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Abstract 

This study evaluates dimensional deviations of 316L stainless steel components produced using the Bound 

Metal Deposition (BMD) method. The evaluation covers four production stages: CAD modeling, slicing, printing, 

and sintering. The approach involves experimental measurements and finite element simulations to assess accuracy. 

Results indicate an average dimensional deviation of 6%, with height-related features showing the most significant 

errors due to anisotropic shrinkage and inconsistencies in layer deposition. The widely used 1.16 scale factor is 

inadequate for precise dimensional recovery. Instead, a revised scale factor of 1.13 is developed through empirical 

analysis and validated using ANSYS simulation. This new factor shows better agreement with the original CAD 

design. Furthermore, the achieved dimensional accuracy falls within clinically accepted tolerances for dental 

implants (0.19-0.36 mm), making it suitable for biomedical applications. Overall, these findings provide a validated 

framework for dimensional calibration in BMD, improving the accuracy of patient-specific medical devices. 
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1. Introduction 

An implant is a medical device designed to replace or support the function of a specific body part, such as in orthopedics, 

dentistry, and reconstructive surgery [1]. One of the implant materials still in use today is SS316L stainless steel due to its 

biocompatibility, high mechanical strength, and corrosion resistance [2]. On the other hand, the current demand for implants is 

focused on adequate material properties, ease of manufacturing, and size accuracy, which are crucial factors for future implant 

development. Advances in technology, particularly in metal 3D printing, have enabled the production of customized implants. 

This technology allows for printing complex designs more easily and efficiently than conventional methods. Several types of 

metal 3D printing technologies, such as Selective Laser Melting (SLM), Direct Metal Laser Sintering (DMLS), Binder Jetting 

(BJ), Powder Bed Fusion (PBF), Directed Energy Deposition (DED), Fused Filament Fabrication (FFF), Fused Deposition 

Modeling (FDM), and Material Jetting, have been applied for implant fabrication [3]. 
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One emerging 3D metal printing technology is the Bound Metal Deposition (BMD) method [4]. This method is an 

extrusion-based 3D printing process for metals, where components are created by depositing metal powder bound together 

with a polymer binder [5]. With this method, production costs can be reduced by 60-80% compared to the Selective Laser 

Sintering (SLS) and Electron Beam Melting (EBM) processes [6]. This presents an opportunity for the BMD method to 

become an alternative for printing implants with complex shapes. The BMD printing process consists of three main stages. The 

first stage is the printing process, where the material is bonded in powder form using a polymer binder. The second stage is 

debinding, in which the polymer binder is removed at a specific temperature. The final stage is sintering, where the material is 

heated at a controlled temperature, allowing metal particles to fuse into a solid structure. Before printing, parameter settings for 

the BMD process must be configured. 

One of these parameters includes an automatic scale factor applied during printing to compensate for shrinkage during 

sintering, ensuring the final product matches the CAD model dimensions. However, the exact scale factor for printing and 

shrinkage during sintering is not always predictable, as there are no precise control mechanisms to guarantee that the printed 

part expands correctly or shrinks to match the intended CAD dimensions. This uncertainty highlights the need for a 

dimensional assessment to evaluate errors in the final product after printing. The urgency of such research lies in minimizing 

deviations and optimizing CAD model designs to accommodate the characteristics of BMD 3D metal printing. Ensuring 

dimensional accuracy is crucial, particularly for implant manufacturing, where precise shape and size are essential for 

successful application. 

Research using the BMD method remains limited, particularly in dimensional assessment. Previous studies on BMD have 

primarily focused on mechanical testing, material characterization, and environmental effects. Researchers such as Iacopo et al. 

[5] and Watson et al. [6] evaluated the ecological impact and mechanical properties of 17-4 PH stainless steel components 

produced through BMD 3D printing. Their study compared two scenarios: sintered and heat-treated samples using the Life 

Cycle Assessment (LCA) methodology to analyze sustainability, energy consumption, and tensile properties [5-6]. Bjørheim 

and Lopez [7] investigated the mechanical properties and fatigue capacity of 17-4 PH stainless steel specimens produced using 

the BMD method, revealing that the material exhibits anisotropic behavior and defect networks, such as cracks, influenced by 

printing orientation, with XY-flat specimens showing the highest tensile strength. 

Meanwhile, Campbell et al. [8] focused on the design and fabrication of a functional Beta Stirling Engine (BSE) using the 

BMD process with 17-4 PH stainless steel, addressing challenges related to geometric accuracy, heat transfer, and thermal 

expansion. Luchinsky et al. [9] focused on a multi-scale physics-based approach to modeling nonlinear shrinkage during BMD 

manufacturing, addressing phenomena ranging from atomistic dynamics to full-part shrinkage and estimating key parameters 

such as grain boundary width, surface diffusion coefficient, and sintering stress. 

Although several studies have investigated and optimized the fabrication of SS316L components using other AM 

techniques, such as DMLS for dimensional accuracy testing [10] and BJ for parameter optimization [11] and sintering 

densification through dimensional compensation [12], these works focus primarily on PBF- and binder-based processes. None 

has specifically addressed dimensional accuracy in the BMD method, which involves extrusion and sintering mechanisms 

distinct from DMLS and BJ. Unlike those studies, the present work conducts a full-chain dimensional assessment across 

design, slicing, printing, and sintering stages, and introduces an experimentally validated scale factor to directly address 

shrinkage behavior in BMD. 

Dimensional deviations in 3D-printed implants critically influence clinical fit and long-term functionality, particularly in 

orthopedic and dental applications. In orthopedics, poor dimensional accuracy can impair mechanical stability and lead to 

complications such as wound dehiscence, infection, and implant dislocation [13]. In dental implants, even sub-millimeter 

deviations can disrupt implant placement accuracy, affect occlusion, and compromise oral health outcomes [14-15]. While 
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maximum allowable errors are not universally defined for orthopedic implants, minimizing dimensional inaccuracies remains 

essential [13]. In dental contexts, deviations of 0.19-0.23 mm for entry point offsets and 0.32-0.36 mm for apex offsets are 

considered clinically acceptable [14], and general deviations of up to 0.26 mm are still within tolerance for dental models [16]. 

