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Conventional vs. digital wax-up: a crossover study on 

accuracy and undergraduate student satisfaction 

 

Abstract 

Objectives 

The aim of this study was to compare the accuracy and user experience of diagnostic wax-ups 

performed by dental students using conventional and digital Computer-Aided Design (CAD) methods. 

Methods 

A crossover design was implemented with 105 fourth-year dental students. Each participant 

completed diagnostic wax-ups using both methods on standardized 3D-printed models, with a one-

week washout period. Spatial visualization skills were assessed via the Mental Rotation Test (MRT) 

prior to the wax-up tasks. The conventional method involved manual wax sculpting, while the digital 

method utilized Meshmixer 3.5 software for teeth adaptation. Accuracy was evaluated using Iterative 

Closest Point (ICP) algorithms and metrics such as mean squared distance, Chamfer distance, and 

Hausdorff distance. After each session, a user experience questionnaire was administered. 

Results 

The conventional method yielded significantly higher accuracy (p < 0.001) compared to the digital 

method. Nevertheless, students strongly preferred the digital approach for its ease of use (p < 0.001). 

MRT results showed no significant correlation between the 3D spatial skills and wax-up accuracy for 

both methods. 

Conclusions 

Conventional wax-ups demonstrated higher accuracy, while the digital method was favored for its 

user-friendliness. The absence of a correlation between spatial skills and performance suggests that 

other factors may influence outcomes. Digital solutions such as Meshmixer provide a cost-effective 

CAD alternative in resource-limited educational settings. 

Clinical Significance 

Using easily implementable CAD software in dental schools could allow more CAD training within the 

curriculum, helping bridge the gap between undergraduate training and postgraduate practice, where 

CAD is extensively used. 

Keywords: Competency-Based Education; Computer-Aided Design; Education, Dental; Imaging, Three-

Dimensional; Motor Skills. 

 

Key findings:  

▪ Conventional wax-ups were more precise, highlighting their higher accuracy. 

▪ Students prefer digital wax-ups despite lower accuracy, due to their ease of use. 

▪ No significant correlation between 3D visualization skills and wax-up accuracy. 

▪ Meshmixer offers a CAD alternative for resource-limited dental education. 
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I. Introduction 

 

The success of prosthetic planning relies heavily on the accuracy of diagnostic wax-ups, which play a 

pivotal role in predicting the aesthetic and functional outcomes of dental restorations. These wax-ups 

are indispensable tools for evaluating the feasibility of complex treatments and ensuring the overall 

success of prosthetic rehabilitation [1–5]. Traditionally, diagnostic wax-ups have been created manually 

by sculpting wax on plaster models, a method that, despite its effectiveness, is labor-intensive and skill-

dependent [5]. 

However, advances in digital technologies have revolutionized the field of dentistry. Computer-aided 

design (CAD) tools, combined with optical scanners and computer-controlled milling, now offer an 

alternative to manual techniques. These technologies aim to enhance efficiency and reproducibility 

within digital workflows [6–11]. Yet, adopting CAD methods for diagnostic wax-ups presents several 

challenges. These include high initial costs, continuous maintenance demands, and a steep learning 

curve for mastering new software  [12,13]. 

While CAD technologies hold immense potential, comparative studies have revealed discrepancies in 

the accuracy and reliability of digital versus conventional methods. For instance, Abduo et al. [14] 

demonstrated that conventional wax-ups outperformed digital methods in certain dimensional criteria. 

Similarly, Mino et al. [15] highlighted that while digital tools provide volumetric data quickly, they often 

fail to match the nuanced precision achievable with manual techniques. Moreover, qualitative 

evaluations frequently emphasize the limitations of digital wax-ups in reproducing anatomical details 

such as contact points, cusp morphology, and axial contours [15,16]. 

In dental education, the integration of CAD tools poses unique pedagogical challenges. On one hand, 

conventional physical wax-ups remain central to teaching foundational manual dexterity and spatial 

visualization skills. On the other hand, the growing prevalence of CAD/CAM workflows in clinical and 

laboratory settings demands that students acquire proficiency in digital methods [12,17]. However, the 

financial burden of equipping dental schools with high-performance computers and specialized 

software can limit students' exposure to these tools, exacerbating inequities among students with 

varying levels of access to technology [13]. 

