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A semi-automated virtual
“workflow solution for the design
“and production of intraoral
e molding plates using additive
et manufacturing: the first clinical
results of a pilot-study

Florian D. Grill(®?, Lucas M. Ritschl', Franz X. Bauer?, Andrea Rau?, Dominik Gau?,
Maximilian Roth®?, Markus Eblenkamp?, Klaus-Dietrich Wolff! & Denys J. Loeffelbein*

Computer-aided design and computer-aided manufacturing (CAD/CAM) technology has been
implemented in the treatment of cleft lip and palates (CLP) by several research groups. This pilot study
presents a technique that combines intraoral molding with a semi-automated plate generation and
3D-printing. The clinical results of two intraoral molding approaches are compared. This is the first
clinical investigation of semi-automated intraoral molding. Our study included newborns with unilateral
CLP. Plaster models were digitalized and measured by two independent observers. Two methods of
CAD/CAM-assisted intraoral molding were compared: (i) stepwise manual design of molding plates
(conventional CAD/CAM-intraoral molding) and (ii) a semi-automated approach with an automated
detection of alveolar ridges (called RapidNAM) assisted by a graphical user interface (GUI). Both
approaches significantly narrowed the clefts and resulted in a harmonic alveolar crest alignment. The
GUI was easy to use and generated intraoral molding devices within minutes. The presented design
solution is an efficient technical refinement with good clinical results. The semi-automated plate

. generation with a feasible GUI is fast but allows individual adaptations. This promising technique might

- facilitate and foster the more widespread use of CAD/CAM-technology in intraoral molding therapy.

. Nasoalveolar molding (NAM) is a presurgical orthofacial treatment modality for newborns with cleft lip and
. palates (CLP). It starts with the insertion of the first drinking plate, which is adjusted according to the alveo-
. lar development and extended with a nasal stent during the course of treatment. The early phase of treatment
. seems determining!. NAM is completed when primary closure of the lip is performed surgically®. Nevertheless,
. NAM is criticized as being a time-consuming treatment modality involving weekly adjustments and several
impression-takings when new plates are needed (burden of care). Furthermore, it is only offered in special-
ized centers®>*. However, NAM is associated with promising long-term trends leading to reduced secondary
corrections and a consecutive reduction of costs>®. Therefore, the introduction of computer-aided design and
computer-aided manufacturing (CAD/CAM) technology has been adopted in NAM treatment not only to facil-
© itate the production modality itself, but also to reduce impression-takings. It can potentially increase its accessi-
. bility by providing an easy-to-use software solution and the possibility to outsource the production procedure.
. The challenge remains to create an efficient and feasible virtual workflow, since simple, low-cost, and accessible
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software solutions are still lacking. The means of rapid prototyping allows efficient production but only once the
plate has been created digitally®. Despite this, rapid prototyping still seems promising with regard to efficiency
giving comparable clinical results to traditional methods. Moreover, plate generation differs from center to center
and is based on the experience of each research group!®!!. However, even the conventional molding technique
has different variations with respect to the closure of the alveolar cleft'?'¢. The digital environment requires
knowledge of the usage of 3D-programs and can be the source of pitfalls for an inexperienced user". Using CAD/
CAM-technology the costs for a molding therapy could be lowered significantly since the presented intraoral
molding device already provides the technical requirements for a consecutive nasal molding. The purpose of the
presented study has been to analyze the effectiveness of the new semi-automated intraoral molding plate genera-
tion (called RapidNAM) and to describe the virtual workflow.

Patients, Materials and Methods
Informed consent. All interactions with each patient in this study were performed with parental informed
consent.

Treatment methods. Healthy newborns with unilateral CLP (n = 14) were included in the study. Two
groups were formed: one group was treated with conventional CAD/CAM-intraoral molding plates as published
previously with digitally designed intraoral molding plates serving as a reference group®!” and the other group
with RapidNAM-plates. In both groups, impressions were taken from the upper jaw within the first few days
of life and at the end of molding therapy when primary lip closure was performed at the age of approximately
3-4 months. The casts were digitalized with a 3D triangulation scanner (3Shape D500, 3Shape; Copenhagen,
Denmark)*!b18,

As commonly done at our treatment center using conventional molding devices in this study, both treat-
ment groups attended weekly clinical controls as well. If necessary, plates were adjusted. Buccal taping and the
taping of the upper lip across the cleft were performed in the conventional way in both groups by using the
Grayson-technique'®.