These constraints highlight the urgency for manufacturing methods like BMD that can achieve precise, consistent output for 

biomedical applications. 

In comparison with other additive manufacturing techniques, SLM generally provides higher dimensional accuracy due to 

precise process control, but it involves higher costs and energy consumption. BJ offers lower production costs and faster build 

rates, yet it often exhibits anisotropic shrinkage during sintering that complicates dimensional recovery. Meanwhile, Metal 

Injection Molding (MIM) achieves consistent accuracy for mass production but lacks flexibility for patient-specific 

customization. BMD, therefore, occupies an intermediate position that is cost-effective but requires robust scale factor 

calibration to achieve clinically acceptable tolerances [17]. 

No prior study has provided a full-chain dimensional analysis from CAD design through slicing, printing, and sintering in 

the BMD process, nor proposed a refined, experimentally validated scale factor with clinical relevance. Furthermore, current 

research lacks a geometry-aware evaluation of error propagation that considers physical measurements and simulation-based 

verification. While prior studies have investigated shrinkage modeling and compensation strategies in BMD [9] and BJ [12, 

18], these works focused on specific aspects of the process (e.g., sintering shrinkage or feature-level deviations) rather than the 

entire fabrication chain. The novelty of the present study lies in providing a comprehensive, stage-by-stage dimensional 

analysis covering the design, slicing, printing, and sintering stages, validated by both experimental measurements and finite 

element simulation, and explicitly benchmarked against clinically accepted tolerances for biomedical implants. 

This study aims to fill this gap by systematically evaluating dimensional deviations across four BMD process stages using 

SS316L specimens, assessing the implications of dimensional error for implant fit based on known clinical tolerances, and 

proposing a revised scale factor of 1.13 derived from combined empirical measurements and finite element simulations. These 

contributions offer a dimensional calibration framework tailored for high-precision applications in the biomedical sector. 

2. Materials and Methods 

The research process began with the design and fabrication of standardized test specimens intended for evaluating the 

dimensional behavior of stainless steel 316L using the BMD technique. The workflow covered every stage of the process from 

digital modeling and slicing to printing, debinding, and sintering, allowing for a comprehensive assessment of dimensional 

variations. The following subsections describe the materials used and the detailed methods applied during fabrication and 

measurement. 

2.1.   Materials 

The product design process in this study began with Autodesk Inventor software. The designed products were based on 

the standard tensile test dimensions according to ASTM E8 and the standard bending test dimensions according to ASTM 

E290, as shown in Fig. 1. 

  
(a) Tensile test (b) Bending test 

Fig. 1 Product design 
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The designed product underwent parameter setting using the Desktop Metal Slicer software, which is directly integrated 

with the BMD 3D printing system from Desktop Metal. This software serves as the main interface for converting the CAD 

model into machine-readable instructions, defining parameters such as layer height, nozzle temperature, and infill density. The 

slicing process also includes automatic scaling to compensate for shrinkage during sintering, as well as the generation of 

toolpaths for each layer. All process parameters were carefully selected to ensure dimensional accuracy, surface quality, and 

structural integrity of the printed specimens. The details of the parameters input into the slicer software are summarized in 

Table 1. 

Table 1 Printing parameters 

Property Explanation 

Material Stainless steel 316L 

Temperature nozzle 195 ℃ 

Temperature bed/platform 65 ℃ 

Nozzle diameter 250 µm 

Layer height 100 µm 

Wall Thickness 900 µm 

Infill patters Grid/Lines 

Infill density 35% 

Print speed 15 mm/s 

Sintering scale factor (x,y,z) 1.16 

The BMD printing process consists of three main stages: printing, debinding, and sintering, as illustrated in Fig. 2. Each 

stage represents a critical transformation step, beginning with material deposition, followed by binder removal, and concluding 

with densification through high-temperature treatment. Together, these stages convert the initial printed structure into a fully 

dense and mechanically robust metallic component. 

 
Fig. 2 BMD printing stages 

During the printing stage, the design was transformed into a physical product. In this process, the printed object was 

scaled by 1.16, based on the default parameters in the Desktop Metal Slicer software. The debinding process used 

Trans-dichloroethylene to dissolve the polymer wax coating on the printed part. The final sintering stage strengthened the 

material by heating it to a specific temperature in an H2+Ar inert gas environment, allowing the molecules to fuse and enhance 

its strength [5]. Printing was performed in a temperature-controlled laboratory environment, with the ambient temperature 

maintained at approximately 25 ℃. During printing, the nozzle operated at 165 ℃ inside a closed build chamber with 

vacuum/inert gas protection, thereby minimizing the influence of external ambient air. 

Exposure to laboratory air occurred only after printing was completed, and specimens were removed only after cooling to 

room temperature inside the machine to prevent bending or thermal distortion. The sintering process was conducted in the 

Desktop Metal furnace under an H2+Ar atmosphere. Although the detailed heating profile is fully automated and not 
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user-configurable, previous studies on BJ and BMD for 316L stainless steel report that sintering is typically performed in the 

range of 1350-1380 ℃ with controlled heating, holding, and cooling cycles to achieve near-theoretical densification [11-12, 

19]. The specifications of the Desktop Metal BMD machine are shown in Table 2. 

