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Abstract
The fabrication of dental crowns (DC) for humans with fused filament fabrication (FFF) followed by investment casting 
(IC) has been the commercial practice for the past 20 years. However, little has been reported on FFF-based 3D printing of 
DC for strategic teeth (ST) of veterinary patients (VP), especially in assembly fit. The present study highlights the detailed 
methodology for the preparation of acrylonitrile butadiene styrene (ABS) DC master pattern (of mandibular first molar (M1) 
and maxillary fourth pre-molar (PM4) tooth) of a 3-year-old German shepherd dog as a subject. The PM4-M1 combination 
as ST has geometrical complexity and is important during mastication, requiring tight tolerance to justify assembly fit. This 
paper explores the role of FFF-based pre-post-processing variables on the geometrical complexity of DC (M1 and PM4) 
of a dog while assembly in terms of international tolerance (IT) grades. Results of the study suggest that the best settings 
of FFF for dimensional accuracy (∆d) and surface hardness of master DC pattern prepared are as follows: low part density, 
180° orientation angle, and post-treatment temperature of 80 °C (based upon multifactor optimization). The results from this 
study are supported by scanning electron microscopy (SEM), 3D rendered images, and surface texture profiles.
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1  Introduction

Several novel approaches have been developed in the arena 
of dental prosthetics in recent years that concede the design 
and manufacture of précised, custom-specific, and optimal 
dental restorations [1]. Different additive manufacturing 
(AM) methods like the lost-wax technique, swaging, electro-
forming, three-dimensional printing (3DP), and subtractive 
manufacturing-based milling are used for the manufactur-
ing of different prostheses in dental industries [1, 2]. AM 
is a skillful method of making parts from computer-aided 
design (CAD) models by curing, depositing, or attempting 
to consolidate materials in selective layers [3]. These AM 

technologies are pretty more widely applied in a variety of 
automobile, aerospace, biomedical, construction, engineer-
ing, microfluidics, and other application areas to reduce 
production time for parts to be manufactured with complex 
features [4]. Over the past few decades, these approaches 
have been proficiently applied for batch production with 
mass customization; however, the previously reported stud-
ies were limited to developing models for product visualiza-
tion [5]. CAD/Computer-aided manufacturing (CAM) tech-
nologies can provide better clinical treatment for orthodontic 
patients by acquiring scanned data with complex integrated 
designs that are then produced using digital technology [6, 
7]. The CAD software systems are used in these non-tradi-
tional crown designs and manufacturing methods to improve 
the fit, aesthetics, and versatility of customized parts [8, 9]. 
The use of CAD/CAM-based AM has a substantial effect on 
dental restorations for humans. It has been widely reported 
that for VP like domestic dogs, the ST are interchangeable 
based on age and breed [10]. As a consequence, batch pro-
cessing could be a considerable solution (for a particular 
age/breed of canine), which would minimize the expected 
downtime.
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The FFF is a low-cost AM method that uses thermoplastic 
feedstock to fabricate the parts from a virtual solid model. 
The working mechanism starts with the development of a 
three-dimensional virtual solid model [11, 12]. Many com-
mercial CAD packages are used to do this. The model is 
then exported in the stereolithography (STL) format to the 
FFF software (such as Catalyst EX). After being exported 
to Catalyst, the STL file is horizontally fragmented into sev-
eral thin segments. These parts reflect the FFF process’s 
two-dimensional topography, which, when layered on top of 
one another, strongly matches the original three-dimensional 
segment. The Catalyst software then uses this information 
to generate a process plan that controls the FFF machine's 
hardware. A solid filament of ABS as model material and 
polycarbonate (PC) as support material are usually fed via 
a heating element and turn out to be semi-molten during 
the fabrication process inside the extruder. The fused fila-
ment is then deposited onto the built plate through a nozzle. 
Since the material is extruded in a semi-molten state, the 
newly deposited material fuses with neighboring material 
that has already been deposited. After that, the extruder head 
moves in the x–y plane, depositing material according to the 
component's geometry. After this, the built platform, along 
with the deposited portion of the component, starts moving 
downward in the z-plane to start consolidating a new layer 
of fused material on top of the previously deposited surface 
[13, 14]. In FFF, the semi-molten ABS or any thermoplastic 
material is consolidated in a criss-cross pattern on the X–Y 
plane, resulting in porosity between the direction of fila-
ment deposition. The infilled densities can be adjusted as 
sparse low/sparse high/solid before giving the command for 
printing. Similarly, the selection of orientation angle plays 
a vital role as it depends on the complexity in the geometry 
of the part to be printed. Anisotropic mechanical proper-
ties are prevalent in AM techniques that manufacture the 
component layer by layer. The mechanical behavior of FFF 
specimens was found to be reliant on raster orientation, 
which is directly related to the build orientation, process-
ing parameters–air gap, layer thickness during printing, and 
raster width–for materials like ABS [15]. As per reported 
literature, the raster angle and air gap have more effect on 
the strength of FFF components. The periodic cellular core 
structure is commonly used to reduce the weight of print-
able pieces. With innovative infilled core designs, weight 
reduction has become a challenge in recent years with less 
manufacturing cost of cellular structures [16]. FFF has many 
benefits in general, including limitless shape complexity, a 
wide range of materials to choose from, nontoxic materials, 
a quick processing time, easy material changes, low-temper-
ature process, little or no monitoring during part building, 
lightweight machine, and low maintenance requirements. 
Because it uses a layered manufacturing technique to pro-
duce the needed 3D parts directly from CAD files, one of the 

