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Abstract 

Purpose To demonstrate the viability of a coordinate-measuring machine (CMM) for the geometric analysis of 3D 
printed surgical templates.

Methods The template was designed and modified by adding 18 cylindrical landmarks for CMM test and then classi-
fied into five groups according to the slicing software and resins (opaque and transparent): Streamflow-O, Streamflow-
T, Shapeware-T, Rayware-T and Polydevs-T (N = 3). Three standing times (0 w, 1 w, and 2 w) were included to observe 
possible deformation. All the measurements were performed automatically by the CMM through a preset program. 
The Euclidian distance (dxyz) was regarded as the representation of global dimension accuracy, and displacements 
in the x-, y-, and z-axes were also calculated.

Results The average dxyz values of Streamflow-O, Streamflow-T, Shapeware-T, Rayware-T and Polydev-T are 
32.6 μm, 31.3 μm, 56.4 μm, 96.4 μm, and 55.3 μm, respectively. Deviations were mainly induced by the upward 
bending of the free end region (positive direction of the z-axis). Different resins did not have a significant influ-
ence on the dimensional accuracy. Moreover, deformation appeared to be negligible after 2 weeks of storage, 
and the z-axis displacements were only approximately 30 μm at week 1 and 10 μm at week 2.

Conclusions The deviations of the DLP-printed template are induced mainly by z-axis displacements and are deter-
mined by the processing accuracy. After 2 weeks, the dimensional stabilities of these templates are reliable, which 
is encouraging for clinicians. Moreover, the CMM is preliminarily demonstrated to be a feasible tool for achieving 
automated geometric analysis of surgical templates.
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Background
With the development of computer-assisted implant 
surgery (CAIS) technology, implant insertion under the 
guidance of surgical templates has become a widely used 
method for achieving proper implant placement, which 
is essential for long-term stability and favorable aesthetic 
outcomes [1]. At present, surgical templates are mainly 
fabricated through 3D printing technologies using a 
biocompatible photosensitive resin. This is an efficient, 
accurate, simplified, and customized way to material-
ize stereolithography (STL) or computer-aided design 
(CAD) files into a series of dental materials, including 
templates, models, restorations, and prostheses [2]. How-
ever, the main drawback of 3D printing is the inferior 
surface characteristics caused by the layer-by-layer depo-
sition processing [3, 4], which likely results in templates 
that are less accurate and easily deformed, inevitably 
leading to difficulties and complications in clinical appli-
cation, such as inaccurate placement and intraoperative 
fracture [5]. Thus, surgeons need to know the dimen-
sional accuracy and dynamic deformation of their tem-
plates before surgery.

A coordinate measuring machine (CMM) is a precision 
detector that can move along three mutually perpendic-
ular rails [6]. The measurement principle is to compute 
the coordinates (x, y, z) for each point on the workpiece 
through a dedicated data processor and then to com-
pare them with the nominal coordinates for displace-
ment analysis [7]. Several studies have reported that the 
linear accuracy of the CMM is within 1  μm on all axes 
[8, 9]. Pan et al. preferred the CMM as the gold standard 

for analyzing implant placement accuracy compared with 
intraoral scanners, desktop optical scanners, and cone 
beam computed tomography (CBCT) [10]. Moreover, 
CMM is also frequently utilized for repeatability tests 
because of its ability to program movements so that the 
measurements can be performed repeatedly in a repro-
ducible manner [11]. In view of the above advantages, 
the use of CMMs to achieve high-precision measure-
ment of the dimensional accuracy of printed templates 
and in situ observation of their possible dynamic defor-
mation is promising. To our knowledge, this is the first 
study reporting the application of a CMM to the geomet-
ric analysis of implant surgical templates. In this study, 
we systematically analyzed three factors, 3D printers, 
photosensitive resins and standing time after fabrica-
tion, to demonstrate the workflow for and performance 
of a CMM used to measure 3D-printed implant surgical 
templates.