To address these challenges, there is a growing interest in leveraging open-source or low-cost digital 

tools that require minimal computing resources to bridge the gap between the professional demand for 

CAD expertise and the limited resources of many dental schools [13,15]. These tools offer an accessible 

entry point for students to develop basic CAD skills without the financial and logistical barriers 

associated with commercial software. By integrating these solutions into educational curricula, faculties 

can ensure broader access to CAD training while preparing students for future professional practices. 

Wax-up performance evaluation, whether digital or conventional, introduces additional complexity. 

Current assessment methods rely heavily on subjective criteria, such as aesthetic scoring or student self-

assessment, sometimes supplemented by software including E4D Compare (D4D Technologies 

(Richardson, TX, USA) for quantitative analysis [18,19]. While these tools offer valuable insights, they 

are not without limitations. For instance, the alignment of digital models, which is assumed to be 

perfect, inevitably introduces minor inaccuracies. Furthermore, most evaluations do not fully address 

the educational challenges involved, such as cognitive and manual learning processes, required to 

master CAD tools [15,20]. 
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Another unexplored dimension is the role of spatial mental rotation abilities—the capacity to visualize 

and manipulate 3D objects mentally—in influencing wax-up performance [21]. This cognitive skill, while 

critical in conventional methods, may also play a role in digital workflows, where students interact with 

virtual models. Understanding this relationship could inform the design of more effective training 

programs that bridge the gap between physical and digital techniques. 

This study aims to compare the accuracy and user experience of diagnostic wax-ups created using 

conventional and digital methods. The primary aim is to evaluate the dimensional accuracy of wax-ups 

through quantitative metrics. The secondary aims include assessing user satisfaction through 

structured questionnaires and exploring the role of cognitive factors, such as spatial mental rotation 

abilities, in wax-up performance. By integrating these perspectives, this study seeks to provide a 

comprehensive understanding of the strengths and limitations of both techniques, offering insights to 

optimize pedagogical strategies and better prepare the next generation of dental professionals for 

clinical practice.  

The null hypotheses are that there is no difference in accuracy between diagnostic wax-ups created 

using conventional and digital methods, and that the order of practical sessions (whether digital 

followed by physical or physical followed by digital) in the crossover design does not influence the 

results 

 

II. Method 
II.1. Study Design and Participants 

This crossover study design was implemented with 105 fourth-year dental students from the Dentistry 

Department of the Faculty of Health of [city anonymized], during the 2023–2024 academic year. 

Participants completed wax-ups using both conventional and digital methods during two separate 2.5-

hour practical sessions, spaced one week apart to minimize washout effects and reduce “carry-over” 

effects (Error! Reference source not found.) [22].  

Ethical approval was obtained from the Research Ethics Committee of the Federal University of [city 

anonymized] (Approval Number: 00011835-2023-1130-754). Informed consent was obtained by all the 

participants before their participation.  

An a priori sample size calculation was performed using G*Power 3.1.9.7. The sample size calculation 

revealed that 94 participants were needed to achieve a power of 80% with an assumed effect size of 

0.3 and an alpha of 0.05. Accordingly, 105 students were initially enrolled, and 95 students completed 

both practical sessions. The crossover design allowed direct intra-subject comparisons, reducing the 

impact of individual variability and improving the reliability of the findings. 

 

II.2. Model Standardization 

ANA-4 models (Frasaco GmbH, Tettnang, Germany), commonly used in preclinical fixed prosthetics 

training, were employed. Defects were introduced on four maxillary incisors to simulate realistic 

clinical conditions. The ANA-4 models, both with and without simulated defects, were scanned using 

a 3Shape E Series tabletop scanner (accuracy: 10 microns) (3Shape, Copenhagen, Denmark) to 

generate digital 3D representations. The scanned models were saved in Standard Tessellation 

Language (STL) format, which is commonly used in 3D printing and computer-aided design to represent 

surface geometry as a collection of triangular facets (Error! Reference source not found.). These STL 
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files were processed using slicing software Chitubox Basic 1.9.4, (Shenzhen CBD Technology Co, 

Shenzhen, China) 

To ensure accuracy in the 3D printing process, a calibration phase was performed first. A 20 mm-sided 

calibration cube was printed, and its dimensions were measured along all axes using a precision caliper. 