Table 2 Desktop Metal specifications 

Performance 
Max build rate 16 cm3/hr 

Max build weight 6.5 kg in green state 

Physical 

Build chamber Heated up to 50 ℃ 

Build envelope 28.9 × 18.9 × 19.5 cm 

Build plate 
Heated, up to 70 ℃ 

Vacuum-enabled print bed 

Nozzle diameter (build media) 
0.40 mm standard resolution 

0.25 mm high resolution 

Power requirements 100-120 VAC, 50/60 Hz, 15 A, 1-phase 

Media 

Build media 
Bound metal rods 

(metal powder + wax and polymer binder) 

Interface media Bound metal ceramic rods 

Network connectivity Wireless and Ethernet 

Software Fabricate software 

2.2.   Methods 

The next step involved the measurement process of the printed and sintered parts, where shape changes occurred during 

these stages. Fig. 3 illustrates the elements that were measured and compared with the design, manual, and software-based 

measurements. 

 
(a) Tensile test specimen 

 
(b) Bending test specimen 

Fig. 3 Elements to be measured 

Elements A1, B1, C1, D1, E1, and F1, as well as A2, B2, and C2, will be measured across four stages: design, slicing, 

printing, and sintering. These stages produce varying dimensions due to several influencing factors, which will be analyzed in 

the measurement results. Therefore, an evaluation is necessary at each stage. Measurements will be conducted using a vernier 

caliper, with repeated trials to ensure dimensional accuracy. Fig. 4 illustrates the tool used for measuring the specimen. 

 
Fig. 4 Object measurement tool 
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The final stage involves data analysis, where the dimensions from the software are compared with those of the printed and 

sintered specimens. The comparison between the slicing and printing results is conducted due to the scale factor applied during 

printing. In contrast, comparing the original design and the sintered specimen is necessary because the sintering process causes 

shrinkage to match the initial design dimensions. Each element was measured three times per specimen using the vernier 

caliper, and the results are presented as mean (±) standard deviation to account for variability and measurement reliability. Fig. 

5 illustrates the specimen size changes, explaining why the comparisons are conducted separately. 

 
Fig. 5 Specimen size change scheme 

3. Results 

The experimental findings are organized to demonstrate dimensional variations observed across each stage of the BMD 

process. Comparative measurements were conducted to evaluate deviations between the CAD design, printed, and sintered 

specimens, identifying potential sources of dimensional error. The results also emphasize the influence of process parameters, 

material shrinkage, and geometric complexity on the final accuracy of the printed components, forming the basis for scale 

factor refinement and dimensional calibration. 

3.1.   Measurement in the CAD design 

Measurement values were obtained in the design process, as shown in Fig. 6, and these values are summarized in Table 3. 

The CAD model serves as the geometric reference for all subsequent measurements, ensuring that every dimension in later 

stages can be compared directly with the original design. The measurements correspond to the standardized dimensions 

defined by ASTM E8 for tensile tests and ASTM E290 for bending tests, ensuring that the designed specimens meet 

recognized testing criteria. These base values are crucial for identifying deviations introduced during slicing, printing, and 

sintering. Any difference observed in later stages can therefore be attributed to process-induced variations rather than design 

inaccuracies. By establishing this baseline, the CAD design provides a control model for validating the dimensional accuracy 

and scale factor calibration throughout the BMD fabrication workflow. 

 
(a) Tensile test specimen 

 
(b) Bending test specimen 

Fig. 6 Measurement in the CAD design 
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Table 3 Desktop Metal specifications 

Element Value 

A1 3 mm 

B1 10 mm 

C1 2.83 mm 

D1 32 mm 

E1 6 mm 

F1 97.66 mm 

A2 1.86 mm 

B2 60 mm 

C2 15 mm 

3.2.   Measurement in the slicing process 

In this process, the dimensions are enlarged to account for the shrinkage during sintering, with all dimensions multiplied 

by a scale factor of 1.16. This automatic adjustment is carried out by the slicing software to anticipate dimensional reduction 

that occurs during the later sintering phase. By pre-compensating through digital scaling, the process helps maintain the 

intended geometric fidelity between the CAD model and the final printed part. The scale factor is calculated according to the 

method described. 

1

0

=
D

sf
D

 (1) 

where sf is the scale factor, D0 is the initial dimension, and D1 is the final dimension. 

Table 4 presents the enlarged dimensions in the slicing process. The slicing stage represents a digital compensation phase 

that anticipates shrinkage occurring during sintering. The automatic scaling applied by the Desktop Metal Slicer ensures that 

the printed part, after shrinkage, approximates the original CAD geometry. However, the default factor of 1.16 may not 

precisely correspond to the actual shrinkage behavior of stainless steel 316L, which can vary depending on part geometry, 

thermal gradient, and binder removal dynamics. Therefore, the data presented in Table 4 form the initial reference for 

evaluating whether the default scaling parameter adequately compensates for shrinkage, or if further adjustment (such as the 

proposed 1.13 factor) is required to achieve dimensional conformity in the final sintered product. 

Table 4 Desktop Metal specifications 

Element Value 

A1 3.48 mm 

B1 11.6 mm 

C1 3.28 mm 

D1 37.12 mm 

E1 6.96 mm 

F1 113.29 mm 

A2 2.16 mm 

B2 69.6 mm 

C2 17.4 mm 

3.3.   Measurement in the printing process 

This process takes place after printing. The BMD method’s printing process applies material extrusion layer by layer to 

form a specific shape. During printing, the specimen is produced according to the enlarged dimensions from the slicing process, 

with a scale factor of 1.16 from the original design size. In this stage, three tensile and three bending test specimens are printed, 

as shown in Fig. 7 and Fig. 8. 
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(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 

Fig. 7 Printed tensile test specimen 
 

   
(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 

Fig. 8 Printed bending test specimen 
 

In the measurement process, two methods are used to compare dimensions: manual measurement and software-based 

measurement. Each specimen is measured three times to ensure accuracy. Table 5 presents the element dimensions of the 

printed specimens measured using a vernier caliper. 