major downsides of FFF technology is the seam lines that 
emerge between any two neighboring strands. By default, 
this behavior results in excessive surface roughness (Ra) or 
even poor adhesion between two layers. Another notable dis-
advantage of FFF is the limited thermal conductivity of the 
plastic materials employed. Furthermore, the relatively poor 
heat tolerance of plastic FFF parts prevents FFF technology 
from being widely used in many fields [17, 18].

Numerous studies on the production of DC for humans 
have revealed the use of both conventional and novel AM 
methods. However, limited work has been recorded for VP, 
especially in the preparation of DC. A carnivorous animal 
like a dog may suffer numerous injuries in the duration of 
its life, but the tooth fracture, particularly injury of the ST, 
is thought to be devastating [19, 20]. Periodontic treatment 
for VP is often expensive and requires a massive recovery 
period. Prosthodontic therapy on VP is initiated at an early 
stage, either as a preventive strategy or as an accident recov-
ery technique, to remove any need for periodontic treatment 
[21, 22]. The prosthodontic procedure involves the place-
ment of DC, which is mainly used to avoid trauma or dam-
age in injuries [23]. In commercial practices, for crown ther-
apy, the veterinary surgeon has to initially go for endodontic 
treatment. For example, in VP, if there is a tooth fracture 
and for the repair of such fracture the pulp cavity exposure 
is there, endodontic treatment is the first stage followed by 
crown fitment to manage the high biting force of dog [20].

The Canidae family of animals, which includes dogs, 
wolves, and foxes, is of particular interest to this study. 
Because of the principle of DC interchangeability, the study 
was limited to dogs (Canis lupus familiaris). It should be 
noted that dogs have two sets of teeth: 28 deciduous teeth 
that have been extracted when the dog (is 1.5–2 months of 
its age), and over time, 42 adult teeth that are fully replaced 
(when they are six or seven months old). The final teeth 
comprise incisors, which are applied to nip and nibble; 
canines, which rip and cut into a strip of flesh; and premolars 
and molars that help in shearing and crushing of foods. Eight 
teeth are considered to be ST out of the 42 finally grown-
up teeth. The total ST is equally divided into mandible and 
maxilla. These ST are comprised of two canines and M1 in 
the lower mandible, two canines, and two PM4 in the upper 
maxilla [24, 25]. The four ST on the left side of the mandi-
ble and maxilla are shown in Fig. 1. The other four ST are 
available on the right side. Due to the value function of ST, 
tooth loss (partial or fully) may lead to a change in feeding 
habits and loss of weight in a particular dog. Commercially 
dental restorative work by veterinarians is manual in nature 
but recent advancements in technology (such as the use of 
virtual/ augmented reality tools) may be used to perform 
these functions digitally [26, 27].

The literature review reveals that fabrication of DC for 
humans with FFF followed by IC has been the commercial 
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practice for the past 20 years. However, little has been 
reported on FFF-based 3D printing of DC for ST of VP, 
especially in assembly fit. The present study highlights the 
detailed methodology for the preparation of the master DC 
pattern (M1 and PM4) of a 3-year-old German shepherd 
dog as a subject. The PM4-M1 combination as ST has 

geometrical complexity and is important during mastica-
tion, thus requiring tight tolerance to justify assembly fit. 
This paper explores the role of FFF-based pre-post pro-
cessing variables on the geometrical complexity of DC 
(M1 and PM4) of a dog while assembly in terms of IT 
grades.

