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Abstract – In the burgeoning field of 4D printing, this study delves into the critical parameters influencing 

heat-induced shrinkage to optimize shape transformation. Utilizing a hobbyist FDM-based 3D printer, 

samples were fabricated using thermoplastic PLA filament, with meticulous control over key parameters 

such as activation temperature, bed temperature, nozzle temperature, and printing speed. Results 

underscored an 100°C activation temperature as optimal, consistently yielding pronounced and controlled 

shrinkage. Additionally, a bed temperature of 30°C, nozzle temperature of 185°C, and a printing speed of 

90 mm/s emerged as pivotal settings for achieving desirable outcomes. These findings provide a 

comprehensive roadmap for researchers and practitioners, offering insights to refine 4D printing processes 

and enhance control over shape transformation. By strategically selecting and optimizing these parameters, 

the study paves the way for advancements in precision, repeatability, and versatility in 4D printing 

applications. As the technology continues to evolve, these insights contribute significantly to shaping the 

future landscape of additive manufacturing, fostering innovation and opening new avenues for dynamic, 

shape-shifting structures with enhanced functionality.   
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I. INTRODUCTION 

In the rapidly evolving field of additive 

manufacturing, 4D printing has become a ground-

breaking technology that allows objects to change in 

real time. Even with great advancements, the 

technological obstacles related to 4D printing 

methods still exist, so a more thorough investigation 

of how printing factors affect the critical factor of 

shrinkage is required. 

 

The purpose of this paper is to explore the 

complex relationship that exists between shrinkage 

and printing parameters in 4D printing methods. 

The foundation is laid by Wang et al.[1], who 

suggest an effective multispeed fused deposition 

modeling (4D printing) method. When we examine 

their process, our attention turns to comprehending 

how differences in printing factors can affect the 

inherent strain and consequent shrinkage in flat 

precursory designs. 

Important insights into the creation of intricate 

structures with rolling, morphing, and self-bending 

properties are provided by Bodaghi et al.[2] In 

addition to introducing new structures, their work 

offers a chance to look at how printing settings 

affect shrinkage when it comes to functionality that 

is driven by performance. 

 

The necessity for precise simulation techniques 

for FDM-printed monolayer shape memory polymer 

(SMP) models is addressed by Wang et al.'s research 

[3]. The paper highlights the value of taking printing 
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parameters into account in comprehending and 

forecasting the deformation processes, illuminating 

the relationship between parameters and shrinkage 

as we look at their simulation methodology. 

 

 

 

 
 

Table 1 : Different parameters used to explore thermal deformation 

 

 

The investigation is made more thorough by the 

various viewpoints provided by scholars like 

Hendrik Thölking & al.[4] . Their attempts to 

improve the accessibility of 4D printing simulations 

highlight how crucial it is to take printing 

characteristics into account when making precise 

shape transformation predictions. 

 

The purpose of this article is to provide a 

comprehensive understanding of the impact of 

printing parameters on shrinkage separately for 

better understanding and to be used as starting point 

for our next works. 
 

 Furthermore, this study aims to apply the 

knowledge gathered from shrinkage analysis to 

identify the best printing parameter combinations 

for every individual printed item. Through the 

utilization of shrinkage data, scholars and 

professionals may methodically determine and use 

the most effective combinations, propelling the 

domain of 4D printing forward and enhancing the 

functionality of printed items. We hope to provide 

light on the complex interaction between printing 

parameters, shrinkage, and the best combinations in 

4D printing processes with this targeted 

investigation. 

 

 

II. MATERIALS AND METHOD 

All samples in this study were fabricated using a 

hobbyist Fused Deposition Modeling (FDM)-based 

3D printer, specifically the Extended2+ from 

Ultimaker. The printer was using 1.75 mm diameter 

thermoplastic Polylactic Acid (PLA) filament. 

Layer by layer, material was deposited by the 

extrusion process using a heated print nozzle with a 

0.4 mm diameter. PLA's glass transition properties 

were used to quickly solidify the PLA polymer 

designs at the build platform once they cooled. 

 

The 3D printing procedure was customized using 

Cura Software. This produced the G-code in text 

format by allowing the print path, print speed, and 

filament feeding to be specified.  

 

All experimental data were obtained from printed 

samples that were heated to 85 °C in a water bath, 

with the exception of the data shown in Fig 1. 