Table 5 Element dimensions of printed specimen measured with vernier caliper 

Elements 
Specimen 1 (mm) Specimen 2 (mm) Specimen 3 (mm) Overall average 

(mm) M1 M2 M3 A M1 M2 M3 A M1 M2 M3 A 

A1 3.76 3.79 3.70 3.75 3.74 3.77 3.84 3.78 3.70 3.77 3.71 3.73 3.75 

B1 11.77 11.79 11.73 11.76 11.87 11.82 11.87 11.85 11.70 11.75 11.77 11.74 11.78 

C1 3.18 3.21 3.11 3.17 3.61 3.46 3.37 3.48 3.37 3.38 3.29 3.35 3.33 

D1 36.49 36.56 36.40 36.48 36.39 36.43 36.45 36.42 36.44 36.17 36.28 36.30 36.40 

E1 7.18 7.18 7.18 7.18 7.30 7.31 7.27 7.29 7.15 7.16 7.17 7.16 7.21 

F1 113.02 113.02 113.01 113.02 113.13 113.05 113.10 113.09 113.05 113.03 113.02 113.03 113.05 

A2 2.35 2.41 2.41 2.39 2.29 2.36 2.27 2.31 2.21 2.23 2.25 2.23 2.31 

B2 69.54 69.56 69.53 69.54 69.73 69.73 69.70 69.72 69.47 69.46 69.48 69.47 69.58 

C2 17.53 17.54 17.58 17.55 17.56 17.57 17.55 17.56 17.49 17.50 17.53 17.51 17.54 

Table 5 presents Measurement (M) and Average (A), indicating that each specimen and its parts were measured thrice. 

The measurement results clearly show the differences between them. These variations reflect the influence of printing 

parameters, dimensional scaling, and potential layer inconsistencies during fabrication. The collected data serve as a 

quantitative basis for assessing the dimensional accuracy of the BMD process and for identifying elements that exhibit the 

greatest deviation across specimens. 

3.4.   Measurement in the sintering process 

The sintering stage is the final step in the BMD method, where the material is strengthened by heating it to a specific 

temperature until its particles fuse. The tensile and bending test specimens undergo shrinkage during this stage, aligning with 

the original CAD design dimensions. Fig. 9 and Fig. 10 show the tensile and bending test specimens after the sintering process. 

   
(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 

Fig. 9 Sintered tensile test specimen 
 

   
(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 

Fig. 10 Sintered bending test specimen 
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The measurement process for the sintered specimens follows the same approach as the printed specimens, using manual 

and software-based measurements. Each specimen is measured three times to ensure accuracy. Table 6 presents the element 

dimensions of the sintered specimens measured using a vernier caliper. 

Table 6 Element dimensions of sintered specimen measured with vernier caliper 

Elements 
Specimen 1 (mm) Specimen 2 (mm) Specimen 3 (mm) Overall average 

(mm) M1 M2 M3 A M1 M2 M3 A M1 M2 M3 A 

A1 3.08 2.97 3.01 3.02 3.00 2.94 3.04 2.99 3.08 2.97 2.99 3.01 3.01 

B1 10.33 10.31 10.22 10.29 10.25 10.21 10.23 10.23 10.18 10.22 10.15 10.18 10.23 

C1 1.92 1.83 1.87 1.87 1.92 1.88 1.86 1.89 1.82 1.93 1.80 1.85 1.87 

D1 32.05 32.17 32.11 32.11 33.10 33.02 33.07 33.06 33.05 33.12 33.03 33.07 32.75 

E1 6.22 6.23 6.21 6.22 6.25 6.23 6.24 6.24 6.24 6.18 6.22 6.21 6.22 

F1 98.65 98.78 98.70 98.71 98.49 98.69 98.62 98.60 98.63 98.59 98.43 98.55 98.62 

A2 1.93 1.82 1.93 1.89 2.17 2.17 2.10 2.15 2.03 1.98 2.02 2.01 2.02 

B2 60.47 60.40 60.30 60.39 60.78 60.81 60.82 60.80 60.47 60.56 60.59 60.54 60.58 

C2 15.10 14.98 14.99 15.02 15.30 15.33 15.39 15.34 15.25 15.15 15.16 15.19 15.18 

All dimensional data in Tables 5 and 6 are reported as mean ± standard deviation (n = 3 specimens × 3 repetitions per 

element), which provides a measure of variability across the limited sample set. The results indicate that dimensional variations 

persist even after sintering, primarily due to thermal shrinkage and geometry-dependent densification behavior. These findings 

serve as a reference for evaluating the effectiveness of the applied scale factor and identifying features most sensitive to 

shrinkage during the BMD sintering process. 

4. Discussion 

The discussion section analyzes the dimensional deviations observed across all stages of the BMD process. It aims to 

interpret the quantitative results obtained from the experimental measurements and to link them with the physical phenomena 

occurring during printing and sintering. Particular attention is given to identifying factors contributing to shrinkage, anisotropy, 

and geometric distortion. The findings are compared with existing studies on additive manufacturing to highlight the distinct 

characteristics of BMD in terms of dimensional stability. Furthermore, this section evaluates the performance of the proposed 

scale factor and its alignment with clinically acceptable tolerances. The insights derived here provide a scientific basis for 

improving process calibration and ensuring reliability in medical-grade component fabrication. 

4.1.   Experiment analysis 

The measurement results obtained using a vernier caliper for the printing and sintering processes are compared with the 

slicing and design stages. Fig. 11 compares the printing measurement results for each element in each specimen using a vernier 

caliper. 

