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			ABSTRACT: The transition toward digital dentistry is transforming clinical workflows. While 3D printing offers operational advantages, its actual impact on sustainability, time efficiency, and economic profitability compared to traditional analog methods remains a subject of debate, especially in academic training settings. This study aimed to comparatively evaluate the environmental impact (solid waste generation), execution time, and production cost of bimaxillary study models fabricated via a digital workflow (SLA 3D printing) versus the conventional method (alginate and plaster). A paired observational comparative study was conducted on 53 patients. Each participant was evaluated using both methods (paired-measures design). Sustainability was determined by weighing solid waste (grams); cost was calculated by integrating raw materials, labor, and indirect costs; and execution time was measured from the impression acquisition to the attainment of the final model. Differences were analyzed using the Wilcoxon signed-rank test (α=0,05). The 3D digital technique generated a significant reduction in solid waste production, with a median of -669 g (95% CI: -741 to -591) compared to the conventional method (p<0.001). However, the digital workflow presented higher costs, with a median of 86.69 soles (95% CI: 84.15 to 89.24), and a longer production time (median of 2.85 hours vs. 1.38 hours; p<0.001), with a 96.5% probability of superiority regarding speed in favor of the conventional method. Digital manufacturing significantly reduces the solid waste footprint, positioning it as a more sustainable alternative in the academic environment. However, this environmental advantage entails a higher economic and time investment.
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			RESUMEN: La transición hacia la odontología digital está transformando los flujos de trabajo clínicos. Si bien la impresión 3D ofrece ventajas operativas, su impacto real en la sostenibilidad, la eficiencia temporal y la rentabilidad económica comparada con los métodos analógicos tradicionales sigue siendo objeto de debate, especialmente en entornos de formación académica. Este estudio tuvo como objetivo evaluar comparativamente el impacto ambiental (generación de residuos sólidos), el tiempo de ejecución y el costo de producción de modelos de estudio bimaxilares fabricados mediante flujo digital (impresión 3D SLA) frente al método convencional (alginato y yeso). Se realizó un estudio comparativo observacional pareado en 53 pacientes. Cada participante fue evaluado bajo ambos métodos (diseño de medidas pareadas). La sostenibilidad se determinó mediante el pesaje de residuos sólidos (gramos); el costo se calculó integrando materia prima, mano de obra y costos indirectos; y el tiempo de ejecución se midió desde la adquisición de la impresión hasta la obtención del modelo final. Las diferencias fueron analizadas mediante la prueba de rangos con signo de Wilcoxon (α=0,05). La técnica digital 3D generó una reducción significativa en la producción de residuos sólidos, con una mediana de -669 g (IC 95%: -741 a -591) respecto al método convencional (p<0,001). No obstante, el flujo digital presentó mayores costos, con una mediana de 86,69 soles (IC 95%: 84,15 a 89,24) y un mayor tiempo de elaboración (mediana de 2,85 horas vs. 1,38 horas; p<0,001), con una probabilidad de superioridad del 96,5% a favor de la rapidez del método convencional. La manufactura digital reduce significativamente la huella de residuos sólidos, posicionándose como una alternativa más sostenible en el ámbito académico. Sin embargo, esta ventaja ambiental conlleva una mayor inversión económica y una mayor inversión de tiempo. 

			PALABRAS CLAVE: Flujo de trabajo digital; Impresión 3D; Sostenibilidad; Análisis de costos; Eficiencia del tiempo.

			INTRODUCTION

			The ongoing digital transformation of dentistry, driven by the integration of intraoral scanners, CAD/CAM systems, and 3D printing, is progressively displacing traditional analog procedures (1). This transition carries profound clinical (2), economic (3), and environmental implications (4), particularly in academic settings where evaluating the sustainability, efficiency, and cost-effectiveness of study model manufacturing is essential for resource optimization.

			The healthcare sector, including clinical and laboratory dentistry, contributes significantly to greenhouse gas emissions and solid waste production (5,6). This environmental impact has catalyzed a shift toward sustainable dentistry, prioritizing the efficient use of natural resources, energy, and biomaterials to mitigate the field's ecological footprint (7).

