. 1 s 5
C International Journal of Volume 1, Issue 2, 2023

DOI (Journal): 10.37591/IJMPE

Manufacturing and Production (uly-December)
Engineering

STM JOURNALS

https://journals.stmjournals.com/ijmpe

Revolutionizing Form and Function: Exploring 4D
Printing as a Novel Manufacturing Approach

for Complex Generative Structures and
Customized Formworks

Vinay Kumar Agrahari*

Abstract
This research delves into the transformative potential of 4D printing manufacturing technology,
focusing on its innovative application in fabricating intricate generative and computational structures
for adaptable formwork in both individualized and mass-customized scenarios. Spanning the
interdisciplinary realms of digital design, digital fabrication, and material science, the study
comprehensively explores the integration of these diverse fields. Utilizing generative algorithms and
parametric design tools, the research employs simulations to realize complex patterns inspired by the
curved-crease technique of origami art. Conceptualizing 4D printing as a groundbreaking technique,
the study emphasizes its capacity to create responsive formworks with structural integrity across
diverse scenarios. The key innovation lies in synthesizing generative structures that maintain their form
through the same printed entities, enabling the development of self-folding active composite structures
adaptable to changing environmental conditions. The experimental journey involves a series of design
and fabrication exercises, combining digital simulations with hands-on practices, including the
adaptation of desktop FDM printers and widely available thermoplastic filaments. Challenges related
to scale, material choice, and printer capabilities are addressed, culminating in a demonstration
showcasing 4D printing's potential in generating active composite structures suitable for both
formwork and structural applications. While architectural-scale applications may be a longer-term
aspiration, the study's outcomes open promising avenues for future research, highlighting the prospect
of creating dynamic, self-responsive structures that redefine the intersection of technology and design.

Keywords: Exploring the synergy of formwork, digital fabrication, additive manufacturing, curved-
crease folding, and 4D printing constitutes the core of this research endeavor.
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the transformative potential of 4D printing [2]. The integration of advanced material science concepts,
such as metamaterials, soft robotic materials, and biomaterials, has further fueled this evolution,
allowing for the development of responsive architectural designs with dynamic changes in properties,
shape, and structure across different scales [3]. References such as “Additive Manufacturing
Technologies” and “Digital Fabrication in Architecture” discuss the integration of computational design
and additive manufacturing in architectural practice, highlighting innovative formwork fabrication
methods [4-5]. Concrete, a foundational material in both historical and modern architecture, serves as
a prime example. While it has been a mainstay since Roman times, formwork fabrication for concrete
structures can account for a substantial portion—potentially over 50%—of the total project cost, and
the geometric intricacy of a structure further escalates these costs [6]. Recent advancements in the field
of digital fabrication have brought about a paradigm shift in architectural manufacturing, emphasizing
precision, material diversity, and scalability [7]. However, a gap persists between the capabilities of
digital design and the limitations of the fabrication industry, particularly in the context of liquid
composite materials [8]. The traditional reliance on static formwork systems, often discarded after
single use, has led to significant resource consumption in terms of labor and material costs [9]. As
demands for intricate architectural designs and varied scales continue to rise, the need for innovative
fabrication techniques becomes more evident. While additive manufacturing techniques have shown
promise, they are hindered by scale limitations and the constraints of static structural forms [10]. To
bridge this gap and address the challenge of fabricating complex generative forms and formworks, there
is a growing interest in exploring alternative and more advanced printing methods. These methods could
offer a higher degree of detail, surface complexity, and structural flexibility, allowing for the realization
of ambitious architectural designs [11]. In this context, the integration of emerging additive
manufacturing techniques with computational and generative design approaches holds great promise
for the fabrication of liquid composite materials in architectural applications [12]. By harnessing the
capabilities of these cutting-edge technologies, architects and designers can unlock new potentials for
creating intricate and customized formworks, leading to more sustainable and resource-efficient
construction processes [13]. As the architectural industry continues to evolve, it is imperative to explore
and develop advanced fabrication techniques that align with the demands of precision, scalability, and
sustainability. By effectively utilizing the latest technological and material advancements, architects
can pave the way for a future where the geometric and structural potentials of liquid composite materials
are fully harnessed, ultimately reshaping the landscape of architectural design and construction [14].