The measured dimensions were compared to the target values. The calibrated Photon Mono printer 

(Anycubic, Shenzhen, China), employing UV LCD technology (50 mm/h printing speed, 0.05 mm XY 

resolution, and 0.01 mm Z resolution), was then used to produce the 3D-printed models. A grey-

colored water washable photopolymer resin (Elegoo, Shenzhen, China) was employed, and all models 

were printed in a vertical orientation. Standardized defective models were provided to all participants, 

while intact models served as aesthetic references. 

 

II.3. Practical Procedures:  

Students were trained on both methods through a one-hour theoretical session held two weeks before 

the practical sessions. The session included instructional videos on conventional and digital wax-up 

techniques, which were made available for further reference. 

• Conventional Method: Students utilized Geo Natural Wax (Renfert, Hilzingen, Germany) to 

sculpt tooth morphology on their 3D-printed defective models, employing a variety of heated 

instruments such as carvers and wax knives. The session lasted 2.5 hours, followed by a user 

experience questionnaire. 

• Digital Method: The digital wax-up process involved fitting an average tooth form from 

Christian Brenes’ library of teeth and pontics onto virtual pretreatment models using 

Meshmixer 3.5 software (Autodesk, San Francisco, U.S.)[23]. Students refined the fitted forms 

by utilizing the Sculpt and Edit tools within the software to achieve the desired tooth 

morphology. This software was chosen for its accessibility, intuitive interface, and free license, 

making it particularly suitable for educational purposes. The session matched the conventional 

wax-up session in duration and was followed by the same user experience questionnaire to 

ensure consistent evaluation. The computers used for the digital wax-up were equipped with 

Intel Pentium Gold G5400 CPUs @ 3.70 GHz, 4 GB of DDR4 RAM with a frequency of 2666 MHz, 

and Intel UHD Graphics 610. These specifications, though modest, were sufficient to run the 

software efficiently in an educational setting. 

 

II.4. Evaluation Metrics 

Completed wax-ups were scanned using a 3Shape E Series tabletop scanner and converted into point 

clouds. These were aligned with the intact reference model using the Iterative Closest Point (ICP) 

algorithm, minimizing discrepancies [24–26]. To ensure robust accuracy measurements and mitigate 

the influence of wax residues and margin inconsistencies, we selected a global area of interest (AOI) 

covering the entire model surface. The alignment relied primarily on approximately 87% of the surface 

corresponding to unchanged anatomical regions, providing a stable reference and minimizing 

distortion from localized wax application or margin irregularities. Then, accuracy measurements 

(distance calculations) were conducted on the complete surface, including both unchanged and 

modified areas, to comprehensively assess the overall deformation pattern without bias. Three metrics 

were used to assess accuracy: 
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• Mean Squared Distance (MSD): This metric calculates the average squared distance between 

corresponding points on the wax-up and the reference model. By squaring the deviations, 

larger discrepancies are given more weight, making this metric particularly sensitive to 

significant misalignments across the entire surface. 

• Chamfer Distance: Chamfer distance evaluates the proximity of each point on the wax-up 

model to the closest point on the reference model and vice versa. It captures both global and 

localized deviations by accounting for asymmetry in the alignment, ensuring a balanced 

representation of discrepancies between the two surfaces [27]. 

• Hausdorff Distance: Hausdorff distance identifies the single largest discrepancy between the 

farthest points on the wax-up and the reference model. This metric is particularly useful for 

detecting extreme outliers that may not significantly influence the overall average but could 

indicate problematic areas of the wax-up [28]. 

To ensure reliability, each metric was calculated five times, and the composite metric was computed 

using the averaged values. 

 

II.5. Mental Rotation Test (MRT) 

Before the practical sessions, participants completed a Mental Rotation Test (MRT), a standardized 

assessment of 3D spatial visualization skills. The test, elaborated by Vandenberg and Kuse from the 

original figures of Shepard and Metzler, measures the ability to mentally rotate 3D objects to 

determine congruence between different perspectives [29,30].  