			Traditionally, the fabrication of diagnostic models has relied on impressions using irreversible hydrocolloids and their subsequent pouring in dental stone (8). Although this method remains widely used, it presents limitations such as the susceptibility of gypsum to fracture, the need for physical storage, and high consumption of materials, water, and energy, generating significant volumes of solid waste and particles during model processing (9).

			In response to these limitations, digital dentistry has incorporated intraoral scanners and 3D printing systems, which reduce the use of conventional materials, optimize workflow, and decrease some clinical waste. However, 3D printing is not exempt from environmental impact, as it produces other types of waste, aspects that call its true environmental benefit into question (10).

			The temporal factor constitutes another critical variable that defines the operational efficiency of both workflows for obtaining dental models in daily practice. The conventional method involves sequential stages, such as impression taking, stone pouring, setting, and model finishing, whereas the digital workflow replaces these procedures with intraoral scanning, computer-aided design, and 3D printing (2). Various studies have shown that intraoral scanning can reduce clinical time and simplify the workflow by eliminating intermediate stages; however, digital design, printing, and post-processing of printed models can offset this temporal advantage (3,11).

			Consequently, the available evidence is contradictory (12,13), as some studies report greater efficiency of the digital workflow, while others find total times comparable between both techniques, depending on the protocol used and the operator's experience (14). These discrepancies highlight the need for a comprehensive evaluation of the time required from impression acquisition to the attainment of the final model.

			Manufacturing cost constitutes another determining factor in the comparison between conventional dental models and those obtained via 3D printing. The digital workflow requires a high initial investment in intraoral scanners, design software, 3D printers, and photopolymerizable resins, while the conventional method uses low-cost materials such as alginate and dental stone (15,16). Nevertheless, it has been suggested that digitalization could partially offset this investment by reducing indirect costs related to physical storage, model transportation, and workflow optimization (17). Consequently, although conventional models remain more economical in terms of direct costs (18), the available evidence is not yet conclusive regarding the long-term profitability of the digital workflow, particularly in academic contexts where technological resources and production volume can significantly influence costs.

			Current literature presents a critical gap regarding the integrated analysis of sustainability, time, and economic investment in dental workflows. Previous studies have primarily evaluated clinical accuracy or resin mechanical properties in isolation (19). Furthermore, sustainability research often relies on macro-scale life-cycle analyzes that overlook site-specific material waste in academic settings (4), while economic evaluations frequently neglect the weighted labor costs associated with post-processing (3). To address these limitations, we tested the null hypothesis that there are no significant differences between digital and conventional workflows regarding sustainability, processing time, and production costs. Consequently, this study provides a comprehensive comparative evaluation of 3D-printed versus conventional bimaxillary study models.

			MATERIALS AND METHODS

			STUDY DESIGN AND ETHICAL CONSIDERATIONS

			This observational, analytical, comparative study with paired measurements was conducted at the undergraduate clinics of the Faculty of Stomatology, Universidad Nacional de Trujillo (Trujillo, Peru). Each participant underwent both protocols: the conventional impression and the digital workflow (intraoral scanning and 3D printing), By utilizing a paired-measures design, each participant acted as their own control to minimize interindividual variability. The study protocol was approved by the Institutional Research Ethics Committee (Resolution P.I.B. EST.–013–2026) and performed in accordance with the Declaration of Helsinki. All participants provided written informed consent after being fully informed of the study procedures. To ensure confidentiality, all physical and digital models were anonymized via alphanumeric codes, and data were used exclusively for research purposes.

			POPULATION AND SAMPLE

			The population consisted of adult patients treated at the undergraduate clinics of the Faculty of Stomatology who required the fabrication of study models as part of their dental treatment. The sample included 53 adult patients selected via non-probabilistic convenience sampling between March and June 2026. Inclusion criteria were patients requiring dental impressions for study models who voluntarily agreed to participate and signed the informed consent form. Patients who were totally edentulous, had temporomandibular disorders, or suffered from a severe gag reflex that prevented the performance of any of the procedures were excluded. The unit of analysis corresponded to the bimaxillary dental model obtained through each impression technique, forming measurement pairs for the comparative analysis of the variables.