Results
Dimensional accuracy
The means and standard deviations of the displacements 
for all 22 test points of each sample are shown in Table 1. 
All the data were displayed separately in four aspects, 
including the x-, y-, and z-directional displacements 
and the dxyz displacement. In this study, Streamflow 
had the best dimensional printing accuracy (Stream-
flow-O: 32.6 ± 59.3  μm; Streamflow-T: 31.3 ± 60.2  μm), 
the accuracies of Shapeware-T (56.4 ± 106.3  μm) and 
Polydevs-T (55.3 ± 114.2  μm) were moderate, and Ray-
ware-T presented the worst dimensional accuracy of 
the surgical templates immediately after production 

Table 1 Displacements of all templates at different standing times

The average dxyz values of Streamflow-O, Streamflow-T, Shapeware-T, Rayware-T and Polydev-T are 32.6 μm, 31.3 μm, 56.4 μm, 96.4 μm, and 55.3 μm, respectively. 
Moreover, the average dxyz appeared to be negligible after 2 weeks of storage, and the displacements in the z direction were relatively distinguishable and were only 
approximately 30 μm at week 1 and 10 μm at week 2

Streamflow-O Streamflow-T

X (μm) Y (μm) Z (μm) XYZ (μm) X (μm) Y (μm) Z (μm) XYZ (μm)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

0 w 5.9 3.5 7.3 3.7 80.8 85.0 32.6 59.3 6.6 5.0 6.5 3.9 84.5 80.7 31.3 60.2

1 w 5.0 3.0 4.9 3.1 79.4 80.9 29.8 58.4 5.0 4.3 4.5 3.1 76.5 65.5 28.7 50.8

2 w 6.2 3.3 6.9 3.9 78.1 81.7 30.4 57.9 6.1 6.0 8.0 4.2 67.4 63.7 27.2 46.6

Shapeware-T Rayware-T Polydevs-T

X (μm) Y (μm) Z (μm) XYZ (μm) X (μm) Y (μm) Z (μm) XYZ (μm) X (μm) Y (μm) Z (μm) XYZ (μm)

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

0 w 5.9 4.9 8.8 4.9 154.6 139.8 56.4 106.3 8.4 5.4 8.8 5.9 271.9 253.0 96.4 191.4 4.8 2.7 8.0 3.5 153.1 158.0 55.3 114.2

1 w 5.1 4.4 5.5 4.3 158.5 143.8 56.3 109.9 7.0 5.5 8.5 5.8 268.4 249.4 94.6 189.0 4.9 3.1 5.3 2.5 157.2 149.3 55.8 111.9

2 w 6.8 5.7 8.8 5.7 188.0 152.0 67.9 122.0 8.3 5.6 8.3 6.0 262.3 244.9 93.0 185.0 5.8 3.3 9.0 3.2 168.7 151.5 61.2 115.7
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(96.4 ± 191.4  μm). The actual and nominal coordinates 
of all 22 test points are shown in Fig. 1a, and the results 
revealed that all the templates exhibited positive dis-
placements in the z direction (i.e., the vertical direction). 
The obvious displacements were mainly concentrated on 
the free end (obvious displacement > mean + SD, marked 
with yellow circles), and the test points near the implant 
sleeve exhibited slight displacements (mean < slight dis-
placement < mean + SD, marked with green circles). 
However, the z displacements of Streamflow-O and 
Streamflow-T occurred mainly on the right side of the 
template, whereas those of Shapeware-T, Rayware-T and 
Polydevs-T occurred on both sides of the template.

The displacement distributions of all 22 test points are 
shown in Fig. 1b. The bar chart reveals that the dimen-
sional accuracy difference among all groups was reflected 
mainly in the z-axis, in which the Streamflow-O and 
Streamflow-T values were significantly lower than those 
of the other groups (p < 0.001). Additionally, the displace-
ments of the test points near the sleeve were lower than 
those of the free-end region, which was consistent with 
the above-stated results. In this study, no significant dif-
ference was found between the dimensional accuracies of 
the different resins (p > 0.05).