 

II.6. User Experience Evaluation 

The User Experience Questionnaire - Short Version (UEQ-S) is a concise tool designed for the rapid 

evaluation of user experience in products, services, or processes [31]. It captures subjective 

perceptions of the user experience, focusing on key aspects such as efficiency, clarity, attractiveness, 

and stimulation. This shortened version of the questionnaire consists of 8 items (Supplementary 1) 

and is specifically designed to provide quick assessments while maintaining sufficient reliability for 

comparative studies. Each item is presented as a pair of opposing adjectives, allowing users to rate 

their experience on a 7-point scale. The UEQ-S evaluates both pragmatic qualities, such as ease of 

use and intuitive understanding, and hedonic qualities, including perceived enjoyment and originality 

during the experience. Its structure enables a rapid yet reliable analysis of user satisfaction. 

 

II.7. Pseudonymization of Data: 

Digital data collected during the practical sessions, including questionnaire responses and volumetric 

concordance rates, were pseudonymized by assigning a sequential identification number. This process 

was carried out in accordance with the recommendations of the General Data Protection Regulation 

for Education (GDPR-E) to minimize risks associated with the handling of personal data. 

 

II.8. Statistical analysis 
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To achieve a robust statistical analysis, a composite metric was generated by combining the three 

individual measures: Mean Squared Distance, Chamfer Distance, and Hausdorff Distance. Each 

measure was normalized to a common scale to eliminate differences in their ranges, ensuring that the 

comparisons between them were reasonable. Normalization also accounted for variations in the scale 

and sensitivity of each metric. After normalization, the arithmetic mean of the three normalized values 

was calculated to produce the composite metric. This approach mitigates the limitations inherent to 

any single measure by integrating global discrepancies, localized deviations, and extreme outliers into 

a single, comprehensive deformation score. This metric provides a more reliable and holistic evaluation 

of the performance by balancing average deviations and extreme errors between the produced model 

and the target. Data normality was assessed using the Shapiro-Wilk test. If the data was not normally 

distributed, then appropriate nonparametric tests were applied. The Student's t-test was applied to 

normally distributed data, while the Wilcoxon signed-rank test was used for non-normally distributed 

data. Accordingly, the means of the two methods (i.e., conventional and digital) were compared using 

the Wilcoxon signed-rank test to determine differences. The strength and the direction of association 

between the MTR scores and the conventional and digital method were evaluated with Spearman’s 

rank correlation. All the data was analyzed with Statistical Package for Social Sciences (SPSS Version 

29, IBM). A P value of less than 0.05 was considered statistically significant.  

 

III. Results  
III.1. Primary objective: Comparative Accuracy 

To address the primary objective, students who did not participate in both sessions were considered 

lost to follow-up. The analysis was only conducted on the 95 students who completed both practical 

sessions.  

The calculations for the three-accuracy metrics were repeated five times, showing perfect convergence 

across iterations with identical results each time. This stability indicates robust measurements, 

confirming no errors occurred during the superimposition or distance calculations. The five iterations 

yielded identical results, confirming the absence of systematic error and ensuring precise evaluation 

between the wax-ups and the target. 

Among the 95 participants, 66 (69.5%) of the participants achieved lower deformation scores using the 

conventional method. Lower deformation scores indicate closer alignment with the target model. For 

the conventional physical wax-up method, data distribution was centered around a mean (±SD) of 0.7± 

0.2 and a range of: 0.6 and 0.8 indicating moderate dispersion (Error! Reference source not found.). 

Similarly, for the digital wax-up method, the data were centered around a mean of 0.8 ± 0.2 and a 

range of 0.7 to 0.9 (Error! Reference source not found.). Representative examples of these 

dimensional discrepancies are illustrated in Error! Reference source not found., showing differences 

between wax-ups and the reference model using color maps. 

The mean deformation index from both the digital and the conventional methods was compared. The 

results of the statistical analysis showed statistically significant differences between the methods. In 

particular, the conventional method had significantly lower deformation indices (P<0.001), 

demonstrating greater accuracy. 

To evaluate potential sequence effects in this crossover design, a Mann-Whitney test was performed, 

testing the null hypothesis that the order of practical sessions did not influence results [32]. 