2 � Methodology

The methodology articulated for maxillary PM4 and man-
dibular M1 of dogs is shown in Fig. 2. In the recent past, 
several studies have been carried out to analyze, model, and 
develop the relation for processing parameters on ∆d, Ra, 
and surface hardness of ABS-based thermoplastic DC pat-
tern printed by FFF [28]. But for assembly fit of different 
ST, limited studies have been reported. Due to geometrical 
similarities in the curvature of M1 and PM4 (as ST), left 
mandibular M1 was considered in this study. The steps for 
resolving the current problem are as follows:

Fig. 1   Schematic of longitudinally cut left half section of maxilla and 
mandible

Fig. 2   An adopted methodology 
for optimized setting of FFF-
based 3D printing for the master 
pattern of DC
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The final part of process optimization includes pre-
processing of CAD data for optimum design of CAD file, 
selection of process parameters to increase adhesion among 
layers during printing with optimum printing direction for 
improving surface characteristics of the printed part, and 
slicing strategy to minimize staircase effect, again, further 
processing of printed parts to improve surface hardness, 
microstructure.

3 � Experimentation

3.1 � Development of CAD data from die stone model

3D imaging through scanning is regarded as an early phase 
in reverse engineering for the acquisition of surface data 
[29]. Scanning speed, range of measuring field, speed, and 
continuity in the scanning of a physical model to get the 
surface geometry plays a vital role in the generation of a 
3D virtual CAD model. Small measuring volumes may be 
selected with adequate resolution as per environment/sur-
rounding by a skilled operator for preparing object surface 
[30–32]. Figures 3 and 4 show the development of a vir-
tual CAD model of crown/coping of ST of M1 and PM4 
of German shepherd dog. After selecting a 3-year German 
shepherd dog, alginate as colloidal material for impression 
making due to dog bite with the help of anesthesia, den-
tal gypsum/die stone for filling impression cavity to get die 

stone model was performed. Commercial dedicated 3-shape 
dental software was selected for generating surface data of 
a dental die stone model of a jaw with teeth. After this 2D 
surface scanned data were processed in a dental prosthetic 
design (Delcam CAD/CAM) software of fitting restorations 
for generation 3D CAD model of coping/crown of two M1 
(left and right) of mandible and PM4 (left and right) of the 
maxilla. These four 3D CAD models were further processed 
by physical verification with a die stone model by provid-
ing a thickness of 0.6 mm to the final crown of the selected 
ST and restored as ‘.STL file’ after counter verifying with 
3-shape dental software.

3.2 � 3D Printing of a thermoplastic pattern of M1

The sacrificial pattern of the selected ST (left mandibular 
M1) has been chosen as the benchmark in this study (out of 
two ST due to almost similarity in geometrical complexity 
of M1 and PM4). For making the final thermoplastic master 
pattern of M1, the investigation is alienated into eight steps 
starting with a benchmark and varying parametric settings 
(of selected ST). After receiving the validated printable 
CAD file, the specific ST (M1) was loaded into the FFF 
printer's CatalystEX software (version 4.3) for slicing. The 
density (model interior), support fill, no. of copies, STL unit, 
STL scale, and orientation were chosen followed by slicing 
and adding the file of M1 into a pack. The print option was 
then selected for printing CAD files in the FFF printer. At 
three different densities (sparse low, sparse high, and solid), 
the printing was performed by changing the orientation 
angles (120°, 150°, and 180°) with X-axis. The inbuilt pro-
gram provides information regarding the number of layers, 
model, and support feedstock material consumption out of 
available volumes of feedstock in the material bay, as well 
as the total built time on that particular experimental set-
ting. In this study, P430 (ABS Model material) and P400-SR 
(Soluble support material) as feedstock filament supplied 
by Stratasys, USA have been used. The soluble P400-SR 
support materials were removed from the interior parts of 
the geometrically complex printed DC with the help of an 
ultrasonic-assisted stirrer. The 3D printing process flow 
of thermoplastic DC of M1 by FFF printer is described in 
Fig. 5. Design of experiment (DOE) based on Taguchi L9 
orthogonal array (O.A) was used for the final printing of 