Dynamic deformation
To evaluate the possible dynamic deformation, all 
test points in the different groups were successfully 
observed at three standing time points (0 w, 1 w, and 
2 w) by the CMM. As shown in Table 1, the mean dxyz 
displacements were 31.3–96.4  μm at week 0 (equiva-
lent to dimensional accuracy), 28.7–94.6 μm at week 1 
and 27.2–93 μm at week 2, and no significant dynamic 
deformation was observed for any of the samples 
(p > 0.05, Fig.  2a). Considering that the performances 
of all the groups were basically consistent, the results 
of Streamflow-T were regarded as representative of 
the results (Fig. 2b). In particular, the largest deforma-
tion was observed at the postfabrication timepoint (0 
w), which was mainly determined by the dimensional 
accuracy of the printing process (ΔZ0w ≈ 215 μm, inset 
of Fig. 2b). The z displacements in the free-end region 
after 1 week and 2 weeks of storage were almost 29 μm 

(ΔZ1w) and 10 μm (ΔZ2w), respectively (inset of Fig. 2b). 
The deformations in the x- and y-axes were both mini-
mal and did not significantly differ during the 2-week 
storage period (p > 0.05).

Discussion
Manufacturing methods and providers of DLP-printed 
surgical templates have increased in popularity in recent 
years; however, the accuracy of these different produc-
tion procedures remains to be determined [12]. To our 
knowledge, this is the first study using a CMM to con-
duct a high-precision dimensional accuracy analysis 
and an in  situ observation of dynamic deformation for 
3D-printed surgical templates.

In this study, the mean dimensional accuracy (dxyz) for 
all templates was within 100 μm (31.3–96.4 μm), which is 
basically consistent with or even better than the results 
reported in other studies of DLP-printed surgical tem-
plates (95 ± 36  μm [13]; 200 ± 110  μm [14]). This is also 
an acceptable range for clinical accuracy [15]. Further 
comparison revealed that the dimensional accuracies 
of Streamflow-O and Streamflow-T seemed to be bet-
ter than those of the other groups, whereas the accuracy 
of Rayware-T was relatively poor. The dxyz was caused 
mainly by the positive z displacements on both sides, and 
especially the free ends, of the templates, whereas devia-
tions in the horizontal direction (x- and y-axes) appeared 
to be negligible. Matta et  al. reported the same conclu-
sion, namely, that the highest deviations of all the pro-
duced templates based on the data of 13 patients were on 
the z-axis compared with the x- and y-axes (0.594 mm vs. 
0.346  mm and 0.266  mm, respectively) [16]. Addition-
ally, we specifically found that the dimensional devia-
tions of the templates were caused mainly by the upward 
bending of the free-end region (positive z displacement). 
This is not surprising because numerous studies have 
reported this phenomenon and called it “volume shrink-
age-induced bending”; the mechanism is that sequential 
shrinkage occurs during the frontal photopolymerization 
of a polymer sheet and the internal stress developed dur-
ing the process drives the sheet to bend (Scheme 1), with 
this impact being more significant in the z plane [15, 17]. 
This also explains why the dimensional accuracy of the 

(See figure on next page.)
Fig. 1 3D coordinate diagrams of all test points and their displacement comparisons along the x-, y-, and z-axes. a The actual (red) and nominal 
(blue) coordinates of all test points are simultaneously shown, and the z-direction displacement is more obvious and mainly concentrated 
at the free end of the template. The displacement values and areas of Streamflow-O and Streamflow-T were relatively low and limited, 
but the displacement in Rayware-T was more severe, even occurring in the x- and y-directions. b A bar chart based on the distributions of test 
points and their groups was drawn, and the results were consistent with those in (a). Moreover, the different resins did not significantly influence 
the dimensional accuracy. *p < 0.05, **p < 0.01, ***p < 0.001
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Fig. 1 (See legend on previous page.)
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Fig. 2 Deformation of all templates along the x-, y-, and z-axes after different standing times. a No significant deformation, which was mainly 
determined by the printing dimensional accuracy (0 w), occurred after 2 weeks of storage. b Representative results revealed that the only 
discernible displacement was exhibited in the z-direction; this deformation measured approximately 30 μm after one week and 10 μm 
after the second week

Scheme 1 Schematic diagram of volume shrinkage-induced bending. The mechanism is as follows: sequential shrinkage occurs during the frontal 
photopolymerization of a polymer sheet, and the internal stress developed during this process drives the sheet to bend



Page 6 of 12He et al. International Journal of Implant Dentistry           (2024) 10:44 

sleeve at the center of the model is much better. These 
results suggest that long-term surgical templates should 
be avoided on the premise of ensuring retention force. 
In addition, several studies have reported that altering 
the exposure energy [18] or build angle [19] can reduce 
shrinkage-induced bending, but further studies are still 
needed to determine the specific processing parameters.