Statistical analysis showed no significant difference in the mean deformation index between the two 

arms of the crossover design (P = 0.199) (Error! Reference source not found.). 
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III.2. Mental rotation test and Satisfaction 

Mental rotation test (MRT): 

The MRT was conducted prior to the practical sessions, with responses scored according to the official 

grading scale. Randomly selected tests (n=20) were reassessed to ensure grading accuracy. The 

distribution of MRT scores had a mean of 18.08± 7.52 (maximum score= 40). Most scores ranged 

between 13 and 22. 

Association: 

The relationship between MRT scores (independent variable) and wax-up performance (dependent 

variables: results from the conventional and digital methods) was analyzed using Spearman’s 

correlation. The analysis revealed no significant correlation between MRT scores and wax-up 

performance for either method. Specifically, the correlation with the conventional method was not 

significant (P = 0.847), and similarly, the correlation with the digital method was also not significant (P 

= 0.140). 

 

III.3. User experience evaluation 

The analysis of data collected from students, processed using the UEQ-S analysis tool, revealed that 

the experience provided by the digital method was perceived as significantly greater than the 

conventional method. Results showed statistically significant differences in favor of the digital 

approach in terms of overall experience (p < 0.001), pragmatic quality (p = 0.001), and hedonic quality 

(p < 0.001). 

From a pragmatic perspective, students perceived the digital method as more intuitive and efficient. 

On a hedonic level, this approach was judged to be more stimulating and engaging. These findings 

highlight a clear preference for the digital format in practical sessions (Error! Reference source not 

found.). 

 

IV. Discussion 

The results of the current study demonstrate that fourth-year dental students from the Faculty of 

Dental Surgery in [city anonymized] achieved greater accuracy with conventional wax-ups compared 

to digital wax-ups, as measured by the primary outcome metric. Interestingly, despite the higher 

accuracy of the conventional method, students expressed a clear preference for the digital approach, 

as indicated by the user experience questionnaires. Furthermore, the Mental Rotation Test (MRT) 

scores showed no significant correlation with performance in either method, suggesting that strong 

three-dimensional visualization skills are not a prerequisite for success in these exercises. 
The use of objective digital metrics as primary outcome measure reduced individual biases associated 

with subjective human assessments. By employing a composite deformation score integrating Mean 

Squared Distance, Chamfer Distance, and Hausdorff Distance, this study provides a comprehensive 

evaluation of the differences between the student-produced wax-ups and the target model. This 

approach mitigates the limitations inherent in any single metric, balancing average deviations and 

extreme errors to offer a holistic assessment of performance. While the findings of this study are 

supported by some previous studies, they are also contradicted by others. For instance, Abduo et al. 
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[14] found that conventional wax-ups outperformed digital methods in certain dimensional criteria, 

similar to the present results. Mino et al. [15] also highlighted that while digital tools offer quick 

volumetric data, they often fail to match the nuanced precision achievable with manual techniques. 

Contradictory to these findings, other studies have reported no significant differences between the 

methods or have emphasized the potential of digital tools to produce more comparable results with 

adequate training [33–35]. These divergences may be due to variations in evaluation criteria, the 

specific digital tools used, and the participants' familiarity with CAD software. 

Comparing conventional and digital methods for wax-up creation raises questions about learning 

curves and the impact of regular practice on performance. While participants had solid theoretical 

knowledge and practical skills from prior courses, including prior experience sculpting wax teeth for 

dental anatomy, they had not previously completed wax-ups as part of a prosthetic project. This 

distinction may partly explain the observed differences in performance, as the demands of diagnostic 

wax-ups extend beyond basic anatomical replication to include functional and aesthetic 

considerations. 

The initial unfamiliarity with digital design software presumably further contributed to the lower 

accuracy observed in digital wax-ups. This is consistent with previous findings where it was reported 

that dental students often exhibit limited knowledge of CAD/CAM systems, restoration design, and 

ceramic materials (mean ~2.3/5), highlighting the steep learning curve associated with mastering such 

tools [17]. Moreover, it was also reported that there was a positive correlation between the number 

of years in dental school and more favorable attitudes toward CAD/CAM technology, emphasizing the 

importance of sustained exposure to these tools throughout the curriculum. Future studies could 

explore how repeated use of digital tools narrows the accuracy gap, enhances skill acquisition, and 

improves student confidence in their ability to use CAD/CAM systems effectively. 

