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Evaluation of surface roughness of anatomical structures 
models of the mandible made with additive techniques 
from selected polymeric materials (Rapid communication)
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Abstract: The influence of polylactide (PLA), polycarbonate (PC), polyacrylic photo resins and poly-
amide 11 (PA11) on the surface roughness of anatomical models structures of the mandible made with 
additive techniques was investigated. Measurements of the model surfaces geometric structure were 
carried out using a 3D contact profilometer. Selected roughness parameters and three-dimensional vi-
sualization of the tested models surface roughness are presented.
Keywords: additive techniques, polymer materials, surface roughness, anatomical structure model, 
contact measurements. 

Ocena chropowatości powierzchni modeli struktur anatomicznych 
żuchwy wykonanych technikami przyrostowymi z wybranych materiałów 
polimerowych
Streszczenie: Zbadano wpływ polilaktydu (PLA), poliwęglanu (PC), żywic foto poliakrylowych i po-
liamidu 11 (PA11) na chropowatość powierzchni modeli struktur anatomicznych żuchwy wykonanych 
technikami przyrostowymi. Pomiary struktury geometrycznej powierzchni modeli przeprowadzono 
przy użyciu profilometru stykowego. Przedstawiono wybrane parametry chropowatości oraz trójwy-
miarowe wizualizacje chropowatości powierzchni badanych modeli. 
Słowa kluczowe: techniki przyrostowe, materiały polimerowe, chropowatość powierzchni, model 
struktury anatomicznej, pomiary stykowe.

As it is known, additive manufacturing techniques con-
sist in the layering and bonding of material to produce 
a physical model based on data from the Stereolithography 
(STL) file [1]. Various types of materials are used to print 
models. Currently, due to the continuous improvement of 
mechanical and functional properties, the scope of poly-
meric materials application is expanding in the additive 
process of shaping the products  geometry [2, 3]. Depending 
on the technique used, polymeric materials can take a solid, 
liquid or semi-liquid form during printing. Currently, rapid 
prototyping techniques are used in many areas, including 
the aviation [4, 5] and automotive industries [4]. In recent 
years, polymeric materials and 3D printing are also very 
often used in medicine, e.g.: in the process of visualizing the 
geometry of anatomical structures [6,7] and in the process 
of making surgical templates and implants [8]. 

The mandible is the most specific area of the facial skel-
eton. It is the only movable bone that is subjected to mul-
tidirectional dynamic loads during the biting and chew-
ing process. As a result of breaking the continuity of the 
mandible, there are: impaired airway patency, dysphagia, 
speech and chewing disorders as well as deformities of 
the lower part of the face [9]. In the event of such a situa-
tion, surgical templates or implants are most often used 
during the procedure to restore the geometric continuity 
of the mandible. Making a template or implant for sur-
gery is not a simple task. This is especially true of the cra-
niofacial area, which consists of bone tissues with a very 
complex geometry. Titanium alloys are still used in medi-
cine as implantable materials. However, due to the con-
tinuous improvement of mechanical and functional pro-
perties, the scope of  polymeric materials application in 
medicine is expanding. Each model used directly or indi-
rectly during a surgical procedure must meet many con-
ditions. They must meet all the requirements allowing 
direct or indirect contact with human tissue. Currently, 
the additive techniques of material extrusion (MEX) [10–
12], material jetting (MJT) [13–15], powder bed fusion 
(PBF) [16, 17] and vat polymerization (VPP) [18] are most 
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often used in the process of model production within the 
craniofacial area. In the case of these methods, mainly 
polymeric materials are used: polylactic acid (PLA) [11], 
polycarbonate (PC) [12], polyamide (PA) [16, 17] and pho-
tosensitive resins [13–15, 18]. 

The aspect of the surface layer technological assess-
ment is also a key factor for models made with additive 
methods. Surface roughness plays a particularly impor-
tant role in terms of the objects functionality. In the case 
of models used in the medical industry, it influences, 
among other things, the functional activity of cells in 
the immediate vicinity of the implant and modulates the 
osteoblasts adhesion. It also increases their enzymatic 
activity and determines the amount and type of proteins 
synthesized by it [19]. Due to the continuous increase in 
the use of anatomical structures printed models, surgical 
templates and implants made of polymeric materials, it 
is necessary to test the surface roughness of the obtained 
models constantly in order to adapt their surface layer 
to the conditions enabling their use in direct or indirect 
contact with human tissues. 

