 


SCALLABI: Advanced 3D-Printed Biodegradable Bone Scaffold Technology for Indonesia Self-Sufficiency in Implant Materials

Nayaka Mahesa Putra Subagyoa), Baiq Firyal Salsabila Safitrib), Ulytz Sukma Susilac)

Department of Industrial Engineering, University Of Muhammadiyah Malang, Malang, Indonesia
 
a) channelnayakamahesaps@gmail.com
b) Corresponding author: baiqfiryal@umm.ac.id
c) ulytzclassroom@gmail.com 

Abstract. Mechanical properties are an important factor in scaffolds as tissue engineering implant materials. This study aims to determine the mechanical properties and biodegradability of scaffolds as a replacement for pin treatment in patients with bone fractures. Scaffolds were printed with different thicknesses to obtain maximum results related to the use of 3D-printed scaffolds as bone implant materials. The scaffolds were printed using a 3D printer with the Fused Deposition Modelling (FDM) method, using PolyLactid Acid (PLA) filament material and a Truncated Hexahedron unit geometry design. The research method employed an experimental approach with testing. The mechanical tests consisted of two types: tensile strength testing and compressive strength testing. The research results showed that the compression strength test revealed a negative trend between scaffold thickness and compressive strength, where thicker scaffolds had higher compressive strength values. The tensile strength test also showed a negative trend between scaffold thickness and tensile strength values. Biodegradation testing on the scaffold was conducted to determine the degradation properties of the scaffold in the body, and the results showed that the 3D-printed PLA-based scaffold was capable of degrading in the body. This was evidenced by a decrease in the pH of the Phosphate Buffer Saline (PBS) solution soaked with the scaffold and a decrease in the mass of the scaffold soaked in the PBS solution. 
Introduction
Bone fractures represent a persistent health concern in Indonesia, particularly as a result of traffic accidents, which remain a leading cause of injury nationwide [1]. According to the Ministry of Health, Indonesia has one of the highest fracture prevalence rates in Southeast Asia, reaching 5.5% [2]. The World Health Organization (WHO) also reports that traffic-related injuries cause over 1.35 million deaths and more than 50 million non-fatal injuries globally each year [3]. Left untreated, bone fractures can lead to complications such as deformation, tissue damage, and chronic infection, especially when proper medical intervention is delayed or inaccessible [4].
In clinical settings across Indonesia, internal fixation using metal implants commonly called "pen" is the standard procedure for treating fractures [5]. Stainless steel is the most widely used material due to its low cost and adequate strength. However, its long-term use may lead to complications, including allergic reactions and bacterical accumulation, which can hinder bone regeneration [6]. Titanium implants, although offering better biocompatibility and healing potential, are significantly more expensive, both in installation and removal, making them unaffordable for much of Indonesia’s population [7].
As a result, many patients in rural areas rely on traditional bone-setting practices such as sangkal putung, which are culturally accepted and inexpensive [8]. However, these methods often lack clinical accuracy and safety, and in many cases lead to further internal damage, improper healing, and long-term complications [9].
These challenges highlight the urgent need for innovative, cost-effective, and biocompatible alternatives to conventional implant materials. This study, titled SCALLABI: Advanced 3D-Printed Biodegradable Bone Scaffold Technology For Indonesia Self-Sufficiency in Implant Materials, aims to develop a biodegradable bone scaffold made from PolyLactic Acid (PLA), fabricated using 3D printing technology with a Truncated Hexahedron design. The proposed scaffold is designed to promote faster and safer bone regeneration, reduce dependency on imported implants, and offer an eco-friendly, clinically viable solution tailored to Indonesia’s healthcare needs.
method
This study employed a quantitative experimental approach, aiming to examine the mechanical and biodegradable properties of 3D-printed scaffolds made from polylactic acid (PLA) filament. 
The materials used include PLA filament with a 1.75 mm diameter as the scaffold printing material, and Phosphate Buffer Saline (PBS) with a pH of 7.5 for the biodegradation process. The tools involved consist of Inventor software, digital calipers, micrometer screw, pH meter, digital scale, and the Autograft Microcomputer-Controlled Universal Testing Machine for both compressive and tensile strength testing. 
The research variables were categorized based on the type of test:
· Mechanical Testing:
Independent variable: 3D-printed scaffold thickness
Dependent variable: Mechanical testing machine readings
Controlled variables: Compressive strength, elongation
· Biodegradation Testing:
Independent variable: 3D-printed scaffold
Dependent variables: PBS solution and immersion duration
Controlled variables: Scaffold mass (grams), PBS pH
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FIGURE 1. Scaffold Design Procces