Fig. 3   a Impression making in alginate on the dental tray, b Die stone 
models of canine, PM4, and M1

Fig. 4   a Die stone model of M1, 
b Coping selected in scanned 
image in software, c .STL file of 
coping of M1
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Fig. 5   Process flow of thermo-
plastic printing of DC of M1
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Table 1   Observations during 
printing (pre-processing stage) 
(based upon Taguchi L9 OA)

S. no. Input parameters fixed at the 
operator level

Observations based upon FDM software and printed parts at the 
pre-processing stage

Part density Orientation angle 
along the x-axis

Volume of model 
material used in DC 
(in3)

Weight of DC pat-
tern after cleaning 
in g

Density of model 
material (g/in3)

1 Sparse low 120° 0.028 0.4312 1.5401
2 Sparse low 150° 0.030 0.4246 1.4153
3 Sparse low 180° 0.031 0.4344 1.4013
4 Sparse high 120° 0.028 0.3950 1.4107
5 Sparse high 150° 0.030 0.4233 1.4110
6 Sparse high 180° 0.031 0.4336 1.3987
7 Solid 120° 0.028 0.4395 1.5696
8 Solid 150° 0.030 0.4374 1.4580
9 Solid 180° 0.031 0.4398 1.4187

Fig. 6   a Slicing and orientation 
of CAD file showing the model 
and support to be consumed, b 
final thermoplastic pattern of 
DC of M1
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thermoplastic patterns of DC for M1 (Table 1). Figure 6 
shows the slicing and orientation of the CAD file and the 
final printed thermoplastic pattern of DC for M1. The speci-
fication of ABS used in this experiment is given in Table 2.

3.3 � Biomechanics of M1 and PM4

The various forces like compressive, shear, and tear act 
simultaneously on different points and areas of ST during 
the action of tearing, chewing, biting, eating, and grinding 
of food [33]. So, mechanical properties like elastic modulus, 
brittleness, hardness, ductility, etc. of flesh/ food affect the 
jaw movement along with the teeth of a dog. Thus, anal-
ysis of the different types of forces on teeth and possible 
moments generated due to movement of the jaw affect the 
longevity and retentivity of final DC as well as minimize 

the abfraction of teeth [34, 35]. The distance D1 and D2 
and moments Ma and Mb as per reference points of applica-
tion of force in the co-ordinate system (positioned at the 
center of both arcs) that measure the angle according to the 
rotation of maxillary and mandibular arc for calculation of 
moments are shown in Fig. 7. Also, buccal–lingual (B–L), 
mesial–distal (M–D), and occlusal–gingival (O–G) axial 
directions are used for force and moment analysis by previ-
ous authors [33–37]. It has been reported that the rate of 
movements on an occlusal plane can be calculated along the 
M-D direction [37].

In professional practice, the height, length, and thick-
ness of DC are considered significant for the resistance/
retention purpose in minimization of adhesion/ cohesion 
failure rate of ST. In other words, the contour of teeth, 

Table 2   Specification of virgin ABS (P430)

Layer thickness 0.254 mm
Color White
Specific gravity 1.04
Rockwell hardness 109.5
Coefficient of thermal expansion 8.82 × 10–5 mm/mm/°C
Glass transition temperature 108 °C
Heat deflection 82–96 °C
Flexural modulus 1650 MPa
Flexural strain 2%
Tensile modulus 2200 MPa
Tensile elongation 2% at break and 6% at a yield
Impact (IZOD) 106 J/m

Fig. 7   Force and couple analysis between M1 and PM4 as per their 
mating (biomechanics of teeth). Note: In this study, occlusal forces 
were not studied, so full die stone models for maxillary and man-

dibular arc were not prepared. Only individual tooth study has been 
performed for fabrication purpose, but for future application, clinical 
studies need to be performed on a standardized dental tray model

Fig. 8   Measurement of the thickness (a), height and angle (b), length 
(c), width (d) of CAD file of M1 (linear dimensions are in mm and 
angle in degree)
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area of contact between teeth, cementation gap, etc. plays 
a vital role in the resistance, misfit evaluation, and biome-
chanics of DC [38, 39]. The convergence angle of the left 
M1 (CAD file) was measured as 38.46° (Fig. 8) by using 
devoted CAD software (in the present study). The thick-
ness of the crown measured was fixed as 0.6 mm, height 
13.77 mm in CAD data (Fig. 8). Based upon Tables 1, 
3 and 4, respectively, show measured dimensions corre-
sponding to the selected nominal dimension as per Fig. 8.