   
(a) Element A1 (b) Element B1 (c) Element C1 

Fig. 11 Comparison of measured dimensions for three printed specimens of each element 
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(d) Element D1 (e) Element E1 (f) Element F1 

   
(g) Element A2 (h) Element B2 (i) Element C2 

Fig. 11 Comparison of measured dimensions for three printed specimens of each element (continued) 

Based on the graph in Fig. 11, the size values for each specimen vary, with the most extensive deviation range observed in 

elements D1 and C1. This is due to the complex positioning required for measurement with a vernier caliper. Various factors, 

such as the printing position, print speed, nozzle temperature, or environmental conditions during printing, may cause the size 

differences for each element and specimen. However, despite the deviations, the pattern of variation remains relatively 

consistent across the specimens. When compared to the measurements from the scale enlargement in the slicing process, there 

is a difference, but it is not significant. Fig. 12 shows the comparison between the printed dimensions and the slicing results. 

 
Fig. 12 Comparison of printed and slicing dimensions 

From the graph above, the error value of the average measurements for the three printed specimens compared with slicing 

is below 2%. However, two elements have larger errors: 7.85% for element A1 and 6.89% for element A2. These elements are 

located in the height section of the printed specimen. This is caused by several factors, such as the layer-by-layer deposition 

process, which may result in gaps between layers. Therefore, it can be concluded that the printed results from the slicing and 

printing processes show significant errors in the height section. However, this is still considered acceptable, as the large 

deviations are likely due to the small comparison values, which cause the error to appear significantly larger when calculated. 

Next, in the sintering process, measurements were taken the same way as in the printing process. Fig. 13 compares the 

measurement results for each element in each specimen after sintering, using a vernier caliper. 
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(a) Element A1 (b) Element B1 (c) Element C1 

   
(d) Element D1 (e) Element E1 (f) Element F1 

   
(g) Element A2 (h) Element B2 (i) Element C2 

Fig. 13 Comparison of measured dimensions for three sintered specimens of each element 

 

 
Fig. 14 Comparison of sintered dimensions and design 

Based on the graph in Fig. 13, the deviation range shown is varied, similar to the measurement results in the printing 

process. This is due to factors in the sintering process that cannot be well-controlled, leading to uneven heat distribution during 

sintering, which makes it difficult to predict the outcome [19]. The limitations of this method should be revisited to achieve 

more accurate sintering results that meet the expected targets. However, looking at the measurement results of the sintered 

specimens using a vernier caliper, the pattern of values appears consistent, with no significant differences between the 
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specimens post-sintering. This is a key advantage of the BMD method. It is important to note that the shapes used in this study 

are relatively simple and not complex, so there is a possibility that more complex designs could result in different outcomes. 

When compared with the design dimensions from the CAD software, as shown in Fig. 14, the comparison between the sintered 

dimensions and the design does not show significant differences. 

As summarized in Table 7, both printed and sintered specimens exhibited low variability, with standard deviations 

generally <0.1 mm and a maximum of 0.43 mm. Percentage errors ranged from –1.94% to +7.76% for printed specimens 

(relative to slicing) and from –33.92% to +8.60% for sintered specimens (relative to CAD design). Notably, element C1 

showed the largest relative error due to its small dimension, while absolute deviations remained within the sub-millimeter scale 

for most features. 

Table 7 Printed and sintered specimen dimensions with standard deviation and % error 

Element Printed (mm) Sintered (mm) 
% Error of printed 

vs slicing 
% Error of 

sintered vs CAD 

A1 3.75 ± 0.04 3.01 ± 0.06 +7.76% +0.33% 

B1 11.78 ± 0.05 10.23 ± 0.05 +1.55% +2.30% 

C1 3.33 ± 0.16 1.87 ± 0.06 +1.44% –33.92% 

D1 36.40 ± 0.13 32.75 ± 0.43 –1.94% +2.34% 

E1 7.21 ± 0.06 6.22 ± 0.02 +3.59% +3.67% 

F1 113.05 ± 0.05 98.62 ± 0.10 –0.21% +0.98% 

A2 2.31 ± 0.08 2.02 ± 0.09 +7.06% +8.60% 

B2 69.58 ± 0.13 60.58 ± 0.21 –0.03% +0.97% 

C2 17.54 ± 0.02 15.18 ± 0.12 +0.81% +1.20% 

The error values vary from 0.03% to 33.9% when comparing the average sintered specimen with the design. The most 

significant error occurs in element C1, which can be attributed to the complexity of the measurement process and the 

challenges of sintering in curved areas, possibly causing slight size reductions compared to the design. However, this 

significant difference, similar to the printing process, may also be due to the small size of the element, which amplifies the error 

value when calculated. It should be noted that the absolute deviation for C1 was approximately 0.96 mm, and the low standard 

deviation across repeated measurements (±0.06 mm) indicates that this result is consistent and not a random measurement 

artifact. Beyond measurement complexity, the extreme shrinkage observed in element C1 can also be explained by 

geometry-dependent thermal gradients and binder-removal dynamics. 

Thin and curved features such as C1 exhibit a higher surface-to-volume ratio, which leads to faster heat penetration and 

steeper local thermal gradients during sintering. These conditions accelerate binder removal in the early stages, leaving locally 

uneven porosity and enhancing densification once diffusion becomes dominant. As a result, C1 undergoes disproportionately 

large contraction compared to thicker or more uniform elements (e.g., D1 and F1), where thermal distribution is more 

homogeneous. The extreme shrinkage ratio of 1.78 thus reflects a systematic sensitivity of very small, curved features to 

anisotropic shrinkage during sintering, rather than a process anomaly. This suggests that special compensation strategies or 

design adjustments are necessary for features of this scale. The overall error pattern shows an average error of 6% from the 

original size. This is relatively large, suggesting that the design process and scale factor adjustments must be reconsidered to 

achieve better results during sintering. 