Five Scaffold sample were prepared for each type of test (Compressive and Tensile Strength). Sample varied in thickenss by adjusting the spacing between struts during the CAD modelling process, in order to observe how geometry affects performance. The design process was conducted using Autodesk Inventor 2025, employing a Truncated Hexahedron unit cell structure. The process started with constructing an octagonal base on the top plane, followed by building structures on the front and right planes, then rotating them 90° to form a 3D geometry.

 The scaffold was designed using the Swept Boss/Base feature to adjust cylindrical pore sizes, followed by assembling multiple unit cells into a complete geometry. The final design was exported in STL format and printed using PLA filament with a 3D printer under the following parameters: 180°C temperature, 0.4 mm nozzle diameter, 80% infill, 0.2 mm resolution, and 50 mm/s print speed. 
Testing Procedures 
Mechanical testing : Samples were measure for dimensional accuracy. For compressive strength, scaffolds were placed in the Universal Testing Machine and loaded gradually until structural failure occurred. For tensile strength, tapered ends were created to ensure centralizd load application and minimize stress concentration. Samples were tested until fracture.
The dimensions of each sample were measured first. Each scaffold was placed in the Universal Testing Machine, and load was applied gradually until failure. The load at which the sample fractured was recorded as the compressive strength. Samples were clamped between two grips, and tension was applied until the scaffold broke. The maximum force (Fmax) and the elongation of the sample were recorded. Each sample’s initial mass was measured, then immersed in 15 mL of PBS solution inside closed containers. Samples were observed on Day 0, 6, 12, and 18. Mass changes and PBS pH were recorded during each observation.
 
RESULT AND DISCUSSION
Scaffold were design using Autodesk-Inventor software to design the 3D-printed scaffold. All experimental procedures were conducted in accordance with standards established by the American Society for Testing and Materials (ASTM). In the biodegradation test, the scaffold was designed to suit bone-related applications; hence, variations in thickness were present depending on the specific anatomical needs. For the compressive strength test, the scaffold was designed in a cube shape, with each side comprising four unit cells. Meanwhile, the tensile strength test followed the specifications outlined in ASTM D638, using a 1:0.5 ratio for dimensions, ensuring consistency with standardized test methods. The CAD designs for the compressive strength test and tensile strength test are shown in FIGURE 2 and FIGURE 3, respectively. These scaffold models were prepared using computer-aided design (CAD) software and then exported in STL format for further processing in the 3D printing stage.


[bookmark: _Ref205717895]FIGURE 2. Scaffold Design Results for Compressive Strength
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[bookmark: _Ref205717901]FIGURE 3. Scaffold Design Results for Tensile Strength Test 

The designed scaffold was subsequently imported into the 3D printing machine and fabricated through an additive manufacturing process, in which the material was deposited layer by layer (FIGURE 4). The filament material used was Polylactic Acid (PLA) with a diameter of 1.75 mm. The 3D printer operated at a printing speed of 50 mm/s and a filament melting temperature of 180°C.
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[bookmark: _Ref205717952]FIGURE 4. Printed Scaffold Results for Compressive Strength Testing

For tensile testing, the scaffold ends were trimmed to form tapered regions, ensuring centralized load application and minimizing stress concentration. The printed scaffolds closely matched the intended designs, though dimensional variations occurred due to printer settings. Smaller pore sizes resulted in thicker structures, while larger pores produced thinner scaffolds. These interconnected pores support cell migration and nutrient transport, essential for new bone formation. Dimensional measurements were taken prior to mechanical testing. Compressive strength values ranged from 1.723 to 4.159 MPa, indicating all samples met the mechanical criteria for bone implants. Thinner scaffolds showed lower compressive strength due to reduced support structure, whereas thicker scaffolds exhibited better mechanical performance. Tensile strength values also met literature standards, confirming the scaffold's suitability for load-bearing applications. The compressive test, based on force applied over cross-sectional area, provided insight into structural integrity under pressure. Results varied with design and thickness, with maximum strength reached prior to scaffold failure. A graph illustrating the relationship between vertical displacement and compressive strength was obtained.
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[bookmark: _Ref205717964]FIGURE 5. Compressive Strength Test Graph Showing Force-Displacement Behavior