			PROCEDURES

			To ensure study standardization, all clinical and laboratory procedures were performed by a single trained operator, and model quality assessment was conducted by an independent investigator following previously defined criteria.

			Conventional Technique: For each participant, impressions of both arches were obtained using metal stock trays and chromatic alginate (Hygedent®, Shanghai, China), strictly following the manufacturer's recommendations. Subsequently, impressions were disinfected and poured with type III dental stone (Duromix®, Mexico City, Mexico) (20). All clinical procedures were performed by a dentist with specialized training in Oral Rehabilitation. The resulting models were inspected by an independent specialist in Oral Rehabilitation with extensive experience in dental model analysis, verifying the absence of bubbles, tears, and defects that could compromise their quality. If a model did not meet the established criteria, the procedure was repeated.

			Digital Technique and 3D Printing: In an additional session, the same participants underwent intraoral scanning using a CS3600 scanner (Carestream Dental®, Atlanta, USA). All digital records were captured by a dentist with advanced training in digital dentistry and intraoral scanning protocols. Digital files were exported in STL format and subsequently processed for fabrication using stereolithography (SLA) technology with a Form 3B+ printer (Formlabs®, Somerville, USA) and bio-ecological resin (Prizma®, USA). Upon completion of printing, the models underwent standardized washing (Form Wash®) and curing (Form Cure®) processes, according to the manufacturer's specifications.

			STUDY VARIABLES

			Environmental Sustainability: Quantified as the total mass of solid waste generated during each workflow, measured individually in grams using a calibrated analytical balance.

			Production Cost: Calculated by summing direct costs (raw materials) based on actual consumption per model and indirect costs using a linear depreciation model. The estimated service life of digital equipment (CS3600 scanner and Form 3B+ printer) was set at 5 years (10,000 operating hours) (21), according to the formula:

			CP=Cmc+Ctl+(Cdep+Cmaint+Csoft+Cenerg)

			Where: Cmc represents material costs, Ctl the technical labor cost (based on processing time), Cdep the hourly depreciation rate of the equipment, Cmaint the prorated annual preventive maintenance cost, Csoft the annual CAD design software licenses, and Cenerg the estimated energy consumption per printing cycle based on equipment power (kWh) and the local rate effective in 2026.

			Execution Time: Recorded as the total time (in hours) from the beginning of the impression or scan until the final model was obtained.

			DATA PROCESSING

			Data were organized in a database for subsequent statistical analysis in RStudio software (version 2026.05.0-218). Quantitative variables were described using measures of central tendency and dispersion. Data distribution was evaluated using the Shapiro–Wilk test, recommended for small to moderate sample sizes. Since comparisons involved paired measurements and variables did not follow a normal distribution, differences between both techniques were analyzed using the Wilcoxon signed-rank test. Effect size measures included the Hodges–Lehmann pseudomedian and the probability of superiority, both accompanied by their respective 95% confidence intervals, allowing for the interpretation of both statistical significance and the magnitude and direction of observed differences. A significance level of α=0,05 was established for all hypothesis tests. Processing was performed using the tidyverse, stats, and effectsize packages.

			RESULTS

			The present study included 53 cases of patients treated at the Faculty of Stomatology of the Universidad Nacional de Trujillo during 2026. Statistically significant differences were observed in most of the variables analyzed between the 3D digital technique and the conventional method (p<0.001) (Table 1) (Figure 1).

			Regarding sustainability, measured by the mass of solid waste generated (Table 2), the digital method produced a significantly lower waste load, with a median reduction of -669 g (95% CI: -741; -591, p<0.001) compared to the traditional method.

			Regarding costs (Table 3), the 3D digital technique was more expensive, with a median difference of 86.69 soles (95% CI: 84.15; 89.24, p<0.001) compared to the conventional technique.

			Finally, regarding processing time (Table 4), the 3D digital method required significantly more time, with a median of 2.85 hours versus 1.38 hours for the conventional method. The time difference (median: 1.64 hours; 95% CI: 1.22; 2.15, p<0.001) was robust, with a 96.5% probability of superiority in favor of the conventional method.

			

			Table 1. Time, cost, and sustainability in the production of bimaxillary study models using digital 3D and conventional techniques.