A key achievement of this study was the successful implementation of Meshmixer on 25 low-

specification computers provided by the faculty. This initiative addressed a critical challenge in dental 

education: the accessibility of CAD tools in resource-constrained environments. Specialized dental CAD 

software, such as 3Shape or Exocad, often require high-performance computers and significant 

financial investment for licenses and maintenance[12,13]. By contrast, Meshmixer is free, open-

source, and has minimal hardware requirements, making it an attractive alternative for educational 

purposes [15]. 

This aligns with observations by Alhamed et al., who found that 80.3% of students identified the high 

cost of CAD/CAM equipment as a significant barrier, and with Blackwell et al. , who highlighted high 

initial investment costs, ongoing maintenance commitments, and concerns about rapid technological 

obsolescence as key reasons for the limited adoption of CAD/CAM technology, particularly in resource-

limited settings [12,17]. The ability to utilize Meshmixer on existing faculty computers without costly 

upgrades ensured equal access to digital wax-up training while also allowing students to install the 

software on personal devices for extended practice. This flexibility presumably contributed to the high 

satisfaction scores for the digital method by removing technical barriers and encouraging self-directed 

learning. 

In contrast, students often have only brief access to CAD tools during training, with limited 

opportunities for hands-on workshops, highlighting the need for more practical and accessible 

solutions to support skill development [17,19]. The COVID-19 pandemic underscored the importance 

of such measures, aligning with the American Dental Education Association’s recommendations for 

innovative teaching methods to maintain practical training [13,36,37]. By leveraging affordable and 
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accessible digital tools such as Meshmixer, this study demonstrates how equitable access to CAD/CAM 

training can be achieved while fostering student engagement and skill development. 

Despite the lower accuracy of digital wax-ups, students rated the digital method significantly higher in 

terms of user experience. This preference may be attributed to several factors. A majority of students 

demonstrate familiarity with digital tools, which potentially enhanced their engagement when using 

software such as Meshmixer. The software’s intuitive and interactive interface allowed for easier 

manipulation of 3D models, making the process more stimulating and less physically demanding than 

manual sculpting. Additionally, the incorporation of digital methods aligns with current technological 

trends in dentistry, reinforcing the relevance of their training and increasing student motivation. 

These findings align with Alhamed et al., who reported that 87% of students view CAD/CAM as the 

future of dentistry. This highlights the importance of integrating digital tools into dental curricula to 

enhance student engagement and prepare them for the evolving landscape of clinical practice [17]. 

The lack of significant correlation between MRT scores and wax-up performance indicates that mental 

visualization skills, while often associated with manual dexterity, may not be critical for success in these 

exercises. Instead, success appears to rely more on procedural understanding, practice, and familiarity 

with the tools. The average MRT score observed in this study (18.08/40) is aligned with those reported 

in previous studies [38,39]. These comparable results suggest that the MRT performance observed in 

the present cohort is consistent with broader population norms, reinforcing the validity of the sample. 

However, it is worth pointing out that the MRT may not fully capture the specific spatial skills required 

for dental modeling. Exploring alternative assessments, such as Shepard and Metzler’s Spatial 

Visualization Test or Cooper’s Rotation Test, could provide deeper insights into the cognitive abilities 

most relevant to wax-up performance. 

The successful use of low-specification computers and free software such as Meshmixer 

demonstrates a viable model for integrating digital wax-up training into dental education, even in 

institutions with limited resources. This approach can help bridge the gap between the need for CAD 

proficiency and the financial and logistical constraints often faced by educational programs. Faculties 

can enhance their readiness for clinical practice by providing students with early exposure to digital 

tools, where digital workflows are increasingly prevalent. 

While Meshmixer served effectively as an introductory tool, it lacks some of the advanced 

functionalities and precision of dedicated dental CAD software. To fully prepare students for 

professional environments, curricula should consider a phased approach: 

- Introductory training with accessible tools: Begin with open-source software i.e. Meshmixer 

to teach fundamental CAD concepts and skills. 