MATERIAL AND METHODS
Material

The groundbreaking Printed Active Composite (PAC) structures showcase a distinctive bi-layer
architecture, ingeniously integrating two distinct materials for optimal performance. The constraining
layers, meticulously crafted from a specialized filament form of Thermo Polyurethane (TPU),
contribute unparalleled structural support and stability to the overall framework. Conversely, the active
layers of the composite feature filament-form Polylactic Acid (PLA), bestowing dynamic and
responsive properties upon the structure. This innovative combination of materials results in a
harmonious interplay between the constraining and active layers, empowering PAC structures to
achieve exceptional mechanical integrity while retaining their inherent capacity for adaptive and
functional behavior. The result is a synergy that opens up exciting possibilities for applications where
both strength and adaptability are crucial.

Methods
Fabrication

Incorporating the groundbreaking principles of 4D printing, a cutting-edge approach that introduces
dynamic and responsive elements to the printed objects, researchers have harnessed the capabilities of
a desktop Fused Deposition Modeling (FDM) printer to propel the field of material fabrication into new
realms. This innovative utilization of a commonly accessible tool, the Original Prusa i3 MK3S Printer,
renowned for its exceptional precision and high-quality printing capabilities, opens up exciting avenues
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Figure 1. Original Prusa I3 MK3S Priner.

for exploration. At the forefront of this research, the printer has proven instrumental in the creation of
intricate curved-crease printed active composite structures, pushing the boundaries of what can be
achieved in the ever-evolving realm of 4D printing technology (Figure 1).

Processing

In the realm of self-transformation, the printed structures undergo a remarkable metamorphosis
through the application of controlled heat, initiating programmed surface manipulation. This intriguing
process involves subjecting the printed active composites to precisely regulated heat treatments within
the temperature range spanning from the material's glass transition temperature (Tg) to its melting
temperature (Tm). Through this meticulous thermal modulation, mastery over transitions within the
polymer-based material's plastic stage is achieved, ushering in a new dimension of controlled and
dynamic shape-shifting capabilities. The precise manipulation of temperatures during this transformative
journey unlocks the potential for intricate and purposeful changes in the printed structures, offering a
fascinating exploration of the intersection between technology and material behavior.

Environment

Upon completion of the fabrication process, a critical phase involves activating the active material
through a meticulous heat treatment process. This entails gradually elevating the temperature of the
printed PLA material above its transition temperature (Tg) while carefully avoiding its melting
temperature (Tm). The controlled shape transformation induced at these specific temperature ranges
allows the material to temporarily mold into the desired configuration. The success of this
transformation heavily relies on the precise management of environmental parameters. However,
achieving consistent and uniform heating in an atmospheric environment poses a considerable
challenge. To address this issue, an innovative solution has been developed—the water tank system.
This system features a well-designed assembly with a heater and a heat controller working
collaboratively to establish an optimal heating environment. The operational principle is straightforward
yet highly effective. Positioned at the rear surface of the tank, the heater gradually increases the water
temperature, while the heat controller on the front surface constantly monitors it. This dynamic interplay
maintains a constant and precise relationship, ensuring that the water within the tank reaches the
intended degree of heat required for the transformation process. In essence, the water tank system serves
as a reliable and efficient means of accomplishing the crucial heat treatment step in the material
activation process. Through its ingenious design and careful calibration, it successfully overcomes the
challenges associated with uniform heating in an atmospheric environment, ultimately facilitating the
attainment of the desired programmed transformation of the PLA material. Figure 2 is showing the
water tank system with a heater and heat controller.

© STM Journals 2023. All Rights Reserved 43



Revolutionizing Form and Function: Exploring 4D Printing Vinay Kumar Agrahari

Figure 2. water tank system with a heater and heat controller.

RESULTS AND DISCUSSION
Digital Model

The integration of physical mockups into the workflow plays a crucial role in advancing the
development of curved-crease developable surface geometries, representing a pivotal step in the
comprehensive 4D printing process. Moving from tactile prototypes to digital production marks a
significant juncture, enabling the realization of intricate curved-crease designs. This digital phase,
preceding the fabrication of active composite structures, establishes foundational principles for
subsequent 4D printing stages. The use of digital techniques to manipulate and refine these curved-
crease forms introduces a realm of possibilities and challenges that necessitate careful examination. The
intricacies of digitally produced forms significantly contribute to the potential capabilities of the final
printed structures. However, this advancement comes with limitations, prompting a thoughtful
evaluation of trade-offs inherent in the 4D printing process. Insights gained from the digital modeling
process serve as the bedrock upon which fundamental printing principles are established, emphasizing
the intricate interplay of digital design and material properties. These principles are key to unlocking
the full potential of curved-crease geometries in the context of 4D printing. A comprehensive
exploration of digital intricacies within the 4D printing framework not only enriches current research
but also lays the groundwork for future investigations. Delving into the nuances of digital processes
underpinning 4D printing provides valuable insights, offering a roadmap for advancing both theoretical
understanding and practical applications of this innovative technology.