Conventional CAD/CAM-molding. Inthe CAD/CAM-molding group, the alveolar ridge was given space
for expansion by the stepwise molding of each plate virtually upon a digitalized plaster model creating a series of
plates based on only one cast model. In order to grant the alveolar ridge enough space for expansion, an empirical
growth factor wgs implemented. Moreover, the retention pin had to be inserted by the user by a Boolean opera-
tion (Geomagic  Studio 12, Morrisville, NC, USA)™.

RapidNAM and semi-automated plate generation. The second group was treated with RapidNAM,
a semi-automated technique of intraoral molding, which is also based on only one impression-taking to create
a series of molding plates. The monthly growth rate was determined in an anatomical study of 32 healthy new-
borns. The algorithm automatically detected the alveolar ridge'>?°. For this reason, a graphical user interface
(GUI) was created (Fig. 1A-E). Our employed GUI was designed for the treating physicians, so that individual
soft tissue situations could be considered in the design of the RapidNAM-plates on site. The following steps were
necessary to create a series of molding plates, although the number of plates can be varied as clinically needed: (i)
digitalization of the plaster models, (ii) ellipse-finding of the alveolar ridge by the algorithm with confirmation
and correction if needed (Fig. 1A), (iii) selection of the areas on the greater and smaller segments, if gap closure
has to be performed virtually with confirmation or correction of needed (Fig. 1B,C), (iv) positioning of the pin?!
and automated integration of a ventilation whole (Fig. 1D), (v) smoothing of the plate (1E) surface, if necessary?.

Measuring methods. The digitalized plaster models pre- and post-molding therapy of both groups were
virtually analyzed by using selected landmarks as previously described!*?2. For this purpose, the plaster models of
CAD/CAM-molding-treated children were re-measured. Two independent observers selected the following land-
marks: the most anterior point on the greater segment (A), the center of the papilla incisiva (P), the points that
have the shortest connection line passing over the anterior cleft (SA and SA’), the sulcus lateralis points (L and L),
the tuberal areas (T and T°), the dissecting point on connecting line between tuberal areas (MT), the points that
have the shortest distance passing over the cleft posterior on the hard palate (SD and SD’) (Fig. 2).

Statistical analysis. Statistical analysis was carried out by using the R statistical environment with
the user interface R Studio. For calculating differences between the initial and final impression-taking, the
Wilcoxon-signed rank test and the Wilcoxon exact test were used. A p-value of < 0.05 was considered statistically
significant. The plots show box plots with the upper and lower borders indicating the 1** and 3" quartiles. The
median is represented by the bar within the box?**.

Data availability. Data used for analysis in this study will be made available after publication.

Results
In this pilot study, 14 newborns with CLP were included and treated with CAD/CAM-intraoral molding plates
(n=7) or RapidNAM-plates (n="7). One patient dropped out of the group using RapidNAM-plates completely
because of difficulties in parental taping application. In this case, a regular drinking-plate was used. One second
impression taken on the operation day for primary lip closure was excluded because of artifacts at the landmark
positions.

RapidNAM Graphical User Interface. The former manual plate molding method, which was based on an
empiric growth factor, involved several steps of plate expansions involving the use of special 3D software. Next to
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Figure 1. Graphical User Interface for the design of RapidNAM devices. (A) Automated detection of alveolar
crest. (B) Selection of bridging area. (C) Gap closure. (D) Pin positioning. (E) Virtual plate.
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Figure 2. Selected landmarks.
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Figure 3. Statistical results before and after conventional CAD/CAM-molding treatment. (A) Longitudinal
dimensions. (B) Transversal dimensions between sulcus lateralis points. (C) Cleft reduction. (D) Transversal
dimension between the tubera.

the manual insertion of the retention pin, this method was time-consuming with a duration of up to 1.5hours per
plate series®!!. The RapidNAM-software solution for a virtual semi-automated intraoral molding plate generation
created a virtual series of plates within 10-15 minutes versus approximately one and a half hours for a virtual
series of plates using the conventional and manual CAD/CAM-method. The areas on both alveolar segments at
which the bridging is supposed to take place have to be selected manually. However, this is nevertheless intended
to be non-automated in order to consider individual differences in size and configuration of the segments. Since
the program is still a preliminary solution, the stl.-files have to be copied in designated folders manually. In one
case, the stl.-file was erroneous and did not fit the alveolar ridge. After trouble-shooting, we found irregularities in
the first impression-taking and could produce a well-fitting series of plates after re-taking the impression.