There was no significant difference between the dimen-
sional accuracies of opaque (Streamflow-O) and trans-
parent resin-based templates (Streamflow-T), even if 
they were produced by the same 3D printer. However, 
the opaque resin used in this study was reported to have 
a greater bending strength (83.2–88.2 MPa) and notched 
impact strength (32.0–36.6  J/m) than the transpar-
ent resin (75.4–83.6  MPa, 20.3–23.7  J/m, according to 
information provided by the manufacturer), which may 
increase the strength of the opaque template when it is 
applied intraorally. The drawback is that the opaque tem-
plate obstructs the observation of the surgical field. The 
above conclusions need to be treated with caution con-
sidering that mechanical strength measurements were 
not conducted in this study.

In this study, the CMM successfully performed long-
term and in situ analysis for dynamic deformation obser-
vation. No significant deformation occurred among all 
DLP-printed templates after 2 weeks of storage, and the 
absolute values of the z-direction deviations were only 
approximately 30  μm at week 1 and 10  μm at week 2. 
This finding suggests that the discrepancy between DLP-
printed templates is determined mainly by their imme-
diate processing accuracy and that their dimensional 
stability is promising even without the use of a sponge 
or other support materials. Since there is currently no 
CMM-based dimensional accuracy analysis comparing 
this method with other 3D printing technologies, such 
as stereolithography appearance (SLA) and laser clad-
ding deposition (LCD), it is still too early to draw the 
conclusion that DLP-printed templates are more attrac-
tive options, but we cautiously consider the accuracy and 
stability of the dimensions exhibited by DLP templates in 
this study to be clinically acceptable. Subsequent system-
atic in vitro and in vitro analyses addressing this issue are 
needed in the future.

The aim of this study was to demonstrate the viability 
of a CMM for the geometric analysis of 3D-printed sur-
gical templates. However, several limitations must be 
acknowledged. First, the accuracy results for templates 
produced by different printers need to be considered 
with caution because of the difficulty in standardizing 
the printer parameters and resins set by their own manu-
facturers. Second, the addition of landmarks and a base 

to the templates, which facilitated CMM detection, may 
also have potentially impacted the results of this study, 
although we tried to minimize their volumes. Third, the 
CMM can conduct high-precision and in  situ detection 
but can measure only the selected test points. Thus, it is 
impossible to collect global surface information for anal-
ysis, such as via an optical scanner, which means that the 
accuracies of other unselected points remain unknown. 
Last, the criteria for defining slight versus obvious dis-
placement are based on whether it is greater than the 
mean + 1 standard deviation. There is currently no uni-
form standard for displacement evaluation.

Conclusion
Owing to the limitations of this study, the Euclidean dis-
placement (dxyz, representation of dimensional accu-
racy) ranged from 31.3 to 96.4  μm for all DLP-printed 
templates, and this impact was more significant in the z 
plane. The different resins and the 2-week standing time 
did not significantly influence the dimensional accuracy 
or stability. Through this study, a CMM is preliminarily 
demonstrated as a promising method for high-precision 
and in  situ analysis of the dimensional accuracy and 
dynamic deformation of 3D-printed implant surgical 
templates.

Methods
Data acquisition
This in vitro study was conducted with the case of a clini-
cal patient exhibiting a single edentulous space at the left 
maxillary central incisor region (21, FDI dental number-
ing system) who was scheduled for implant placement. 
This study was approved by the Ethics Committee of 
Xi’an Jiaotong University Stomatology Hospital, Shaanxi, 
China (2024-XJKQIEC-QT-0002-001). Preoperative 
CBCT data were obtained via the following machine 
parameters: tube voltage, 100 kV; tube current and rota-
tion period, 100 mAs; field of view, 16 cm × 10 cm; and 
slice width, 300 μm; KaVo Company, Germany). The opti-
cal impression was measured across the dental arch using 
TRIOS® 3 (3 Shape, Copenhagen, Denmark) without any 
powder. Prior to scanning, the scanner tip was calibrated 
and preheated as instructed by the manufacturer.