Potentials and Drawbacks

The incorporation of curved-crease developable surface geometries into digital environments has
brought forth a realm of creative possibilities. Through simulating the formation of creases and the
folding of surfaces, coupled with the application of controlled forces to facilitate their transformation,
intriguing self-transformation phenomena emerge. The dynamic exploration of potential movements
within these forms has significantly influenced the generation of intricate printing patterns for physical
production. Notably, these physical printing patterns are derived from the inherent bending directions
of the surfaces, establishing a symbiotic relationship between digital design and tangible output. This
innovative approach to pattern generation aligns with the principles of curved-crease forms, offering a
novel perspective on 4D printing processes. In the context of the evolving 4D printing field, which lacks
standardized software and digital process solutions, the methodologies proposed in this study make a
valuable contribution. The showcased potentials of the digital modeling process not only introduce an
alternative production method but also harmoniously synergize with existing solutions, thus expanding
the horizons for innovative design and manufacturing possibilities (Figure 3).

The exploration of curved-crease developable surface geometries in a digital environment has
revealed promising potentials, yet significant drawbacks have emerged, necessitating careful
consideration before transitioning to physical production. A primary challenge was the absence of
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material information associated with the surfaces during the digital phase, resulting in a failure to
accurately capture real-world physical behaviors. The inability to incorporate material properties, such
as thickness and layering, hindered faithful representation, allowing unconstrained folding that did not
mirror physical limitations. Despite the active composite structures' diverse material configurations in
the physical samples, the digital simulation, constrained by zero-thickness representation, fell short of
accurately simulating various fabrication scenarios and their corresponding properties. External stimuli,
integral to material characteristics and printing principles, were overlooked in the digital environment,
leading to deviations in folding values from true physical responses. The comprehensive simulation of
the entire 4D printing process proved challenging due to the lack of specialized software solutions,
highlighting the need for advancements to replicate the intricate complexities involved.
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Figure 3. Digital cases of curve crease developable surface geometries.
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Physical Model

Prior to delving into the production of curved-crease samples, it was imperative to explore the
capabilities of 4D printed active composite structures through preliminary rectangular test samples.
These initial samples, with dimensions of 1x10 cm, 2x5 cm, and 5x5 cm, were fabricated using three
layers of active material and one layer of constraining material. The aim was to comprehensively assess
the impact of scale on the shape transformation behaviors of these test samples under varying
temperature conditions. Systematic experimentation provided valuable insights into how temperature
fluctuations influenced the movement and shape-changing characteristics of the printed active
composite structures. The knowledge gleaned from these tests served as a crucial foundation for
understanding the underlying movement principles governing the behavior of 4D printed active
composite structures. This understanding, in turn, proved instrumental in preparing for the subsequent
fabrication of curved-crease samples, facilitating a more informed and strategic approach to their
production and analysis. The research focused on analyzing the shape transformation process of
physical curved-crease active composite structures, incorporating multiple feedback loops that
considered material properties, layer composition, thermal effects, and form-finding techniques.
Throughout the fabrication process, distinct shape-changing responses emerged within the printed
active composite structures under varying temperatures. These responses were notably influenced by
factors such as the arrangement of printing patterns, the sequence of printing, and the total number of
layers employed. Consequently, a comprehensive evaluation of the active composite structures'
adaptability becomes crucial, necessitating consideration of practical aspects and real-world
applications (Figures 4 and 5).
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Figure 4. Printed composite test samples.