Alveolar ridge development. Conventional CAD/CAM-intraoral molding. The entire length, measured
from point A to MT, remained nearly unchanged and reached a mean of 29.3 mm before lip closure (Fig. 3,
Table 1). The transversal dimensions, measured as the distance from L to L, experienced an approximation of
1.2 mm, starting with a mean of 33.2mm and ending up with 32.0 mm. The cleft width, described by the dis-
tance between SA and SA, had a mean of 15.5mm and experienced a significant reduction of 5.7 mm (p=0.011,
Table 2). The posterior dimensions, measured on the basis of the points T and T’ increased starting with a mean
of 32.8 mm and expanding to 36.6 mm in the observation period. The posterior cleft dimension remained nearly
unchanged with a slight reduction of 0.7 mm. All measured distances and difference are shown in Table 1.

RapidNAM-intraoral molding.  The overall longitudinal length initially had means of 28.7 mm and 27.1 mm after
NAM (Fig. 4). The difference was ca. 1.6 mm. The transversal dimensions decreased from an L-L mean distance
of 31.5mm to 29.2 mm. The distance between both alveolar segments represented by points SA and SA was sig-
nificantly narrowed after RapidNAM-therapy. The cleft closure was statistically significant (p =0.041, Table 2).
The initial mean cleft widths had a mean of 11.4 mm, but the width was 5.1 mm when primary lip closure was per-
formed surgically. This is a mean reduction of 6.4 mm. Transversal dimensions at the tuberal level experienced a
slight expansion with a mean of 1.5 mm. The posterior cleft distances were also narrowed from a median 21.1 mm
to 20.7 mm. All measured distances and differences are shown in Table 3.

RapidNAM plate design. Based on only one impression-taking, the RapidNAM-intraoral molding plates
had a very good intraoral fit. The change to the next size was handled concordant with conventional intraoral
molding, when the preceding plate was losing adhesion. Adhesive cream was recommended for the very first days
with the new plate. Systematically, grinding had to be performed at two sights: (1) at the tuberal level bordering
the posterior vestibule, where edges had to be smoothed; (2) at the anterior vestibule, where the upper lips are
transversally taped and therefore brought closer to the plate around the retention pin. Since the plates are so
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A - MT IMPRESSION 1 25.2 26.9 27.9 29.3 30.2 37.6 4.1
A - MT IMPRESSION 2 22.9 27.4 27.6 27.7 289 30.7 2.5
A - MT DIFFERENCE —147 | =22 0.2 -1.6 1.7 4.2 6.3
L - L IMPRESSION 1 28.5 32.8 33.9 33.2 34.5 355 2.3
L - L IMPRESSION 2 26.0 31.7 322 32.0 33.5 35.1 29
L - L DIFFERENCE =7.1 —2.7 —1.0 —1.2 —-0.9 6.6 4.1
SA - SA IMPRESSION 1 11.3 13.9 14.9 155 18.0 18.3 2.7
SA - SA IMPRESSION 2 3.9 6.7 9.6 9.8 12.0 17.6 4.6
SA - SA DIFFERENCE —11.1 —7.2 -7.0 —5.7 —3.4 —0.7 3.6
T - T”IMPRESSION 1 29.4 311 314 32.8 354 36.0 2.7
T - T”IMPRESSION 2 32.7 34.8 37.1 36.6 38.4 40.1 2.6
T - T’ DIFFERENCE 1.5 3.4 3.7 3.8 4.0 6.6 15
SD - SD’ IMPRESSION 1 16.8 18.2 20.6 21.2 24.2 259 3.7
SD - SD’ IMPRESSION 2 16.1 16.5 20.0 20.5 22.7 28.9 4.7
SD - SD’ DIFFERENCE —44 | =30 —0.6 —0.7 1.2 39 3.1

Table 1. Distances between reference points with differences before and after conventional CAD/CAM-
molding therapy.