Surgical template design
For the digital planning of the implant position, the 
standard tessellation language (STL) file of the optical 
scan and digital imaging and communications in medi-
cine (DICOM) data of CBCT were uploaded into a dedi-
cated software program (Implant Studio; 3Shape). Both 
data files were digitally matched by using easily defined 
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anatomic landmarks, primarily the natural teeth and 
attached gingiva. The 3D implant position was planned 
with an appropriate length and diameter (Fig.  3a, bone 
level tapered implant; 10 mm length, diameter: 4.1 mm; 
Institut Straumann AG). For the digital design, the surgi-
cal template was fixed on both sides to 4 adjacent teeth. 
Observation windows were set at the cusps of the right 
maxillary canine and the left maxillary first premolar 
(Fig. 3b).

Addition of the measurement landmarks and base
The STL format has become standard for data input 
of all types of rapid prototyping systems, but polygo-
nal areas of the STL model with millions of triangles 
often require long processing times, and it is difficult 
for CMM to determine the nominal coordinates [20]. 
To facilitate measurement, we postprocessed the STL 
model by randomly creating 18 landmarks on both 
sides of the template surface (the dentition part of 

Fig. 3 Design and modification of the template model in STL format. a Template design interface of the 3Shape implant studio software, in which 
the Straumann BLT (4.1 mm × 10 mm) implant was virtually inserted in region 21; b, c original and modified STL model files were displayed 
from three perspectives, in which 18 cylindrical landmarks and a round base were added
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the template) via Creo Parametric 4.0 software (PTC; 
Needham, MA, USA). Each landmark was a cylinder 
with a diameter of 2 mm, and the upper plane was fully 
exposed. By analyzing 6 points on the upper edge of the 
cylinder with the CMM probe, the coordinates of the 
center point (as the test point) were determined, and 
CMM calibration was also performed simultaneously 
by calculating the actual diameter of the cylinder (1 μm 
tolerance was allowed, 1.999–2.001  mm). In addition, 
we randomly selected 4 test points at the surface of 
the sleeve without adding any landmarks because the 
topology of this area was flat and easy to fit into a plane. 
Thus, a total of 22 test points were set on each template. 
Moreover, a column with a circular base was also cre-
ated on the STL model to stabilize the template on the 
platform when performing the measurements (Fig. 3c).

Manufacturing of surgical templates
The postprocessed STL file was imported into four differ-
ent 3D slicing software programs (1. Streamflow, HeyGears 
V2.4.25, Guangzhou, China; 2. Shapeware, RayShape, 
Suzhou, China; 3. Rayware, SprintRay, USA; 4. Polydevs, 
Uniontech, Shanghai, China) and nested on the build plat-
form at 0°, followed by support structure addition (Fig. 4a). 
Then, the samples were sliced at a layer thickness of 50 μm 
(Fig. 4b). G-codes were generated and transmitted to their 
own digital light processing (DLP) printers (1. HeyGears, 
UltraCraft A3D, Guangzhou, China; 2. RayShape, Shape 1, 
Suzhou, China; 3. SprintRay, pro, USA; 4. HAN’s LASER, 
RuiYi DLP1080EA, Shenzhen, China). Two types of medi-
cally certified denture resins (opaque and transparent) 
were used on the basis of the manufacturer’s safety data 
sheet (Opaque resin: HeyGears printer: Model HP UV 
2.0, HeyGears, China; Transparent resins: 1. HeyGears 
printer: Surgical Guide UV, HeyGears, China; 2. RayShape 
printer: SG resin, RayShape, China; 3. SprintRay printer: 
Surgical Guide 3, SprintRay, USA; 4. Han laser printer: 
Leyi D031, Hangzhou Leyi New Material Technology Co., 
Ltd., China). Next, all the samples were ultrasonically twice 
cleaned in 99% isopropanol for 3 min and then postcured 

for 15 min in a light chamber with an ultraviolet light emit-
ting diode that ranged from 360 to 440  nm and peaked 
at approximately 385  nm. Finally, the support structures 
were removed, and the fabricated templates were divided 
into five groups according to the applied slicing software 
and resin (opaque or transparent), named “Streamflow-O”, 
“Streamflow-T”, “Shapeware-T”, “Rayware-T” and “Poly-
devs-T” (N = 3, Fig.  4c). The above workflow is shown in 
Scheme 2.