Samples that were rectangular in shape and had 

dimensions of 30 mm x 5 mm x 1mm were used to 

Reference Parameter(s) Output 

[5] Printing angle Bending radius 

[6] Printing direction Recovery time 

[1] Printing speed Bending curvature 

[7] 

Nozzle temperature; layer thickness 

 and printing speed 
Bending angle and the unfolding angle 

[4] Printing speed and printing direction Curvature 

[8] Printing speed Bending angle and curvature 

[9] Layer thickness and printing direction Shape-recovery ratio 

[10] Printing direction Bending angle 

[11] 

Nozzle temperature; layer thickness 

 and printing speed 
Recovery time and ratio 

[12] Printing speed Deformation 

[3] 

Nozzle temperature, bed temperature, 

 layer thickness and printing speed 
Bending angle 

[2] Printing speed Bending dimensions 

[13] 

Dimensions, nozzle temperature, bed temperature, 

 printing angle and printing speed 
Bending angle 
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examine how printing parameters affected heat-

induced shrinkage. 

 

The heated sample was first flattened to reduce 

thermal gradient-induced deformation and allow for 

direct measurement of the neutral plane's length. For 

each sample, the formula: 

 

εs = - (L - L0)/L0 × 100%  (1) 

was used to calculate the shrinkage strain (εs), 

where L is the deformed length and L0 is the 

original length. 

 

 

Fig. 1 : Process of printing simples 

III. RESULTS 

A. Optimal Thermal Activation Temperature: 

In order to ascertain the optimal temperature for 

thermal activation, shrinkage tests were carried out 

across a temperature range of 50°C to 100°C. 

Among the investigated temperatures, the research 

showed that an 100°C water bath consistently 

produced the most significant heat-induced 

shrinkage. This study emphasizes how important 

thermal activation is to getting the best possible 4D 

printing outcomes, and 100°C turns out to be the 

ideal temperature for further investigation. 
 

 

Fig. 2 : Shrinkage due to activation temperature 

 

Fig. 3: The printed simples after different thermal activation 

 

B. Bed Temperature Influence on Shrinkage: 

Experiments were carried out with bed 

temperatures ranging from 30°C to 70°C to 

investigate the effect of bed temperature on 

shrinkage. The most beneficial findings in terms of 

shrinking were, surprisingly, found at a bed 

temperature of 30°C. This indicates that managing 

the bed temperature is essential for maximizing the 

efficiency of the 4D printing process, with 30°C 

standing out as the most successful value for 

attaining the required shrinkage characteristics. 

 

Fig. 4 : Shrinkage due to bed temperature 

 

C. Nozzle Temperature Optimization: 

In order to learn more about how nozzle 

temperature affects shrinkage, a temperature range 

of 185°C to 210°C was investigated. The results 

clearly showed that the most noticeable and well-

controlled heat-induced shrinking occurred at a 

nozzle temperature of 185°C. This temperature 

threshold is found to be the ideal nozzle setting, 

guaranteeing steady and dependable 4D printing 

performance. 
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Fig. 5 : Shrinkage due to only nozzle temperature 

 

D. Effect of Printing Speed on Shrinkage: 

50 mm/s to 90 mm/s printing speeds were used in 

the trials to determine the effect of printing speed on 

shrinkage. Interestingly, the results showed that the 

best results in terms of consistent and controlled 

shrinkage were obtained at a printing speed of 90 

mm/s. This result emphasizes how important it is to 

optimize printing speed and give it great thought in 

order to get the desired results from 4D printing. 

 

Fig. 6 : Shrinkage due to printing speed 

IV. DISCUSSION 

In our exploration of 4D printing parameters, a 

salient finding was the influence of varying 

activation temperatures on heat-induced shrinkage. 

Specifically, our results illuminated that an 100°C 

activation temperature consistently optimized the 

desired shrinkage outcomes, contrarily to all other 

references using 85° as thermal stimulus value [1-

12]. Only [13] who used 98° as temperature trigger. 

Intriguingly, our investigation further revealed an 

intricate relationship between fabrication 

temperature and printing speed. Notably, lower 

fabrication temperatures coupled with higher 

printing speeds appeared to induce pronounced 

built-in strain within the printed structures. This 

nuanced interplay underscores the criticality of 

balancing temperature and speed parameters, as 

their confluence directly impacts the resultant built-

in strain and, consequently, the efficacy of shape 

transformation in 4D-printed objects. Such insights 

hold significant implications for advancing the 

precision and control of 4D printing processes, 

offering a foundation for further research and 

innovation in the realm of additive manufacturing. 

 

V. CONCLUSION 

In summary, the results clearly demonstrate the 

critical influence of temperature parameters 

(activation, bed, and nozzle) and printing speed on 

the shrinkage characteristics of 4D-printed samples. 

The identified optimal values (100°C activation 

temperature, 30°C bed temperature, 185°C nozzle 

temperature, and 90 mm/s printing speed) provide 

valuable insights for refining the 4D printing 

process using multiple layers with different strains 

and achieving superior control over shape 

transformation, subject of our further works. 
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