2 Xy _

60 °C 70°C
Figure 5. Self-transformation test samples at different temperature.
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Fabrication and Simulation Relationship

The intricate interplay between artificially constructed and computer-simulated self-transformation
in curved-crease printed active composites represents a pivotal undertaking, laying the foundation for
future investigations. Establishing a seamless conduit of information between virtual design data and
tangible prototypes requires an accurate portrayal of both material and geometric attributes in the digital
realm. The observed disparities between digital and tangible shape metamorphosis in this study have
the potential to revolutionize 4D printing fabrication methodology, integrating material insights into
digital simulation procedures. Without material characteristics, digital simulations of curved-crease
folding lack vital data, resulting in folding parameters of a digital prototype uninfluenced by material
resistance. Physical prototypes provide quantifiable folding behaviors of the printed structure, serving
as inputs for digital simulations and fostering a more congruent relationship between virtual simulation
and tangible fabrication reality (Figure 6).
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40°C

45°C

50°C

60°C

65°C

2499444944

Figure 6. Shape transformation process of the samples comparing with initial model.
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Proof of the Concept

In the exploration of 4D printed curved-crease active composite surface structures, the research
seamlessly integrated digital and physical methodologies, with a primary focus on establishing the
viability of 4D printing for generating intricate and generative forms, including formworks (Figure 7).
The digital modeling phase produced a multitude of distinct surface arrangements through the curved-
crease technique, affirming the potential of this folding approach. Subsequent to the digital simulations,
an experimental setup was devised to fabricate 4D printed active composite structures, initially
conducting preliminary test experiments at varying scales. These initial endeavors effectively
demonstrated the inherent capacity of printed active composite structures to undergo autonomous
transformations under disparate temperature conditions. The 4D printing process for curved-crease
samples was then executed utilizing three distinct printing principles, resulting in fabricated samples
exhibiting diverse self-transformation behaviors at varying temperatures. Importantly, these
configurations remained even as temperatures returned to normal, highlighting the versatility of the same
curved-crease printed active composite structure in creating dissimilar surface configurations, both as
formwork and in its ultimate form. In the broader context of the research, the phenomenon of self-
transformation inherent to 4D printing convincingly showcased the potential of curved-crease printed
active composite surface structures as a compelling alternative in the realm of intricate, generative, and
computational surface construction. This transformative process not only validated the concept but also
opened avenues for future investigations and endeavors in advanced fabrication techniques.
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Figure 7. The statistics data of publication on the topic of 4D printing or 3D printing shape memory
polymer from Web of Science: (a) publications, (b) citations in each year, and (c) publications in
different countries/regions. (d) Publications for 3D printing using different printing techniques.
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CONCLUSION

The research endeavors commenced with the primary goal of investigating the viability of 4D printing
manufacturing technology as an innovative approach to fabricate intricate generative and computational
structures. These structures were envisioned to function as adaptable formwork, retaining their form in
both individualized and mass-customized applications. The interdisciplinary nature of the investigation
converged digital design, digital fabrication, and material science to explore the potential integration of
these diverse fields. The central hypothesis posited that “4D printing manufacturing technology could
produce intricate generative and computational structures capable of functioning as formwork in both
singular and mass-customized scenarios.” Rooted in research inquiries, literature framework, and initial
explorations, the study delved into formwork fabrication, additive manufacturing possibilities within
digital fabrication, and the distinct advantages offered by 4D printing technology. The research
trajectory aimed to fabricate complex generative and computational formworks for deployment in both
individualized and mass-customized contexts, with the key innovation lying in conceiving 4D printing
as an alternative manufacturing technique for creating responsive formworks. The study also
highlighted the potential of self-folding active composite structures, capable of morphing in response
to predefined environmental conditions, allowing for diverse surface configurations through multiple
instances of a single structure. In the context of digital fabrication technologies, the research addressed
a tangible design problem, formulating a 4D printing process and comprehending operational intricacies
to establish an alternative fabrication approach for generative and computational responsive structures
serving as formwork. The experimental process involved design and fabrication exercises in both digital
and physical practices, utilizing curved-crease techniques derived from origami for form-finding. The
digital phase utilized generative algorithms and parametric design environments, while the physical
dimension posed challenges related to scale, material selection, and the capabilities of a desktop FDM
printer using off-the-shelf thermoplastic filaments. In conclusion, the research positioned 4D printing
as a promising alternative for individualized and mass-customized fabrication processes, showcasing
its capacity to generate responsive active composite structures suitable for formwork and structural
applications, thereby confirming the initial hypothesis. While the full realization of 4D printing's
potential for architectural scale applications may be a longer-term aspiration, the study's outcomes
highlighted encouraging avenues for future research and the development of self-responsive structures.
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