The IT grade system was employed for tolerance exami-
nation of the FFF printed DC for ST. Linear dimensions of 
parallel opposite faces of DC were measured (with three 
repetitions as per Table 1). FFF process was observed to 
be capable of printing suitable DC patterns with IT grade 
varying from IT 11 to IT 14 (lengthwise) and IT 5 to IT 
14 (width) wise (Tables 3, 4). Because of observed IT 
grades, the FFF process is ideal for both concept modeling 
and assembly applications. The following formulas and 
calculations for IT grade evaluation are given below [40]:

(1)i = 0.45 × D1∕3 ± 0.001 × D = 1.29

(2)n = 1000
(

DJN−DJM

)

∕I

where n, tolerance unit; i, standard tolerance factor; 
DJN, nominal dimension; DJM, measured dimension.

Geometric mean = D = (10 × 18)1/2 = 13.41 mm.

3.4 � Post‑processing of master patterns

After removal of support material from the printed samples 
at different settings, three samples at each setting based upon 
DOE (Table 5) were used for post heat treatment below glass 
transition temperature (Tg) of ABS (Tg = 105 °C [41–44]). 
The thermodynamic heating–cooling cycle comprises three 
temperature profiles that were used. In temperature pro-
file 1, the temperature was raised from room temperature 
(32 °C) to 70 °C for samples fabricated in experiments 1, 
6, and 8 (sensible heating) in 300 s as per Table 5. After 
this, the same samples were held in reserve at 70 °C for 
300 s. Finally, the same samples were brought to 32 °C in the 

(3)Geometric mean = D = (18 × 30)1∕2 = 23.23 mm,

(4)i = 0.45 × D1∕3 ± 0.001 × D = 1.07

(5)n = 1000
(

DJN−DJM

)

∕I

Table 3   Calculated IT grades 
for DJN 23.92 mm

S. no. DJN (mm) DJM (mm) Deviation in 
mm

i n Grade

1 23.92 23.37 0.55 1.29 426.35 IT13 to IT14
2 23.92 23.5 0.42 1.29 325.5 IT12 to IT13
3 23.92 23.75 0.17 1.29 131.78 IT11 to IT12
4 23.92 23.5 0.42 1.29 325.5 IT12 to IT 13
5 23.92 23.5 0.42 1.29 325.5 IT12 to IT13
6 23.92 23.78 0.14 1.29 108.5 IT10 to IT11
7 23.92 23.7 0.22 1.29 170.54 IT11 to IT12
8 23.92 23.7 0.22 1.29 170.54 IT11 to IT12
9 23.92 23.6 0.32 1.29 248.06 IT12 to IT13

Table 4   Calculated IT grades 
for DJN 11.75 mm

S. no. DJN (mm) DJM (mm) Deviation in 
mm

i n Grade

1 11.75 11.7 0.05 1.29 46.72 IT9 to IT10
2 11.75 11.76 0.01 1.29 9.34 IT5 to IT6
3 11.75 11.72 0.03 1.29 28.03 IT8 to IT9
4 11.75 11.82 0.07 1.29 65.42 IT9 to IT10
5 11.75 12.07 0.32 1.29 299.06 IT13 to IT14
6 11.75 12.03 0.28 1.29 261.68 IT12 to IT13
7 11.75 11.76 0.01 1.29 9.34 IT5 to IT6
8 11.75 11.8 0.05 1.29 46.72 IT9 to IT10
9 11.75 11.9 0.15 1.29 140.18 IT11 to IT12
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300 s. Similarly, the 32°–80°–80°–32° C cycle was used for 
samples fabricated in experiments 2, 4, and 9 (temperature 
profile2), and the 32°–90°–90°–32 °C cycle (temperature 
profile3) was chosen for samples fabricated in experiment 
3, 5, and 7 (Fig. 9).