			
				
					
					
					
					
					
					
					
				
				
					
							
							Variables

						
							
							n

						
							
							p-value

						
							
							Min

						
							
							Max

						
							
							Median

						
							
							IQR

						
					

					
							
							Sustainability (grams)

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							Digital 3D

						
							
							53

						
							
							<0.001

						
							
							49

						
							
							600

						
							
							61

						
							
							(57- 63)

						
					

					
							
							Conventional

						
							
							53

						
							
							  0.017

						
							
							247

						
							
							1545

						
							
							747

						
							
							(564-897)

						
					

					
							
							Cost (soles)

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
					

					
							
							Digital 3D

						
							
							53

						
							
							<0.001

						
							
							93.43

						
							
							122.10

						
							
							104.33

						
							
							(101.31-104.90)

						
					

					
							
							Conventional

						
							
							53

						
							
							<0.001

						
							
							6.36

						
							
							47.50

						
							
							16.68

						
							
							(12.69-20.58)

						
					

					
							
							Time (hours)

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
							 

						
							
					

					
							
							Digital 3D

						
							
							53

						
							
							<0.001

						
							
							2.21

						
							
							8.83

						
							
							2.85

						
							
							(2.53-3.33)

						
					

					
							
							Conventional

						
							
							53

						
							
							<0.001

						
							
							0.52

						
							
							5.43

						
							
							1.38

						
							
							(0.96-2.05)

						
					

				
			

			n: Number of observations. p-value: Significance value from the Shapiro-Wilk normality test. Values < 0.05 indicate a lack of normality in the data distribution. Min: Minimum observed value. Max: Maximum observed value. IQR: Interquartile range (1st quartile – 3rd quartile)]. Currency exchange rate as of July 18, 2026: 1 USD=3.39 soles.

			[image: ]

			Figure 1. Comparative evaluation of operational efficiency, economic impact, and environmental sustainability between the 3D digital workflow and the conventional method. (a, c, e) Box-and-whisker plots with overlaid jittered points representing the distribution of raw data for manufacturing solid waste (grams), cost (soles), and time (hours) respectively. Boxes indicate the median and interquartile range (IQR), while translucent points represent the 53 individual observations per group. (b, d, f) Scatter plots of the corresponding paired differences (Δ), calculated as 3D Digital minus Conventional; the dashed line at zero represents the equilibrium point. All comparisons showed statistically significant differences (p < 0.001).

			

			Table 2. Difference in sustainability recorded during the production of study models using digital 3D and conventional techniques.
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			n: Number of differences analyzed. p: Wilcoxon signed-rank test. 95% CI: 95% confidence interval. Differences (Δ): Calculated as the mass of waste generated by the digital 3D technique minus the mass of waste generated by the conventional technique (Digital 3D-Conventional) for each patient.

			Table 3. Difference in cost recorded during the production of study models using digital 3D and conventional techniques.
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			n: Number of differences analyzed. p: Wilcoxon signed-rank test. 95% CI: 95% confidence interval. Differences (Δ): Calculated as the cost generated by the digital 3D technique minus the cost generated by the conventional technique (Digital 3D–Conventional) for each patient. Currency exchange rate as of July 18, 2026: 1 USD = 3.39 soles.

			Table 4. Difference in time recorded during the production of study models using digital 3D and conventional techniques.
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			n: Number of differences analyzed. p: Wilcoxon signed-rank test. 95% CI: 95% confidence interval. Differences (Δ): Calculated as the time required by the digital 3D technique minus the time required by the conventional technique (Digital 3D–Conventional) for each patient.

			DISCUSSION

			The present study demonstrated statistically significant differences regarding solid waste generation, production costs, and processing time when comparing a digital workflow using stereolithography (SLA) with the conventional method for fabricating bimaxillary study models; consequently, the null hypothesis is rejected. The digital workflow produced significantly less solid waste, highlighting its potential to optimize material usage and reduce clinical and laboratory waste. These findings align with Hegedus et al. (22) and Byrne et al. (23), who emphasized that digitalization fosters more sustainable practices by simplifying operational steps. Although those studies did not directly quantify solid waste, our results corroborate the trend toward enhanced material efficiency inherent in additive manufacturing.