CMM measurement
All the samples were fixed on a CMM platform 
(O-INSPECT 543, Zeiss, Germany) by using epoxy resin 
(Zhejiang Zhongli Petrochemical Co., Ltd., China). Fig-
ure 5a), and the test process was performed as previously 
reported [21]. (1) Coordinate system establishment: the 
model was imported into the CMM software (Calypso 
5.4.20, Zeiss, Germany), followed by selection of the origin 
point and establishment of the measurement coordinate 
system (point CS0 shown in Fig. 5b in red); (2) Determina-
tion of the test points: a total of 22 test points were set in 
software, including 18 cylindrical landmarks and 4 points 
on the implant sleeve (the yellow points in Fig. 5b); (3) Ele-
ment construction: the software programs calculated the 
position and dimensional characteristics of elements on the 
basis of the test-point coordinates; (4) Data computation: 
the software program obtained each element’s geometric 
dimensions and positional tolerances and calculated the 
nominal coordinates of test points referring to the estab-
lished coordinate system; (5) Computer numerical control 
(CNC) operation: after configuration of the CMM param-
eters, such as the safety planes, retraction distances, probe 
types, and operating speeds, the automatic CNC opera-
tion of the CMM for model measurement was initiated (an 
additional movie file shows this step in more detail, Addi-
tional file 1); (6) Results output: the software calculated the 
displacements between the nominal (designed template) 
and actual coordinates (printed template) of all test points 
on the x-, y-, and z-axes (Fig.  5c), and the Euclidean dis-
tance (dxyz) was regarded as the representation of global 
dimension accuracy:

(See figure on next page.)
Fig. 4 Preprocessing settings in the slicing software and all the fabricated templates. a The STL model was nested on the build platform 
at 0° followed by support structure addition in the slicing software; b the model was sliced at a layer thickness of 50 μm, and the interfaces 
of the different layers are shown; c the modified templates were successfully printed, including the landmarks and round base
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Fig. 4 (See legend on previous page.)
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In this study, the above process was repeated three 
times for each sample, and three time points were set to 
observe the possible dynamic deformation of the surgical 
template immediately post-production and after 1  week 
and 2 weeks of storage (0 w, 1 w, and 2 w).

Statistical analysis
All the statistical analyses were performed in SPSS Sta-
tistics version 26.0 (SPSS, Chicago, IL, USA). The values 
are presented herein as the means ± standard deviations. 

dxyz =

√

(xactual − xnominal)
2
+(yactual − ynominal)

2
+ (zactual − znominal)

2

One-way ANOVA was used for comparisons of the 
data among multiple groups, whereas the least signifi-
cant difference (LSD) test was used for further compari-
sons between two groups. All tests for significance were 
two-sided, and p < 0.05 was considered statistically sig-
nificant. All the bar charts were generated by GraphPad 
PRISM software version 9.0 (GraphPad Software, Inc., 
San Diego, US). All 3D coordinate diagrams consisting of 
the actual and nominal coordinates of all test points were 
created by Rstudio (RStudio, Boston, MA, USA).

Scheme 2 Manufacturing workflow of the template. The 3D printing digital process consists of slicing, printing, postprocessing and light 
polymerizing
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Abbreviations
3D printing  Three-dimensional printing
ANOVA  Analysis of variance
CBCT  Cone beam computed tomography
CMM  Coordinate measuring machine
STL  Stereolithography
DLP  Digital light processing
FDI  Fédération Dentaire Internationale

SLA  Stereolithography appearance
LCD  Laser cladding deposition
Streamflow-O  Streamflow software with opaque resin
Streamflow-T  Streamflow software with transparent resin
Shapeware-T  Shapeware software with transparent resin
Rayware-T  Rayeware software with transparent resin
Polydevs-T  Polydevs software with transparent resin