4 � Results and discussion

Table 6 presents the measured results for Shore D hardness 
and dimensional measures based on Table 5. Considering 
thickness (t) (Fig. 8a) as the most critical factor for the 

final assembly of DC, the Δd has been calculated on the 
thickness of the functional part. The signal-to-noise (SN) 
ratio for the hardness and Δd values of the master pattern 
were optimized for the larger the better type case and the 
smaller the better type case, respectively.

SN ratios can be determined as follows[28–30]:
for the larger the better type case

SN ratios can be determined as follows for the smaller 
the better type case:

where η, SN ratio; n, the no. of experiment; y, the material 
properties at experiment no. k.

Further SN ratio for Shore D hardness AHT and Δd1 has 
been taken for calculation using Minitab 19 software (based 
on Table 6). This was because, to commercially fabricate 
DC via IC, the operator requires a master pattern with an 
adequate hardness to manage the pressure of slurry coat-
ing during IC. As a result, the SN ratio for the hardness 
obtained AHT was computed for optimization purposes. 
Another important criterion was the quality of the master 
pattern, which would be represented in the final cast. As 
a result, the SN ratio in the form of Δd1 was determined. 
Based on Table 6, Fig. 10 presents main effect plots for SN 
ratios, Shore D hardness AHT, and Δd1.

Table 7 displays the analysis of variance (ANOVA) for 
Shore D hardness AHT (for larger the better type case) and 
Δd1 (for smaller the better type case) based on SN ratio 
calculations (as per Table 6). The best settings for Shore 
D hardness are component density solid, orientation angle 
180°, and post-treatment temperature 80 °C, as shown in 
Fig. 10a. Higher part density leads to a more thermally 
stable master pattern; therefore, this setting is but obvious 
solution. The 180° orientation angle may have resulted in 
better layer deposition. To put it another way, it may have 
resulted in a superior surface texture, Ra. Because the post-
treatment temperature was near the Tg of ABS, it may have 
resulted in better processing conditions. However, accord-
ing to ANOVA analysis (Table 7), only part density is a 
significant factor with a contribution of 80.25% at the 95 
percent confidence level. In terms of ∆d1, the optimal set-
tings are low part density, 150° orientation angle, and 90 °C 
post-treatment temperature. Lower density, 150° orientation, 
and 90 °C temperature (being near to Tg) resulted in a more 
dimensionally stable master pattern. The ANOVA analysis 
(Table 7) reveals that for Δd1 only component density is 
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Table 5   DOE for pre and post-processing of master patterns

For input parameter, A three levels (1, 2, 3) were selected as Sparse 
low, Sparse high, and Solid based upon availability on FDM setup. 
For input parameter, B three levels (1,2,3) were selected as 120°, 
150°, and 180° based upon availability on FDM setup and pilot 
experimentation. For input parameter C three levels (1,2, 3) were 
selected as 70 °C, 80 °C, and 90 °C based upon Tg of ABS and pilot 
experimentation

S. no. Part density
(A)

Orientation angle 
(Along x-axis)
(B)

Post printing 
temperature (C) 
(°C)

1 Sparse low 120° 70
2 Sparse low 150° 80
3 Sparse low 180° 90
4 Sparse high 120° 80
5 Sparse high 150° 90
6 Sparse high 180° 70
7 Solid 120° 90
8 Solid 150° 70
9 Solid 180° 80
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Fig. 9   Temperature vs time plot for different temperature profiles
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a significant parameter with 89.46% contribution at a 95% 
confidence level.

Table 8 shows the scanning electron microscopy (SEM) 
images, 3D rendered images, and surface texture profiles 
for samples AHT (as per Table  6). As observed from 

Table 8, Ra values obtained were very close in all set-
tings also, an almost similar surface texture was noticed 
for all settings of FFF parameters (pre and post-process-
ing). Another important observation from SEM images 
(Table 8) was that for low-density patterns, uniform layer 

Table 6   Observed values of 
Shore D hardness and Δd 

All dimensions in mm. The experiment was performed three times and average values have been reported. 
BHT, before heat treatment; AHT, after heat treatment; t1, thickness BHT; t2, thickness AHT (as per 
Fig.  8); ΔH = difference in hardness BHT and AHT; Δd0 = (t−t1) (difference between thickness as per 
CAD file data (t = 0.6 mm) and observed values in different experiments BHT); Δd1 = (t−t2) (Difference 
between thickness as per CAD file data (t = 0.6 mm) and observed values in different experiments AHT); 
Δd2 = Δd1−Δd0