To complement the percentage error analysis, absolute deviations in millimeters were also calculated to provide a more 

balanced assessment of dimensional accuracy. As summarized in Table 7, absolute deviations ranged from 0.01 mm (A1) to 

0.96 mm (C1 and F1). This shows that although C1 exhibited a large percentage error of –33.92%, the actual deviation was less 

than 1 mm, which is clinically more meaningful. Conversely, larger features such as F1 exhibited nearly 1 mm deviation, yet 

this corresponded to only +0.98% relative error, demonstrating that percentage error can exaggerate dimensional differences in 

small features while underrepresenting them in larger ones. 
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To further quantify overall accuracy, a normalized root-mean-square error (NRMSE) was calculated as: 

( )
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max min

1

NRMSE
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−

=
−


n

i ii
x y

n

x x
 

(2) 

where xi and yi represent the reference (CAD or slicing) and the measured values (printed or sintered), respectively. The 

NRMSE values were 0.0027 (0.27%) for the slicing-to-printing comparison and 0.0059 (0.59%) for the CAD-to-sintered 

comparison, confirming that global dimensional deviations remained below 1% of the overall size range. While maximum 

allowable dimensional errors are not universally defined, prior dental studies have reported acceptable deviations of 0.19 to 

0.23 mm at the entry point and 0.32 to 0.36 mm at the apex of implants, as well as up to 0.26 mm for dental models [13, 20]. 

Thus, the observed deviations in this study fall within the same order of magnitude as established clinical tolerances, 

supporting the practical relevance of the refined 1.13 scale factor. 

BMD has critical implications for the clinical fit of patient-specific implants. In orthopedic applications, unanticipated 

shape and size deviations can reduce mechanical stability and lead to complications such as wound dehiscence, infection, or 

implant dislocation [13]. In dental implants, even sub-millimeter deviations can disrupt placement accuracy, affect occlusion, 

and potentially decrease procedural success [14-15]. Maximum allowable dimensional errors for clinical use are not 

universally defined; however, dental research suggests entry point offsets of 0.19 to 0.23 mm and apex offsets of 0.32 to 0.36 

mm are clinically acceptable [13]. For dental models, deviations up to 0.26 mm remain within tolerance [20]. Although precise 

fit is crucial in orthopedic applications, standardized regulatory limits are still lacking, highlighting the need for further 

evidence-based studies [16]. 

Furthermore, factors influencing dimensional deviations include printing technology, build orientation, and layer height, 

with digital light processing (DLP) printers showing superior accuracy in dental model fabrication compared to other 

techniques [14-15]. The accuracy of 3D printed surgical templates also depends on implant-analog positioning and printing 

parameters [18]. These results emphasize the need for process optimization and accurate scale factor application to minimize 

dimensional errors, ensuring implants meet medical applications’ stringent safety and functional requirements. 

Based on the comparison between the CAD design, printed results, and final sintered dimensions, it was found that the 

initially applied scale factor of 1.16 was insufficient to ensure that the final sintered dimensions matched the original design 

accurately. To assess the actual dimensional shrinkage during the transition from printing to sintering, a shrinkage ratio was 

calculated as follows. 

Printed results
Shrinkage ratio

Sintered results
=  (3) 

where printed result refers to the dimensions obtained from the printing process, and sintered specimen refers to the 

dimensions of each element after the sintering process. The shrinkage ratio data between the printed and sintered specimens are 

summarized in Table 8. 

Table 8 Shrinkage ratio of the printed result relative to the sintered specimen 

Element Printed result Sintered specimen Shrinkage ratio 

A1 3.75 mm 3.01 mm 1.25 

B1 11.78 mm 10.23 mm 1.15 

C1 3.33 mm 1.87 mm 1.78 

D1 36.4 mm 32.75 mm 1.11 

E1 7.21 mm 6.22 mm 1.16 

F1 113.05 mm 98.62 mm 1.15 

A2 2.31 mm 2.02 mm 1.14 

B2 69.58 mm 60.58 mm 1.15 

C2 17.54 mm 15.18 mm 1.15 
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The average shrinkage ratio across all elements is 1.22, which generally indicates that the specimen experienced greater 

shrinkage than what was compensated for by the design scale factor of 1.16. However, it is essential to note that this value is 

significantly influenced by element C1, which exhibits an extreme shrinkage ratio of 1.78. If element C1 is excluded from the 

calculation, the average shrinkage ratio drops to 1.16, matching the scale factor applied in the initial design. This suggests that 

the initial design approach is sufficiently accurate for most elements, but small and complex elements like C1 may require 

special treatment or specific adjustment [21]. To obtain final dimensions that more closely match the original design, a new 

scale factor was calculated based on the actual sintered dimensions relative to the design dimensions. 

0
1 0

1

 
= ×  

 

N
R R

N
 (4) 

where R1 is the new scale factor, R0 is the initial scale factor, N0 is the dimension of each element in the design, and N1 is the 

dimension of each component after sintering. The calculation results are presented in Table 9. 

Table 9 New scale factor based on sintered specimen relative to the design 

Element Designed dimension Sintered specimen New scale factor 

A1 3 mm 3.01 mm 1.15 

B1 10 mm 10.23 mm 1.13 

C1 2.83 mm 1.87 mm 1.75 

D1 32 mm 32.75 mm 1.13 

E1 6 mm 6.22 mm 1.12 

F1 97.66 mm 98.62 mm 1.15 

A2 1.86 mm 2.02 mm 1.07 

B2 60 mm 60.58 mm 1.15 

C2 15 mm 15.18 mm 1.15 

The average newly obtained scale factor is 1.13, which is lower than the initial value of 1.16 when excluding element C1. 

This indicates that a reduction in the design scale factor is necessary to achieve more accurate design dimensions after sintering, 

particularly for elements that closely approach or exceed the target dimensions, such as A2 and B1. Elements with more 

significant deviations, such as C1, require special strategies regarding geometric design, printing orientation, or more 

controlled sintering processes. 