In this study, the evaluation of surface roughness of 
anatomical structures models of the mandible made with 
additive techniques from polylactic acid (PLA), polycar-
bonate (PC), polyamide 11 (PA11) and photosensitive 
resins was investigated. These polymers are commonly 
used in processes, including making models of anatomi-

cal structures and surgical templates for planning surgi-
cal procedures in the craniofacial area [10–12, 16].

EXPERIMENTAL PART

Materials 

Six types of polymer materials were used to print 
the model of the mandible (Tab.1). Polylactic acid (PLA) 
was purchased from Prusa Research (Czech Republic). 
Polycarbonate (PC), PC-ISO, was provided by Stratasys 
(USA, Israel). Powdered polyamide 11 (PA11), Precimid 
1170, was supplied by Solveere (Poland). Liquid poly-
acrylic photo resins such as E-Partial (AR1), E-Denstone 
(AR2) and FullCure 830 VeroWhite (AR3) were obtained 
from Stratasys (USA, Israel).

Mandible model preparation

The model of the mandible was obtained in the pro-
cess of reconstructing data from the Siemens Somatom 
Sensation Open 40 multislice tomograph. Digital Imaging 
and Communications in Medicine (DICOM) data was 
made available from the Provincial Clinical Hospital No. 1 
Fryderyk Chopin in Rzeszów. Based on the prepared data, 
the value of 200 HU was selected as the value of the lower 
segmentation threshold. The process of extracting the 

T a b l e 1. Polymer materials characterization

Property PLA PC AR1 AR2 AR3 PA11
Tensile strength, MPa 53 57 57 56 50 40
Elongation at break, % 6 4 4 4 20 18
Flexural strength, MPa – – 129 115 75 –
Notched Izod impact strength, J/m 16 86 – – – 8
Heat deflection temperature, °C 55 133 130 140 48 110

F i g.  1. Views of model printing and measurement process: a) model orientation in the Fortus 360-mc printer space, b) 3D Talyscan 
150 profilometer

a) b)
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T a b l e  2. Selected 3D print systems

AM technology AM technology 3D Printer (Manufacturer) 3D printing parameters
(selected parameters)

Material Extrusion

Fused Filament Fabrication 
(FFF)

Prusa MK3s
(Prusa Research, Czech 

Republic)

Nozzle type: 0.25 mm nozzle
Nozzle temperature: 210°C
Heatbed temperature: 50°C

Print speed: 200 mm/s
Cooling fan speed: 100%
Layer thickness: 0.1 mm

Fused Deposition Modeling 
(FDM)

Fortus 360 –mc
(Stratasys, USA, Israel)

Nozzle type: T10
Nozzle temperature: 260°C

Build plate temperature: 110°C
Printing speed: 200 mm/s

Recommended environmental tempe-
rature: 70°C

Layer thickness: 0.178 mm

Vat Polymerization

Digital Light Processing (DLP) Perfactory Vida
(Envisiontec, Germany)

Projector 1920×1080 pixel
Wavelength: 390–420 nm. 
Temperature: 10°C–40°C 

Humidity: 30%–75% 
Ambient pressure: 700–1060 hPa

Layer thickness: 0.1 mm

Scan, Spin, and Selectively 
Photocure (3SP)

3Dent – 3SP
(Envisiontec, Germany)

Projector: 1920×1200 pixels
Native pixel size: 0.1 mm)

Pixel size: 0.05 mm
Layer thickness: 0.03 mm

Powder Bed Fusion Selective Laser Sintering (SLS) TMP Elite 3600
(Solveere, Poland)

CO2 Laser power: 80 W
Build speed: 15 mm/h

Laser spot: 0.3 mm
Max scanning speed: 1500 mm/s

Layer thickness: 0.12 mm

Material Jetting Material Jetting (MJ) Eden 260V
(Stratasys, USA, Israel)