A-MT 0.589 A-MT 0.710
SA-SA 0.041 SA-SA 0.011
SD - SO’ 0.699 SD - SD’ 0.620
T-T 0.132 T-T 0.053
L-L 0.132 L-L 0.318
A-P 0.937 A-P 0.805
SA-SD 1.000 SA -SD 0.209

Table 2. P-values for differences in distances before and after conventional CAD/CAM-molding and
RapidNAM-molding therapy.

A - MT IMPRESSION 1 255 27.2 27.8 28.7 29.7 341 3.0
A - MT IMPRESSION 2 25.4 26.0 27.7 27.1 27.9 28.7 14
A - MT DIFFERENCE —6.6 | —4.2 —1.1 —1.6 0.6 32 3.7
L - L IMPRESSION 1 27.5 30.5 317 31.5 33.3 34.3 2.5
L - L IMPRESSION 2 26.3 28.4 289 29.2 29.8 33.2 2.3
L - L DIFFERENCE —4.8 | —45 —4.3 —2.3 —2.1 57 4.1
SA - SA IMPRESSION 1 52 7.8 10.8 114 14.3 19.8 54
SA - SA IMPRESSION 2 2.6 3.2 3.8 5.1 6.9 9.4 2.8
SA - SA DIFFERENCE -10.3 | -8.7 —6.0 —6.4 —4.7 —2.0 3.1
T - T"IMPRESSION 1 323 32.9 344 343 35.6 36.4 1.7
T - T IMPRESSION 2 33.8 35.2 35.8 35.8 36.7 37.3 13
T - T’ DIFFERENCE —-13 |08 1.0 15 3.7 5.0 2.7
SD - SD’ IMPRESSION 1 11.7 214 21.9 21.1 22.1 27.4 5.1
SD - SD’ IMPRESSION 2 16.9 20.0 21.0 20.7 22.5 229 2.2
SD - SD’ DIFFERENCE —45 | —-19 -0.5 —0.3 0.5 5.2 33

Table 3. Distances between reference points with differences before and after RapidNAM-molding therapy.

similar, the plates could be adapted even before insertion. The retention of the buccal taping on the plate was
enabled by the retention pin. As for the manual and conventional CAD/CAM-method, an original series of six
plates were planned based on the estimated growth to have enough devices in stock. In both techniques, only 3-4
plates were necessary. Figure 5 shows a RapidNAM-plate ready for clinical application.
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Figure 4. Statistical results before and after RapidNAM-molding treatment. (A) Longitudinal dimensions. (B)
Transversal dimensions between sulcus lateralis points. (C) Cleft reduction. (D) Transversal dimension between
the tubera.

Discussion

This study compares two CAD/CAM-assisted techniques for intraoral molding, one that involves convention-
ally digitally designed plates and a second method that, to our knowledge, is the first published approach of the
semi-automated generation of intraoral molding plates (RapidNAM). The measured longitudinal and transversal
dimensions showed comparable results in both groups and were also comparable with the clinical results of a previ-
ously analyzed cohort treated with traditional intraoral molding'*?2. Both applied CAD/CAM-techniques signifi-
cantly closed the cleft between the two alveolar segments, as reflected by the good convergence of the two segments
and the decrease in distance between the points L and L. Slight expansion was observed in the dorsal area of the
palatal part of the cleft at the tuberal level. This finding can be explained as the maxilla being given space for expan-
sion without growth restriction. On the assumption of normal growth, close oral inspection was performed weekly,
with special attention being paid to any mucosal ulcerations as a possible hint of an unfavorable fit. Pressure marks
were easily prevented by grinding the corresponding areas on the plate. The total longitudinal length measured by
the distance between A and MT remained almost the same within the observation period in both groups. This can
be explained by the initial misalignment of the greater segment, since its anterior orientation points towards the oral
orifice. This can be observed by comparing the positon of the A point and the papilla incisiva with a normal maxilla.
Aiming at the achievement of a harmonic arch, the plate design guided the growth and expansion of the greater
segment as a passive device. The result was a positioning of the A point and the papilla incisiva towards the normal
anatomical position in the median line of the maxilla. RapidNAM was oriented on normal postnatal dentoalveolar
development and supported by data from a longitudinal growth analysis. However, only 3-4 plates were necessary,
despite the calculated 6 plates. This might be explained by, first, the good closure of the cleft resulting in a desired
reduction of transversal dimensions, and second, the elliptic alignment of the greater segment aiming for a harmonic
arch as present in healthy newborns. The total length of 28.7 mm after RapidNAM was even somewhat greater com-
pared with healthy newborns that reached 24.4 mm after 5 months'. This finding may oppose the claimed criticism
that molding therapy might restrict maxillary growth?. It supports the presumption that maxillary growth deceler-
ation occurs at a later stage after surgical intervention®.