FIGURE 5 shows the compressive test graph displays an upward trend, reflecting increasing compressive force. The compressive strength was identified at the first plateau in the curve, indicating the onset of scaffold deformation. Thicker scaffolds occasionally failed to generate valid data due to structural instability or testing errors, highlighting the need for improved scaffold design to prevent premature failure.
[bookmark: _Ref205718533]TABLE 1. Compressive Strength Results
	Sample -
	Compression Strength Results (MPa)

	1
	4.159

	2
	3.781

	3
	2.557

	4
	2.333

	5
	1.723
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FIGURE 6. Compressive Strength Test Value Graph

TABLE 1 indicate that scaffold thickness has a significant impact on compressive strength. Thicker 3D-printed scaffolds demonstrated higher compressive strength, while thinner ones exhibited lower values. With measured strengths ranging from 1.723 to 4.159 MPa, all samples met the minimum mechanical threshold for cortical bone substitutes, which typically range between 1.5 and 7.8 MPa, thereby supporting their potential for new tissue growth.
To further evaluate their suitability as bone substitutes, tensile strength testing was performed at the Physics Laboratory, Universitas Airlangga. The test involved applying a uniaxial tensile force until fracture, providing insight into the material’s behavior under load. Tensile strength outcomes were governed by the stress–strain relationship, reflecting both elasticity and failure characteristics of the scaffold. The test results are summarized as follows.
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[bookmark: _Ref205718029]FIGURE 7. Graph of Tensile Strength Test Results

Data analysis was performed to determine the values of tensile strength and elongation. Tensile strength refers to the maximum tensile load that a material can withstand before failure or fracture occurs. The test was conducted once for each scaffold sample. The calculated tensile strength values, along with elongation data, are presented in TABLE 2 and FIGURE 8.
[bookmark: _Ref205718061][bookmark: _Ref205718047]TABLE 2. Tensile Strength Test Value Results 
	Sample –
	Tensile Strength (Mpa)

	1
	13.189

	2
	11.181

	3
	9.033

	4
	5.672

	5
	4.619
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[bookmark: _Ref205718093][bookmark: _Ref205718076]FIGURE 8. Tensile Strength Test Graph

The tensile test results and stress–strain curves revealed a linear increase in stress with applied force until sample fracture, after which the curve declined. The recorded tensile strength ranged from 4.619 MPa to 13.189 MPa, indicating variability likely due to differences in scaffold thickness or material uniformity. These values fall within the natural bone tensile strength range (3–20 MPa), confirming the scaffolds' suitability for bone tissue engineering. A positive correlation was observed between scaffold thickness, tensile strength, and elongation. The tensile strength values—4.619, 5.672, 9.033, 11.181, and 13.189 MPa—demonstrate the scaffold’s ability to endure tensile loads as bone substitutes.
[bookmark: _Ref205718259]



TABLE 3. Elongation Test Results
	Sample –
	Elongation (%)

	1
	14.256

	2
	13.130

	3
	11.236

	4
	5.894

	5
	4.860
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[bookmark: _Ref205718614]FIGURE 9. Elongation Test Results





TABLE 3 showed elongation values ranging from 4.860% to 14.256%, all within the accepted range for bone substitutes (3.6%–50%) as reported by Carter [10]. The individual elongation values 4.860%, 5.894%, 11.236%, 13.130%, and 14.256% demonstrate the scaffold’s adequate ductility to accommodate physiological stretching, mimicking natural bone behavior (FIGURE 9). While tensile strength confirms the scaffold's ability to bear loads, elongation reflects its deformation capability during functional movement.
The in vitro biodegradation test was carried out by immersing each 3D-printed PLA scaffold in 15 mL of Phosphate Buffered Saline (PBS) solution. Evaluations were conducted on day 0 and subsequently every 6 days over three intervals to monitor mass loss and pH changes, both serving as indicators of scaffold degradation. The results of the degradation test are presented in the following figure.