S. no. Shore D hardness Dimensional 
measurement

Δd0 Δd1 Δd2 SN ratio for 
Shore D hard-
ness
AHT (dB)

SN ratio for Δd1
(dB)

BHT AHT

BHT AHT ΔH t1 t2

1 58 60.5 2.5 0.675 0.615 0.075 0.015 0.06 35.6351 36.4782
2 51.5 57.5 6 0.67 0.61 0.07 0.01 0.06 35.1934 40.0000
3 62.5 64 1.5 0.665 0.61 0.065 0.01 0.055 36.1236 40.0000
4 60 63.5 3.5 0.615 0.615 0.015 0.015 0.00 36.0555 36.4782
5 52.5 56.5 4 0.635 0.61 0.035 0.01 0.025 35.0410 40.0000
6 58 61.5 3.5 0.66 0.62 0.06 0.02 0.04 35.7775 33.9794
7 69 73 4 0.65 0.645 0.05 0.045 0.005 37.2665 26.9357
8 60 69.5 9.5 0.655 0.65 0.055 0.05 0.005 36.8397 26.0206
9 72.5 74.5 2 0.655 0.64 0.055 0.04 0.015 37.4431 27.9588

Fig. 10   Main effect plots for SN ratios Shore D hardness AHT and Δd1 based upon Table 5

Table 7   ANOVA for SN ratios

DF, degree of freedom; Seq SS, sequential sum of squares; F, Fisher’s value; P, probability; %C, percent-
age contribution

Source DF For Shore D hardness AHT For Δd1

Seq SS F P %C Seq SS F P %C

A 2 4.77769 29.99 0.032 80.25 241.526 116.44 0.009 89.46
B 2 0.98328 6.17 0.139 16.51 6.490 3.13 0.242 2.40
C 2 0.03259 0.20 0.830 0.54 19.883 9.59 0.094 7.36
Residual Error 2 0.15932 2.67 2.074 0.76
Total 8 5.95288 269.973
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Table 8   SEM images, 3D rendered images, and surface texture profiles for samples AHT (as per Table 6)
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deposition was noticed in AHT in comparison to higher 
density patterns, which may have resulted in better dimen-
sional stability.

Finally using general linear model analysis and response 
optimization tool in Minitab 19 to identify the combination 

of predictors for joint optimization (Fig. 11), multifactor 
optimization was performed based on observations of SN 
(obtained by Taguchi analysis of AHT and Δd1) by giv-
ing 70% weightage to Δd1 and 30% weightage to surface 
hardness (Table 9). The composite desirability was found 
as 0.824996 with the following optimized settings: low 
density, 180° orientation, and post-treatment temperature 
of 80 °C. The confirmatory experiments were performed 
as per proposed optimized settings and correspondingly 
Δd1 = 0.01 mm and Shore D hardness AHT was noticed as 
74. These results are in line with observations made by other 
investigators [10, 32–34, 44]. 

5 � Conclusions

Following are the conclusions from the present study:

1.	 The FFF patterns may be beneficial in the production 
(of master patterns) of DC for ST. Pattern density is the 
only relevant factor in determining the surface hardness 
of master patterns at the 95% confidence level, according 
to the experimental investigation, whereas other charac-
teristics such as orientation angle and post-processing 

Table 8   (continued)

Fig. 11   Desirability plot for multiparameter optimization
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temperature are not significant at the 95% confidence 
level.

2.	 Similar observations were obtained for Δd of the master 
pattern. Pattern density is only relevant for Δd at the 
95% confidence level, according to the results. Surface 
hardness and Δd measurements are consistent with Ra, 
surface texture profiles obtained by SEM investigations.

3.	 In terms of FFF pre-and post-processing parameters for 
the printing of DC (for ST of dog), multifactor optimiza-
tion reveals that the optimal settings from Δd and sur-
face hardness perspective are orientation angle (180°), 
pattern density (low), and post-treatment temperature 
(80 °C).

4.	 The implementation of IT grade in preparation of DC for 
ST of dog may help in better assembly fit concerning a 
particular age group and breed of selected VP. The mas-
ter pattern fabricated using the multi-factor optimization 
method will be used for IC for the preparation of DC.

The master pattern with recommended settings may be 
used for IC in the future. The influence of convergence 
angle in assembly fit may be explored in a simulative 
as well as the actual environment.
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