To further illustrate the practical effect of this adjustment, a sensitivity analysis was performed by comparing deviations 

of representative elements with clinical tolerances. For instance, element B1 showed a deviation of +0.23 mm relative to the 

design, which remains within the clinically acceptable limit for dental entry points (0.19 to 0.23 mm). In contrast, element C1 

exhibited a shrinkage of –0.96 mm, far exceeding tolerance thresholds, suggesting that extremely small and curved features are 

disproportionately sensitive to shrinkage. Meanwhile, larger elements such as F1 deviated only +0.96 mm over a 97.66 mm 

length (≈0.9%), indicating that bulk dimensions are less affected. These findings demonstrate that applying the refined scale 

factor of 1.13 improves dimensional fidelity for most features but that certain geometries still require additional design or 

process-specific compensation. 

These findings are consistent with previous studies showing that the sintering process in BMD technology exhibits 

varying shrinkage behavior depending on geometry, thermal mass, and print orientation [19]. Compared to methods such as 

MIM or SLM, the variations in BMD are more complex due to thermally degraded binders rather than direct melting. 

Therefore, empirically based compensation approaches are crucial to ensure competitiveness in high-precision applications 

[22]. Unlike earlier studies that mainly addressed shrinkage at the sintering stage or proposed partial compensation models [9, 

12, 18], the present study provides a full-chain dimensional assessment covering design, slicing, printing, and sintering, 

validated by both experimental and simulation results, and explicitly linked to clinical tolerances. 
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In comparison, SLM achieves high-dimensional fidelity due to precise control over process parameters such as laser 

energy, layer thickness, and build orientation [23]. BJ, on the other hand, typically shows greater dimensional deviations and 

inhomogeneous shrinkage up to 20% during the sintering stage, especially when binder saturation and thermal treatment are 

not well optimized [24]. The dimensional precision of BJ ranges from IT9 to IT15, which is lower than that achievable by SLM 

[24]. BMD sits between these techniques; while it currently presents larger deviations, the application of optimized scale 

factors, as demonstrated in this study, improves dimensional fidelity and makes BMD viable for cost-sensitive, complex part 

production in medical contexts [25]. 

Inaccuracies between the design and the final result due to improper scale factors can have significant consequences, 

especially in medical applications such as fabricating patient-specific anatomical implants. In this context, even minimal 

dimensional deviations can lead to geometric mismatch with the patient’s biological structures, impair biomechanical function, 

or even result in clinical failure [13, 26]. Hence, the calibration and validation of scale factors during the design phase are 

critical to ensuring accuracy, safety, and success in medical applications. 

4.2.   Sintering simulation analysis 

To verify the shrinkage ratio obtained through experimental methods, a sintering simulation was conducted to clarify the 

experimental calculations and improve data accuracy. This simulation was performed using ANSYS 2022 R2 software, 

utilizing Transient Thermal and Static Structural features to obtain the specimen’s deformation. Based on the simulation results, 

the shrinkage values could be determined. The material specifications and simulation parameters were based on the datasheets 

provided by Desktop Metal and previous researchers [27], as presented in Table 10. In addition, the ANSYS simulation was 

conducted using a transient thermal–structural coupling approach. A tetrahedral mesh with an average element size of 0.5 mm 

was generated, refined locally at curved features such as C1. Boundary conditions included a fixed constraint at the specimen 

base and a heat flux applied to the external surfaces, following Eq. (4) and the formula described below. The time-step size was 

set to 1 s with automatic adjustment to ensure stability, and convergence was achieved when residuals for energy and 

displacement dropped below 1 × 10−3. 

Table 10 New scale factor based on sintered specimen relative to the design 

Temperature 
(℃) 

Specific heat 
(kJ/kg/℃) 

Thermal conductivity 
(W/m/℃) 

Thermal expansion 
(×10−6 mm/mm/℃) 

1380 0.659 33.78 20.21 

Several input parameters must be defined in the simulation to obtain results that accurately reflect the conditions of the 

experimental process. One essential input is the heat flux value. This heat flux can be determined using Fourier’s Law [28], as 

described by the following formulas. Fourier’s Law was applied to compute the transient heat flux within the specimen during 

sintering. The resulting temperature gradients provided the thermal input that drives diffusion and sintering stress, which in 

turn cause densification and shrinkage. In this way, the following formulas directly feed into the shrinkage model by linking 

heat transfer to dimensional change.  

= − ×
dT

q k
dx

 (5) 

∆
= − ×

T
q k

L
 (6) 

where q is the heat flux (W/mm2), k is the thermal conductivity (W/m/℃), ΔT is the temperature difference (℃), and L is the 

effective thickness of the specimen in the direction of heat transfer (mm). To ensure continuity between the experimental and 

numerical analyses, the experimentally obtained shrinkage ratios and the refined scale factor of 1.13 were used as validation 
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benchmarks for the ANSYS simulation. The simulation boundary conditions were defined to replicate the furnace environment: 

the specimen base was constrained to represent its contact with the platform, and all exposed surfaces were subjected to a 

uniform heat flux. 

The applied heat flux magnitude was 30.52 W/mm2 for the tensile specimen and 49.22 W/mm2 for the bending specimen, 

calculated using Fourier’s Law with the furnace temperature (1380 ℃), the measured specimen thicknesses of 1.5 mm and 

0.93 mm. Material properties, including thermal conductivity, specific heat capacity, and thermal expansion coefficient (Table 

10), were taken directly from the Desktop Metal datasheet and literature, ensuring realistic thermal–structural coupling. The 

sintering was carried out in an H2+Ar inert atmosphere, minimizing external convection, which justifies the assumption of 

uniform thermal loading. These combined inputs ensured that the simulation setup closely corresponded to the actual sintering 

process. 