[bookmark: _Ref205718311]TABLE 4. Biodegradation Test Results
	Sample
	Mass (g) on day
	pH on day -

	
	0
	6
	12
	18
	0
	6
	12
	18

	1
	0.70
	0.74
	0.73
	0.72
	7.57
	7.53
	7.53
	7.48

	2
	0.67
	0.66
	0.66
	0.62
	7.57
	7.52
	7.52
	7.51

	3
	0.80
	0.80
	0.80
	0.76
	7.55
	7.53
	7.52
	7.51

	4
	0.64
	0.64
	0.64
	0.62
	7.55
	7.53
	7.50
	7.5

	5
	0.69
	0.69
	0.69
	0.65
	7.57
	7.55
	7.50
	7.49
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[bookmark: _Ref205718359]FIGURE 10. Results of Scaffold Mass Change After PBS Immersion
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[bookmark: _Ref205718446]FIGURE 11. Results of PBS Solution pH Change Test

Based on TABLE 4, a graph was constructed to illustrate the relationship between immersion time (days) and both the mass (grams) and pH values. FIGURE 10 shows the changes in mass from day 0 to day 18. According to the data, by day 18, the PLA scaffold had not yet experienced a significant reduction in mass. However, this does not necessarily indicate that the 3D-printed scaffold material is non-degradable. Therefore, monitoring the pH of the PBS solution is crucial. According to Rodrigues et al. [11] a decrease in the pH of the PBS solution used to soak the scaffold can serve as an indicator of polymer degradation. Lactic acid, the degradation product of PLA, contributes to the reduction in the surrounding pH.
FIGURE 11 show a consistent decrease in the pH of the PBS solution over the 18-day immersion period. The most notable change occurred in sample 1, where the pH dropped from 7.57 to 7.48. This confirms that degradation had occurred, initiated by the breakdown of PLA polymer chains into monomers namely, lactic acid. The presence of H⁺ ions from lactic acid leads to a decrease in the environmental pH. This confirms that the 3D-printed scaffold is indeed biodegradable. Such materials can degrade naturally within the body over time. The prolonged degradation period adds value to the scaffold's function as a bone implant material.
The porous architecture of the scaffold mimics the extracellular matrix, promoting cell adhesion and new bone tissue growth. As regeneration occurs, the scaffold gradually degrades. Although no significant mass loss was observed during the 3-week biodegradation test due to PLA’s inherently slow degradation rate of approximately 6 to 24 months changes in pH provided evidence of ongoing degradation. Specifically, pH values decreased from 7.57 to 7.48 (sample 1), 7.57 to 7.51 (sample 2), 7.55 to 7.50 (sample 3), and 7.57 to 7.49, indicating acidification due to lactic acid release from PLA breakdown. This suggests that hydrolysis of the polymer chains had begun. Overall, mechanical and biodegradation tests confirm that the 3D-printed scaffold is both safe and effective as a bone implant capable of withstanding physiological loads and degrading naturally in the body without the need for secondary surgery.

CONCLUSION
The scaffold design was developed using Autodesk Inventor software, with distinct configurations created for compressive and tensile testing, incorporating variations in scaffold thickness based on pore spacing. The printed scaffold was successfully produced in accordance with the design, exhibiting macroscopic interconnectivity between pores.
The mechanical compression test results indicated differences in compressive strength between scaffolds of varying thicknesses. However, overall, all scaffolds met the criteria for bone substitute materials according to values reported in the literature. The elongation and tensile strength values of the 3D-printed scaffolds were consistent with standard bone literature. Based on all test data, it can be concluded that the scaffolds are capable of withstanding mechanical loads and supporting bone tissue growth effectively as a structural support until the formation of new bone tissue is achieved.
The biodegradation test demonstrated that the PolyLactic Acid (PLA)-based scaffolds are biodegradable and can degrade within the body over a certain period, allowing for the formation of new bone structure. This was evidenced by a gradual decrease in pH and scaffold mass in each evaluation.
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