Fig. 5 Measurement and output results of the CMM. a Each group consisted of three identical samples, which were fixed on the same test 
platform. The CMM probe measured the coordinates of 22 test points according to the preset program. b All 22 test points are highlighted in yellow 
and are composed of 18 cylindrical landmarks randomly distributed on both sides of the template and 4 points on the sleeve. The origin was set 
at the top corner of the base connector, and a rectangular coordinate system was established. c The CMM automatically calculated the actual 
and nominal coordinates and displacement values after the measurement was completed



Page 12 of 12He et al. International Journal of Implant Dentistry           (2024) 10:44 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40729- 024- 00561-y.

Additional file 1. 

Acknowledgements
The assistance of Mr. Zhi Nie and Mr. Fuqiang Zhao from Baihui Weikang 
Technology Co. Ltd., Beijing, China is gratefully acknowledged for providing 
coordinate measuring machine.

Author contributions
Lixing He#, Bowen Qin#, Rongrong Zhu# should be considered joint first 
author. Lixing He: conceptualization; writing—original draft; methodology; 
data curation; investigation; project administration. Bowen Qin: methodology; 
data curation; investigation; formal analysis; writing—review and editing. Ron-
grong Zhu: methodology; Data curation; supervision; investigation. Boya Xu: 
formal analysis; methodology; supervision. Zhe Li: writing—review and edit-
ing; data curation; resources. Liangzhi Du: conceptualization; writing—review 
and editing; methodology; supervision; project administration; resources.

Funding
This study was supported by the National Natural Science Foundation of 
China (82301155) and Key R&D Program of Shaanxi Province (2023-YBSF-220; 
2023-YBSF-193).

Availability of data and materials
Available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the ethics committee of the Xi’an Jiaotong 
University Stomatology Hospital, Shaanxi, China (2024-XJKQIEC-QT-0002-001). 
‘Informed consent’ was obtained from patient and gave us the right to utilize 
his data for surgical template fabrication.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Key Laboratory of Shaanxi Province for Craniofacial Precision Medicine 
Research, College of Stomatology, Xi’an Jiaotong University, Xi’an 710004, 
China. 2 Department of Digital Oral Implantology and Prothodontics, College 
of Stomatology, Xi’an Jiaotong University, Xi’an 710004, China. 3 National & 
Local Joint Engineering Research Center of Biodiagnosis and Biotherapy, The 
Second Affiliated Hospital of Xi’an Jiaotong University, Xi’an, China. 

Received: 15 August 2024   Accepted: 4 October 2024

References
 1. Takács A, Hardi E, Cavalcante BGN, Szabó B, Kispélyi B, Joób-Fancsaly Á, 

et al. Advancing accuracy in guided implant placement: a comprehen-
sive meta-analysis: meta-analysis evaluation of the accuracy of available 
implant placement Methods. J Dent. 2023;139:104748.

 2. Khorsandi D, Fahimipour A, Abasian P, Saber SS, Seyedi M, Ghanavati S, 
et al. 3D and 4D printing in dentistry and maxillofacial surgery: printing 
techniques, materials, and applications. Acta Biomater. 2021;122:26–49.

 3. Dai J, Luo K, Spintzyk S, Unkovskiy A, Li P, Xu S, et al. Post-processing of 
DLP-printed denture base polymer: impact of a protective coating on 
the surface characteristics, flexural properties, cytotoxicity, and microbial 
adhesion. Dent Mater. 2022;38(12):2062–72.

 4. Nayyeri P, Zareinia K, Bougherara H. Planar and nonplanar slicing algo-
rithms for fused deposition modeling technology: a critical review. Int J 
Adv Manuf Technol. 2022;119(5–6):2785–810.

 5. Rath SN, Sankar S. 3D printers for surgical practice. In: Kalaskar DM, editor. 
3D printing in medicine. Amsterdam: Elsevier; 2023. p. 127–47.

 6. Yujiu S, Shiqing X, Feng Q, Yongqian L, Zili Z. A non-contact calibration 
system for step gauges using automatic collimation techniques. Meas Sci 
Technol. 2020;32(3):035011.