Furthermore, to determine the relationship between the scale factor and the heat flux value, it is linked with the linear 

thermal expansion formula [29]. The direct link between Fourier’s Law and shrinkage lies in the fact that heat flux determines 

the transient thermal gradients within the specimen. These gradients drive diffusion and porosity elimination during sintering, 

leading to densification and dimensional contraction. By combining the Fourier-derived heat flux with the thermal expansion–

contraction relations, the simulation establishes a mechanistic pathway from heat transfer to shrinkage prediction. 

0α∆ = × × ∆T L T  (7) 

( )0 0 1 α= + ∆ = × + × ∆finalL L L L T  (8) 

0

Ratio 1 α= = + × ∆
finalL

T
L

 (9) 

Ratio 1 α
× 

= + ×  
 

q L

k
 (10) 

where Ratio is the comparison between the initial scale factor and the shrinkage result, and α is the coefficient of thermal 

expansion (C−1). The relationship between the scale factor input and the heat flux input in the ANSYS 2022 R2 software is 

established using these formulas. Based on the calculated scale factor of 1.16, the simulation results are presented in Fig. 15. 

 
(a) Tensile test specimen 

 
(b) Bending test specimen 

Fig. 15 Simulation results 
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The specimen shrinkage was obtained from the simulation results by reducing the scaled design size of 1.16 back to its 

original size. The observed shrinkage behavior corresponds closely with experimental findings, confirming the validity of the 

applied thermal and structural parameters. These results provide a quantitative reference for correlating the heat flux 

distribution with dimensional contraction, ensuring that the simulated outcomes accurately represent the real sintering 

conditions. The detailed results for each element are shown in Table 11. 

Table 11 Simulated shrinkage results and scale factors for each element 

Element Design scale factor Simulated shrinkage result Shrinkage scale factor 

A1 3.48 mm 3.09 mm 1.13 

B1 11.6 mm 10.3 mm 1.13 

C1 3.28 mm 2.92 mm 1.13 

D1 37.12 mm 32.96 mm 1.13 

E1 6.96 mm 6.18 mm 1.13 

F1 113.29 mm 100.6 mm 1.13 

A2 2.16 mm 1.92 mm 1.13 

B2 69.6 mm 61.8 mm 1.13 

C2 17.4 mm 15.45 mm 1.13 

Upon analysis, the simulation results indicate a shrinkage corresponding to a scale factor of 1.13. Therefore, a follow-up 

simulation is necessary to verify whether a scale factor of 1.13 will produce shrinkage that matches the original design 

dimensions. Table 12 provides detailed simulation results using a scale factor of 1.13. 

Table 12 Simulation results using a scale factor of 1.13 

Element Scaled design dimension Simulated shrinkage result Shrinkage scale factor 

A1 3.39 mm 3 mm 1.13 

B1 11.3 mm 10 mm 1.13 

C1 3.19 mm 2.83 mm 1.13 

D1 36.16 mm 32 mm 1.13 

E1 6.78 mm 6 mm 1.13 

F1 110.35 mm 97.66 mm 1.13 

A2 2.10 mm 1.86 mm 1.13 

B2 67.8 mm 60 mm 1.13 

C2 16.95 mm 15 mm 1.13 

The table shows that a scale factor of 1.13 results in shrinkage that aligns with the original design dimensions. Therefore, 

to achieve optimal printing accuracy, a scale factor of 1.13 should be applied in the experimental process. Despite these 

promising findings, several limitations of the present study must be acknowledged. The number of tested specimens was 

relatively small, restricting the statistical generalization of dimensional deviations. Only simple geometries (tensile and 

bending specimens) were investigated, so the applicability of the refined scale factor to complex implant geometries remains 

untested. The simulation also employed simplified assumptions, such as uniform heat flux and an idealized furnace atmosphere, 

whereas actual sintering may involve more complex thermal interactions. Furthermore, the refined scale factor of 1.13 was 

derived under specific material (SS316L) and equipment (Desktop Metal BMD) conditions, and its transferability to other 

alloys or BMD systems remains to be validated. Finally, the clinical relevance was inferred indirectly from published 

dimensional tolerances rather than confirmed through direct in vitro or in vivo validation. 

5. Conclusions 

This study successfully conducted a comprehensive dimensional evaluation of 316L stainless steel specimens produced 

using the BMD method. The key findings are: 

(1) Dimensional deviation of up to 6% was observed from CAD design to the final sintered product, with the most significant 

errors occurring in height-related features due to anisotropic shrinkage and irregular layer deposition. 
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(2) The commonly used scale factor of 1.16 was found to be suboptimal, resulting in inconsistent dimensional fidelity, 

particularly in smaller or curved features. 

(3) Based on experimental and simulation results, a new refined scale factor of 1.13 was proposed. This factor demonstrated 

better alignment with the original design dimensions and was confirmed through ANSYS-based simulation. 

(4) The proposed 1.13 scale factor achieved dimensional accuracy within the clinically acceptable tolerance for dental 

implants (0.19-0.36 mm), indicating its applicability in biomedical implant manufacturing. 

(5) Simulation results further confirmed the superiority of scale factor 1.13, ensuring improved predictability of shrinkage and 

better control over the final output geometry. 

(6) Comparison with other AM technologies showed that BMD has moderate dimensional accuracy, which can be enhanced 

through empirical compensation strategies, especially for cost-sensitive medical applications. 

(7) The study emphasizes the importance of scale factor calibration in improving accuracy, safety, and performance in 

medical 3D-printed implants. 

Overall, this study highlights a proof-of-concept that the refined scale factor can ensure clinically reliable dimensional 

accuracy for implant applications. Future studies should further validate and extend the applicability of the proposed scale 

factor and dimensional control methods in BMD. Future work should aim to: 

(1) Experimental validation of the 1.13 scale factor under real clinical manufacturing conditions, with a larger sample size to 

improve statistical confidence and capture process variability. 

(2) Investigation of more complex geometries and loading scenarios to improve the general applicability of the proposed 

calibration method. 
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