Since anatomical developments have been derived from healthy newborns, which represent, in our opinion,
the desired symmetry, we have considered our own previously stated objections with regard to digitally designed
intraoral molding devices, namely that not only closure, but also the alignment is of importance?. Since the virtual
closure of the cleft was performed by bridging the gap based on a fitted ellipse, the alveolar growth has a type of guid-
ing track into which it can expand®. This kind of free-form molding has previously been implemented in intraoral
molding'®. Throughout therapy, the two alveolar segments did not experience any active rotation attributable to only
one impression-taking. This guaranteed that the main orientation of the greater and especially of the minor segment
was not actively changed by the intraoral molding device. The usage of CAD/CAM-technology does not mean
that the state and the shape of molding devices are unchangeable. Because of the similarity of the materials used in
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Figure 5. RapidNAM device in frontal (A) and dorsal (B) view.

the traditional and the printing means of production, the molding devices combine traditional elements with new
technology and therefore stay necessarily very flexible. Adaptations to the plate by removal of material, especially at
the cleft lip bordering vermilion, were still necessary and had to be done at the first treatment session. The first plate
could then be used as a template, and changes could be transferred to subsequent plates. The clefts sizes treated with
RapidNAM were all rather moderate in their extent. The algorithms were able to detect the alveolar ridge in all cases.
However, in very broad clefts or difficult clinical mucosal situations, conventionally produced plates might have to
be applied with several impression-takings. RapidNAM is therefore not designed as a replacement of traditional
nasoalveolar molding, but rather as a simplification for suitable clinical situations.

Use of a semi-automated production of intraoral molding plate does not mean that traditional elements of
alveolar molding are excluded. Acrylic resin can be added, or areas on the plate surface to avoid ulcerations
can be removed, when necessary. This study is, to our knowledge, the first to report clinical results of a novel
semi-automated molding technique as a derivative of feeding-plates, combining conventional elements with
rapid-prototyping opportunities. The semi-automated workflow is based on an algorithm that detects the alve-
olar ridge, and the plate generation is derived from a monthly percentage relative growth factor measured in
healthy newborns'*?’. Compared to conventional molding plates which involved cost up to 223USD per plate,
RapidNAM devices cost up to 155USD which excludes a later adjustment by a dental technician when starting
nasal molding. This is the case in conventional NAM therapy and would involve extra costs ranging from 66USD
to 103USD. Considering only the costs of the presented two CAD/CAM-molding solutions, production costs are
similar, however, the semi-automated workflow based on the GUI is far easier to use and has its advantages by
considering the time savings during of the plate design. The presented CAD/CAM-intraoral molding techniques
both provide the opportunity to reduce repeated impression-takings to a single initial procedure while conven-
tional intraoral molding needs a second or third impression-taking whenever a new plate is needed. In order to
show our clinical results we performed further impression-takings at the end of the molding therapy. In regards
to future technical developments a reduction of the burden of impression-takings might appear when intraoral
scanners will decrease in size and scanning time to become available for quick virtual impression-takings. Since
the plate can be designed in several steps that can be adjusted and changed, the presented solution is easy to use
and time-efficient®. Future tasks include a more detailed plate design at the transition to the vestibule and the
upper lips near the retention pin. Further developments for a still easier application and accessibility of the soft-
ware for other practitioners are planned for a more widespread use of CAD/CAM-molding therapy.