			However, these results warrant cautious interpretation, as sustainability is a multidimensional construct extending beyond solid waste volume. Our findings partially diverge from Varela et al. (10), who reported similar environmental burdens for both workflows. This discrepancy likely stems from methodological differences; While our study focused on the mass of solid waste, Varela et al. performed a comprehensive life-cycle assessment (LCA) incorporating energy consumption, transportation, and material manufacturing. Consequently, reductions in solid waste do not invariably equate to a lower overall ecological footprint, given the potential environmental costs inherent in other digital workflow components

			The observed reduction in waste is rooted in the fundamental differences between the two manufacturing paradigms. Conventional techniques involve multi-stage workflows reliant on single-use materials, whereas 3D printing utilizes additive manufacturing to deposit material solely as required. This approach aligns with findings by Ahmad et al. (24) and Youssef et al. (25), who identified superior raw material efficiency in additive processes. Although stereolithography (SLA) generates waste through support structures, residual resin, and post-processing consumables, the additive nature of the process fundamentally explains the net decrease in solid waste compared to traditional analog methods.

			From an economic standpoint, the digital workflow exhibited significantly higher production costs than the conventional technique. This aligns with Muehlemann et al. (26), who, in a systematic review and meta-analysis, noted that digital protocols do not consistently offer an economic advantage when total treatment costs are considered. Similarly, Arakawa et al. (27) observed that while digital technologies may reduce specific laboratory expenditures, the substantial initial investment required for equipment and specialized materials often precludes an overall decrease in expenditure. Consequently, the financial feasibility of digital integration appears highly contingent upon the institutional context and specific operational economic conditions

			Conversely, Otake et al. (28) and Casucci et al. (29) reported superior cost-effectiveness for digital workflows. This divergence stems from fundamental methodological differences: while those authors evaluated complete restorative protocols—where reductions in clinical appointments and laboratory hours significantly diminish overall expenses—the present study focused strictly on diagnostic model fabrication. In this specific scenario within a university setting, specialized resin costs, equipment maintenance, and hardware amortization carry greater relative financial weight, particularly in academic institutions characterized by lower production volumes.

			Furthermore, economic interpretations must account for the distinct cost structures of each workflow. Whereas conventional methods rely predominantly on low-cost materials and manual labor, digital workflows shift the primary expenditure toward technological infrastructure and specialized consumables. Consequently, focusing solely on direct production costs may underestimate the economic efficiency of 3D printing, failing to capture intangible value drivers such as superior dimensional accuracy, optimized digital archiving, and model reproducibility (26,27).

			Regarding processing time, the digital workflow was significantly less efficient than the conventional technique—a finding that contrasts with reports stating that digital dentistry improves efficiency by eliminating manual stages. As noted by Bessadet et al. (30), these temporal advantages are highly contingent upon the specific clinical protocol and operator proficiency. In our study, the prolonged digital processing time is attributed to the iterative demands of file segmentation, 3D printing, and the mandatory post-processing stages, such as washing and light-curing.

			The observed temporal disparity is likely influenced by the learning curve associated with software management, alongside the mandatory requirements of STL file segmentation and post-printing procedures (washing and light-curing). While Cheng et al. (31) reported improved consistency and decreased treatment times with digital workflows, their evaluation focused on definitive restorations rather than physical model fabrication. This highlights that temporal efficiency must be interpreted relative to the specific clinical objective and the operational constraints of the laboratory environment

			In accordance with Mühlemann et al. (32), the available literature shows significant heterogeneity regarding the efficiency of digital manufacturing. The temporal superiority of digital workflows seems to depend less on the technology itself and more on the degree of integration of the digital ecosystem in which it is implemented. While some protocols eliminate times associated with the setting and handling of gypsum, others may introduce new critical points related to equipment calibration, support preparation, or post-processing—factors that acquire special relevance in academic contexts.

			LIMITATIONS AND STRENGTHS

			These results should be interpreted in light of certain limitations. The single-center design and convenience sampling inherently restrict the generalizability of our findings. Additionally, our environmental assessment was limited to solid waste quantification, excluding broader life-cycle metrics such as energy consumption, carbon footprint, or water usage. However, these findings are supported by the study's rigorous strengths, notably its paired-measure design, the strict standardization of clinical and laboratory protocols, and the simultaneous evaluation of sustainability, operational time, and production costs using objective indicators.

