DEG 2D PL
T- 1D SSP STR DEG 1D SSP
I 1D SSP STR DEG 1D SSP
2D V-BS UF DEG 1D B

312



Appendix C. Codification of the collection of shape-morphing actuators

Shape-

Representative . Triggering
Actuator L. Geometry Shape morphing . . Geometry Shape
design image L stimuli
principle

2D V-BS UF DEG 1D B
3D C O DEG 2D PL
2D V-BS UF DEG 1D B
2D V-BS UF DEG 1D B
2D V-BS UF DEG 1D B
2D V-BS UF DEG 1D B
3D V-BS UF DEG 2D PL
3D V-BS UF DEG 2D PL
2D SSP UF DEG 1D B
3D D O DEG 2D PL
2D V-BS STRA DEG 2D U-BS
2D C-BS STRA DEG 1D B
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Actuator

Representative

design image

Shape-

. Triggering
Geometry Shape morphing . . Geometry Shape
. stimuli
principle

1D B BS DEG 1D B
1D SSP AUX DEG 1D SSP
3D SP AUX DEG 3D SP
1D SSP STR DEG 1D SSP
1D B BS DEG 1D B
2D V-BS UF DEG 1D B
2D O-BS KU DEG 2D I-BS
3D PL UTW DEG 2D PL
3D CY EXP DEG 3D CY
3D CY AUX DEG 3D CY
3D SP STR DEG 3D SP
1D SSP STR DEG 1D SSP
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Shape-

Representative ] Triggering
Actuator L. Geometry Shape morphing . . Geometry Shape
design image . stimuli
principle

45 1D SSP STR DEG 1D SSP
46 1D SSP STR DEG 1D SSP
47 2D PL MECHA DEG 2D PL
48 2D U-BS DBU DEG 1D SSP
49 2D O-BS DBU DEG 2D O-BS
50 2D U-BS DBU DEG 1D SSP
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