Conclusions

RapidNAM overcomes previous limitations of conventional CAD/CAM-intraoral molding plates by its
semi-automated workflow. The GUI creates a series of molding plates within a few minutes but still allows
changes by the user. The resulting plates are as adaptable as conventional NAM-devices. The algorithm automati-
cally detects the edentulous alveolar ridges and may also have further dental applications. RapidNAM gives good
clinical results and may bring nasoalveolar molding to a broader practice.

Ethical Statement and Patient Recruitment.  All clinical investigations and procedures were conducted
according to the principles expressed in the Declaration of Helsinki. Ethical approval for the prospective applica-
tion study was granted by the Ethical Committee of the Technische Universitit Miinchen (Approval No. 67/15S).
All interactions with each patient were performed with written parental consent.

References

1. Chou, P-Y. et al. The role of Nasoalveolar molding: A 3D Prospective analysis. Scientific Reports 7, 9901, https://doi.org/10.1038/
$41598-017-10435-6 (2017).

2. Grayson, B. H. & Cutting, C. B. Presurgical nasoalveolar orthopedic molding in primary correction of the nose, lip, and alveolus of
infants born with unilateral and bilateral clefts. Cleft Palate Craniofac J 38, 193-198, https://doi.org/10.1597/1545-
1569(2001)038<0193:PNOMIP>2.0.CO;2 (2001).

3. Sischo, L. et al. Nasoalveolar molding: prevalence of cleft centers offering NAM and who seeks it. Cleft Palate Craniofac | 49,
270-275, https://doi.org/10.1597/11-053 (2012).

SCIENTIFICREPORTS |(2018) 8:11845| D0I:10.1038/s41598-018-29959-6 7


http://dx.doi.org/10.1038/s41598-017-10435-6
http://dx.doi.org/10.1038/s41598-017-10435-6
http://dx.doi.org/10.1597/11-053

www.nature.com/scientificreports/

4. van der Heijden, P. et al. Limited evidence for the effect of presurgical nasoalveolar molding in unilateral cleft on nasal symmetry: a
call for unified research. Plast Reconstr Surg 131, 62e-71e, https://doi.org/10.1097/PRS.0b013e318267d4a5 (2013).

5. Patel, P. A. et al. Comparative Study of Early Secondary Nasal Revisions and Costs in Patients With Clefts Treated With and Without
Nasoalveolar Molding. ] Craniofac Surg 26, 1229-1233, https://doi.org/10.1097/SCS.0000000000001729 (2015).

6. Garfinkle, J. S., King, T. W,, Grayson, B. H., Brecht, L. E. & Cutting, C. B. A 12-year anthropometric evaluation of the nose in bilateral
cleft lip-cleft palate patients following nasoalveolar molding and cutting bilateral cleft lip and nose reconstruction. Plast Reconstr
Surg 127, 1659-1667, https://doi.org/10.1097/PRS.0b013e31820a64d7 (2011).

7. Chang, C. S. et al. Long-term comparison of the results of four techniques used for bilateral cleft nose repair: a single surgeon’s
experience. Plast Reconstr Surg 134, 926e-936e, https://doi.org/10.1097/PRS.0000000000000715 (2014).

8. Shetty, V., Agrawal, R. K. & Sailer, H. F. Long-term effect of presurgical nasoalveolar molding on growth of maxillary arch in
unilateral cleft lip and palate: randomized controlled trial. International Journal of Oral and Maxillofacial Surgery 46, 977-987,
https://doi.org/10.1016/j.ijom.2017.03.006 (2017).

9. Loeffelbein, D. J. et al. Analysis of computer-aided techniques for virtual planning in nasoalveolar moulding. Br ] Oral Maxillofac
Surg 53, 455-460, https://doi.org/10.1016/j.bjoms.2015.03.002 (2015).

10. Shen, C. et al. Presurgical nasoalveolar molding for cleft lip and palate: the application of digitally designed molds. Plast Reconstr
Surg 135, 1007e-1015e, https://doi.org/10.1097/PRS.0000000000001286 (2015).