			CLINICAL IMPLICATIONS

			From a clinical and practical perspective, the results of this study could provide relevant evidence for decision-making in dental institutions and professional training centers seeking to incorporate digital technologies based on criteria of sustainability and efficiency. Although the digital technique showed advantages related to the reduction of solid waste, this benefit must be interpreted in conjunction with the observed increase in production cost and time. Consequently, the selection of a specific workflow should consider not only immediate economic criteria but also environmental factors, technological availability, institutional objectives, and the potential long-term benefits associated with the digitalization of dental procedures.

			CONCLUSION

			In conclusion, while 3D printing significantly reduces solid waste compared to conventional techniques, this environmental gain is offset by higher production costs and longer processing times. These findings highlight a critical trade-off between sustainability and operational efficiency in academic dental settings. Ultimately, 3D printing represents a viable strategy for advancing sustainable dentistry, although future research employing comprehensive life-cycle assessments—including energy consumption and carbon footprint—is required to define the total ecological impact of these digital workflows.

			RECOMMENDATIONS

			Based on the evidence gathered, we offer the following recommendations for dental academic institutions:

			

			Strategic Adoption: Given the significantly higher production costs and time requirements of digital workflows, institutions should reserve the use of 3D printing for complex cases where diagnostic precision is paramount, rather than for routine undergraduate study models. 

			Hybrid Workflow Implementation: To balance environmental sustainability with operational efficiency, schools could implement a hybrid protocol, using digital printing techniques to reduce clinical waste while selectively using conventional stone models for high-volume academic practice. 

			Economic and Workflow Optimization: Departments should conduct local cost-benefit analyzes that account for maintenance and software licensing before scaling up digital production, ensuring that the environmental benefits justify the financial investment within their specific budgetary constraints. 

			Future Research Focus: We recommend future studies to incorporate a comprehensive Life Cycle Assessment (LCA) that includes energy consumption, material lifecycle, and transportation, as these factors are essential for a complete understanding of the environmental impact in dental education.
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ABSTRACT: The transition toward digital dentistry is transforming clinical workflows. While 3D printing
offers operational advantages, its actual impact on sustainability, time efficiency, and economic
profitability compared to traditional analog methods remains a subject of debate, especially in academic
training settings. This study aimed to comparatively evaluate the environmental impact (solid waste
generation), execution time, and production cost of bimaxillary study models fabricated via a digital
workflow (SLA 3D printing) versus the conventional method (alginate and plaster). A paired observational
comparative study was conducted on 53 patients. Each participant was evaluated using both methods
(paired-measures design). Sustainability was determined by weighing solid waste (grams); cost was
calculated by integrating raw materials, labor, and indirect costs; and execution time was measured
from the impression acquisition to the attainment of the final model. Differences were analyzed using
the Wilcoxon signed-rank test (a=0,05). The 3D digital technique generated a significant reduction in
solid waste production, with a median of -669 g (95% Cl: -741 to -591) compared to the conventional
method (p<0.001). However, the digital workflow presented higher costs, with a median of 86.69
soles (95% Cl: 84.15 to 89.24), and a longer production time (median of 2.85 hours vs. 1.38 hours;
p<0.001), with a 96.5% probability of superiority regarding speed in favor of the conventional method.
Digital manufacturing significantly reduces the solid waste footprint, positioning it as a more sustainable
alternative in the academic environment. However, this environmental advantage entails a higher
economic and time investment.

KEYWORDS: Digital workflow; 3D printing; Sustainability; Cost analysis; Time efficiency.





OEBPS/image/5.png
(@)

Sostonibilad (gramos)

Goso (soles)

()

Tiempo (horas)

o
1500 >
e
w e
00 5 T
o s 0
Dotz Coosien S
(n=53) (n=53) (n=53)
()
100) 100/ -
7"
« E L
0| s ” bl
. § -
“ 0 0]
E s m
o Gt e
(n=53) (n=53) (n=53)
. .
|
° £
2 2
4 g
£
% LI
’ = | -
o «
ToE e oo
s =