 7. Harmatys W, Gąska A, Gąska P, Gruza M, Sładek J. Impact of warm-up 
period on optical coordinate measuring machine measurement accu-
racy. Measurement. 2021;172:108913.

 8. Revilla-León M, Att W, Özcan M, Rubenstein J. Comparison of conven-
tional, photogrammetry, and intraoral scanning accuracy of complete-
arch implant impression procedures evaluated with a coordinate measur-
ing machine. J Prosthet Dent. 2021;125(3):470–8.

 9. Revilla-León M, Rubenstein J, Methani MM, Piedra-Cascón W, Özcan M, 
Att W. Trueness and precision of complete-arch photogrammetry implant 
scanning assessed with a coordinate-measuring machine. J Prosthet 
Dent. 2023;129(1):160–5.

 10. Pan Y, Heng C, Wu ZJ, Tam J, Hsung RT, Pow EH, et al. Comparison of the 
virtual techniques in registering single implant position with a universal-
coordinate system: an in vitro study. J Dent. 2022;117:103925.

 11. Bi ZM, Miao Z, Zhang B, Zhang CW. The state of the art of testing 
standards for integrated robotic systems. Robot Computer-Integr Manuf. 
2020;63:101893.

 12. Piedra-Cascon W, Krishnamurthy VR, Att W, Revilla-Leon M. 3D printing 
parameters, supporting structures, slicing, and post-processing pro-
cedures of vat-polymerization additive manufacturing technologies: a 
narrative review. J Dent. 2021;109:103630.

 13. Sommacal B, Savic M, Filippi A, Kühl S, Thieringer FM. Evaluation of two 
3D printers for guided implant surgery. Int J Oral Maxillofac Implants. 
2018;33(4):743.

 14. Wegmüller L, Halbeisen F, Sharma N, Kühl S, Thieringer FM. Consumer vs. 
high-end 3D printers for guided implant surgery—an in vitro accuracy 
assessment study of different 3D printing technologies. J Clin Med. 
2021;10(21):4894.

 15. Oliveira G. Accuracy and precision of 3-dimensional printed dental mod-
els produced by different additive manufacturing technologies. 2019.

 16. Matta R-E, Bergauer B, Adler W, Wichmann M, Nickenig H-J. The impact of 
the fabrication method on the three-dimensional accuracy of an implant 
surgery template. J Cranio-Maxillofac Surg. 2017;45(6):804–8.

 17. Wang H, Xia Y, Zhang Z, Xie Z. 3D gradient printing based on digital light 
processing. J Mater Chem B. 2023;11(37):8883–96.

 18. Conti L, Bienenstein D, Borlaf M, Graule T. Effects of the layer height and 
exposure energy on the lateral resolution of zirconia parts printed by 
lithography-based additive manufacturing. Materials. 2020;13(6):1317.

 19. Dai J, Li P, Spintzyk S, Liu C, Xu S. Influence of additive manufacturing 
method and build angle on the accuracy of 3D-printed palatal plates. J 
Dent. 2023;132:104449.

 20. Szilvśi-Nagy M, Matyasi G. Analysis of STL files. Math Comput Model. 
2003;38(7–9):945–60.

 21. Zhou L, Teng W, Li X, Su Y. Accuracy of an optical robotic computer-aided 
implant system and the trueness of virtual techniques for measuring 
robot accuracy evaluated with a coordinate measuring machine in vitro. J 
Prosthet Dent. 2023. https:// doi. org/ 10. 1016/j. prosd ent. 2023. 11. 004.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1186/s40729-024-00561-y
https://doi.org/10.1186/s40729-024-00561-y
https://doi.org/10.1016/j.prosdent.2023.11.004

	Achieving automated and high-precision in situ analysis of the dimensional accuracy and dynamic deformation of 3D-printed surgical templates: an in vitro study
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusions 

	Background
	Results
	Dimensional accuracy
	Dynamic deformation

	Discussion
	Conclusion
	Methods
	Data acquisition
	Surgical template design
	Addition of the measurement landmarks and base
	Manufacturing of surgical templates
	CMM measurement
	Statistical analysis

	Acknowledgements
	References