11. Ritschl, L. M. et al. Pitfalls and Solutions in Virtual Design of Nasoalveolar Molding Plates by Using CAD/CAM Technology —; a
Preliminary Clinical Study. Journal of Craniomaxillofacial Surgery, https://doi.org/10.1016/j.jcms.2016.01.008.

12. Berggren, A., Abdiu, A., Marcusson, A. & Paulin, G. The nasal alar elevator: an effective tool in the presurgical treatment of infants
born with cleft lip. Plast Reconstr Surg 115, 1785-1787 (2005).

13. Gomez, D. E, Donohue, S. T., Figueroa, A. A. & Polley, ]. W. Nasal changes after presurgical nasoalveolar molding (PNAM) in the
unilateral cleft lip nose. Cleft Palate Craniofac ] 49, 689-700, https://doi.org/10.1597/11-007 (2012).

14. Williams, E. M., Evans, C. A, Reisberg, D. J. & Begole, E. A. Nasal outcomes of presurgical nasal molding in complete unilateral cleft
lip and palate. Int ] Dent 2012, 643896, https://doi.org/10.1155/2012/643896 (2012).

15. Grayson, B. H., Cutting, C. & Wood, R. Preoperative columella lengthening in bilateral cleft lip and palate. Plast Reconstr Surg 92,
1422-1423 (1993).

16. Chen, Y. F. & Liao, Y. F. A modified nasoalveolar molding technique for correction of unilateral cleft nose deformity. J
Craniomaxillofac Surg 43, 2100-2105, https://doi.org/10.1016/j.jcms.2015.10.003 (2015).

17. Ritschl, L. M. et al. Pitfalls and solutions in virtual design of nasoalveolar molding plates by using CAD/CAM technology-A
preliminary clinical study. ] Craniomaxillofac Surg 44, 453-459, https://doi.org/10.1016/j.jcms.2016.01.008 (2016).

18. Loeffelbein, D. J., Rau, A. & Wolff, K. D. Impression technique for monitoring and virtual treatment planning in nasoalveolar
moulding. Br J Oral Maxillofac Surg 51, 898-901, https://doi.org/10.1016/j.bjoms.2013.01.012 (2013).

19. Bauer, E. X. et al. A prospective longitudinal study of postnatal dentoalveolar and palatal growth: The anatomical basis for CAD/
CAM-assisted production of cleft-lip-palate feeding plates. Clin Anat, https://doi.org/10.1002/ca.22892 (2017).

20. Bauer, E. X. et al. RapidNAM: generative manufacturing approach of nasoalveolar molding devices for presurgical cleft lip and palate
treatment. Biomed Tech (Berl) 62, 407-414, https://doi.org/10.1515/bmt-2016-0035 (2017).

21. Grill, E D. et al. Facilitating CAD/CAM nasoalveolar molding therapy with a novel click-in system for nasal stents ensuring a quick
and user-friendly chairside nasal stent exchange. Scientific Reports 8, https://doi.org/10.1038/541598-018-29960-z (2018).

22. Rau, A, Ritschl, L. M., Mucke, T., Wolff, K. D. & Loeffelbein, D. J. Nasoalveolar molding in cleft care-experience in 40 patients from
a single centre in Germany. PLoS One 10, 0118103, https://doi.org/10.1371/journal.pone.0118103 (2015).

23. Integrated Development for R. RStudio, Inc v. 0.97.551 — © 2009-2012 (Boston, MA, 2012).

24. R: A language and environment for statistical computing (R Foundation for Statistical Computing, Vienna, Austria, 2008).

25. Kramer, G. J., Hoeksma, J. B. & Prahl-Andersen, B. Palatal changes after lip surgery in different types of cleft lip and palate. Cleft
Palate Craniofac ] 31, 376-384, https://doi.org/10.1597/1545-1569_1994_031_0376_pcalsi_2.3.co_2 (1994).

26. Liao, Y. F, Yang, L. Y., Wang, R, Yun, C. & Huang, C. S. Two-stage palate repair with delayed hard palate closure is related to
favorable maxillary growth in unilateral cleft lip and palate. Plast Reconstr Surg 125, 1503-1510, https://doi.org/10.1097/
PRS.0b013e3181d5132a (2010).