- Progressive exposure to specialized software: Introduce students to professional dental CAD 

software as they advance, allowing them to apply foundational skills in more sophisticated 

platforms. 

- Blended learning strategies: Combine conventional and digital methods to ensure students 

develop both manual dexterity and digital proficiency. 

This strategy addresses both the current resource constraints and the necessity of equipping 

students with competencies relevant to modern dental practices. 

The current study is subject to certain constraints that provide obvious opportunities for further 

exploration. While participants had prior experience with wax modeling for anatomy, they lacked 

experience with diagnostic wax-ups and digital design software, which may have influenced their 
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performance and the observed differences between methods. Additionally, while Meshmixer was 

practical for educational purposes, it may not fully represent the capabilities of specialized dental CAD 

software. Furthermore, models were printed vertically; although practical, previous studies indicated 

that printing orientation significantly influences the accuracy and mechanical properties of printed 

models [40,41]. Another methodological concern is the definition of the area of interest (AOI). Using a 

global AOI covering the entire surface might dilute measurable differences specific to modified wax-

up regions, potentially underestimating localized discrepancies and thereby favoring digital wax-ups 

due to their generally smoother transitions. Despite using a global AOI that could theoretically benefit 

digital wax-ups, our findings indicated significantly greater accuracy in conventional wax-ups, 

suggesting an intrinsic precision advantage that remains evident even under conditions favorable to 

digital techniques. Finally, the study was conducted at a single institution, potentially limiting the 

generalizability of the findings. Future studies involving multiple institutions, extended training 

periods, and comparisons with advanced CAD software could provide a more comprehensive 

understanding of the effectiveness of digital wax-up methods in dental education. 

 

V. Conclusion 

This study demonstrates that fourth-year dental students achieve greater accuracy with conventional 

wax-ups but show a strong preference for the digital method due to its intuitive and engaging nature. 

The successful deployment of Meshmixer on 25 low-specification faculty computers addressed critical 

barriers to CAD training, providing an accessible and scalable solution for resource-constrained 

institutions. The findings underscore the importance of adapting curricula to include both conventional 

and digital competencies, ensuring that students are prepared for the evolving demands of modern 

dentistry. Future research should explore the impact of extended training, the use of advanced CAD 

software, and the integration of innovative teaching strategies to further enhance skill development 

and educational outcomes. 
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VII. Figures:  

 
Fig.1: Crossover design for digital and physical practical training sessions 

 

 

Fig.2 : Left: Digital model of the scanned dental arch with simulated defects. Right: Digital model of the scanned dental arch 
without defects. 

 

 

Fig.3: Boxplot comparing deformation indices for digital (blue) and conventional (green) wax-ups. The conventional method 
shows a lower median and less variability. The composite metric combines Mean Squared Distance, Chamfer Distance, and 
Hausdorff Distance, normalized and averaged to integrate global discrepancies, localized deviations, and outliers. A lower 
value indicates a closer match to the target (gold standard). 
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Fig.4: Visualization of dimensional discrepancies between wax-ups and the reference model, obtained with CloudCompare 
software (v2.13.2). The color maps illustrate distances (in mm), with a gradient ranging from blue (minimum deviation) 
through green and yellow to red (maximum deviation). (a) Conventional physical wax-up (maximum deviation: 1.4 mm). (b) 
Digital wax-up (maximum deviation: 2.6 mm), showing larger discrepancies compared to the physical method. Jo
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Fig.5: Effect of sequence on differences between digital and conventional wax-ups. The color gradient from blue to green 
corresponds to the group that performed digital followed by physical wax-ups, whereas the gradient from green to blue 
indicates the group that performed physical followed by digital wax-ups. 

 

 

Fig.6: Bar chart comparing UEQ-S scores for digital (blue) and conventional (green) methods. Includes overall experience, 
pragmatic quality, and hedonic quality, with error bars representing confidence intervals 
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Key findings:  

▪ Conventional wax-ups were more precise, highlighting their higher accuracy. 

▪ Students prefer digital wax-ups despite lower accuracy, due to their ease of use. 

▪ No significant correlation between 3D visualization skills and wax-up accuracy. 

▪ Meshmixer offers a CAD alternative for resource-limited dental education. 
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