27. Loeftelbein, D. J., Giill, E D., Bauer, E. & Wintermantel, E. Comment on: Presurgical nasoalveolar molding for cleft lip and palate: the
application of digitally designed molds. Plast Reconstr Surg, https://doi.org/10.1097/PRS.0000000000002057 (2016).

Acknowledgements
We would particularly like to thank Dr. Sonja Grill, MSc, for statistical consultations.

Author Contributions

ED.G.: patient treatment, cast analysis, statistical analysis. EX.B.: RapidNAM algorithm development, medical
engineering of plates, medical engineering coordinator, software development. L.M.R.: patient treatment and
cast analysis. A.R.: patient treatment, study design, D.G.: algorithm development, medical engineering of plates,
and programming of cast analysis. M.R.: 3D graphical consultations and cast analysis methods. M.E.: algorithm
development, medical engineering of plates. K.D.W.: patient treatment, D.J.L.: patient treatment, study design,
medical coordinator.

Additional Information
Competing Interests: The study was financed by the non-profit Zeidler-Forschungs-Stiftung, Waldkraiburg,
Germany. There are no non-financial competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS [ (2018) 8:11845| DOI:10.1038/541598-018-29959-6 8


http://dx.doi.org/10.1097/PRS.0b013e318267d4a5
http://dx.doi.org/10.1097/SCS.0000000000001729
http://dx.doi.org/10.1097/PRS.0b013e31820a64d7
http://dx.doi.org/10.1097/PRS.0000000000000715
http://dx.doi.org/10.1016/j.ijom.2017.03.006
http://dx.doi.org/10.1016/j.bjoms.2015.03.002
http://dx.doi.org/10.1097/PRS.0000000000001286
http://dx.doi.org/10.1016/j.jcms.2016.01.008
http://dx.doi.org/10.1597/11-007
http://dx.doi.org/10.1155/2012/643896
http://dx.doi.org/10.1016/j.jcms.2015.10.003
http://dx.doi.org/10.1016/j.jcms.2016.01.008
http://dx.doi.org/10.1016/j.bjoms.2013.01.012
http://dx.doi.org/10.1002/ca.22892
http://dx.doi.org/10.1515/bmt-2016-0035
https://doi.org/10.1038/s41598-018-29960-z
http://dx.doi.org/10.1371/journal.pone.0118103
http://dx.doi.org/10.1597/1545-1569_1994_031_0376_pcalsi_2.3.co_2
http://dx.doi.org/10.1097/PRS.0b013e3181d5132a
http://dx.doi.org/10.1097/PRS.0b013e3181d5132a
http://dx.doi.org/10.1097/PRS.0000000000002057
http://creativecommons.org/licenses/by/4.0/

	A semi-automated virtual workflow solution for the design and production of intraoral molding plates using additive manufac ...
	Patients, Materials and Methods

	Informed consent. 
	Treatment methods. 
	Conventional CAD/CAM-molding. 
	RapidNAM and semi-automated plate generation. 
	Measuring methods. 
	Statistical analysis. 
	Data availability. 

	Results

	RapidNAM Graphical User Interface. 
	Alveolar ridge development. 
	Conventional CAD/CAM-intraoral molding. 
	RapidNAM-intraoral molding. 

	RapidNAM plate design. 

	Discussion

	Conclusions

	Ethical Statement and Patient Recruitment. 

	Acknowledgements

	Figure 1 Graphical User Interface for the design of RapidNAM devices.
	﻿Figure 2 Selected landmarks.
	Figure 3 Statistical results before and after conventional CAD/CAM-molding treatment.
	Figure 4 Statistical results before and after RapidNAM-molding treatment.
	Figure 5 RapidNAM device in frontal (A) and dorsal (B) view.
	Table 1 Distances between reference points with differences before and after conventional CAD/CAM-molding therapy.
	Table 2 P-values for differences in distances before and after conventional CAD/CAM-molding and RapidNAM-molding therapy.
	Table 3 Distances between reference points with differences before and after RapidNAM-molding therapy.