Wavelength: 320–410 nm
Humidity: 30%–70%

Temperature:18°–25°C
Layer thickness: 0.016 mm

T a b l e  3.  The obtained roughness parameters 

Parameter [µm] PLA PC AR1 AR2 PA11 AR3

Sq 6.40 7.34 1.78 2.82 9.58 6.29

Sp 11.86 10.04 13.11 8.15 35.19 20.19

Sv 19.71 25.50 7.92 15.53 32.81 20.54

St 31.58 35.54 21.04 23.68 68.00 40.73

S10z 28.41 32.89 17.46 20.15 59.73 37.60

Sa 5.26 6.18 1.32 2.23 7.82 5.08

Sq – root mean square height, Sp – maximum peak height, Sv – maximum pit height, St – maximum height, S10z – ten-point, Sa – arithme-
tical mean height 

mandible from the entire data volume was carried out on 
it. The region growing method was used in the segmen-
tation process, and the issosurface method was used to 
visualize the spatial model of the mandible. Then, the fin-
ished model of the mandible was saved to the STL format. 

During the production of the models, the 3D printers 
parameters were optimized in order to obtain the lowest 
layer thickness (e.g. nozzle type, projector resolution or 
CO2 laser power) (Tab.2). 

Additionally, each model was vertically oriented in 
the working space of the machines during the printing 

process (Fig.1a). The aim of this procedure was to create 
a polymer model in such a way so that its lateral sur-
face would be most accurately reproduced and consistent 
with the origin model. 

Methods

Measurements of the surface geometric structure of the 
model side part were carried out using a 3D Talyscan 150 
contact profilometer by Tylor Hobson (Fig.1b) with a tip 
with a rounding radius of 2 µm and a cone angle of 60 .̊ 
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Fig.2. 3D visualization of surface roughness of tested samples 
for materials: a) PLA (Prusa MK3s), b) PC (Fortus 360 – mc), 
c) AR1 (Perfactory Vida)

Fig. 3. 3D visualization of surface roughness of tested samples 
for materials: a) AR2 (3Dent – 3SP), b) PA11 (TMP Elite 3600), 
c) AR3 (Eden 260V)

In the process of assessing the models surface roughness, 
the sampling step in the X and Y axes was set to the mini-
mum value, equal to 5 µm. A single measured area was 
3 × 1 mm. During the measurement, the lowest available 
measurement speed of 2000 µm/s was used. Based on the 
analyzed area, the average measuring range of the head 
was selected – 392 µm/58 978 digits. During the measure-
ment of one profile, the head was not raised before taking 
the next one. This procedure allowed to avoid introduc-
ing unnecessary oscillations during the measurement. 
In the process of determining the surface roughness 
of the tested models, the filtration process was carried 
out, which firstly involved removing the obtained shape 
deviations using the 3rd order polynomial method. Then, 
in order to separate the long-wave components, a pro-
file filter λc = 0.8 mm was used, which marks the transi-
tion from roughness to waviness. The determination of 
the length of the sampling and measuring sections was 
developed in accordance with ISO 4288 [20] for periodic 
roughness profiles. As a result, the roughness parameters 

were obtained (Tab. 3) along with a three-dimensional 
visualization of the examined area (Fig.2, Fig.3).

RESULTS AND DISCUSSION

The top layer of the material has a great influence 
on the properties of polymers made products, metals 
and ceramics. In the case of implants, the living organ-
ism reacts to the biomaterial by interacting with its sur-
face layer [21]. Surface with a roughness coefficient of Sa 
about 4 µm is well tolerated by cells [22, 23]. Most of the 
implants have surfaces with Sa = 1–2 µm [24,25]. In the 
case of the polymeric materials presented in the work, 
some of them show biocompatibility. Especially it con-
cerns PLA, PC and AR1 materials. In the case of models 
made with FFF and FDM techniques, a layered structure 
of surface roughness can be observed (Fig. 2a and Fig. 
2b). The Sq values, which determine the standard devia-
tion of the roughness for both methods, are very similar. 
However, the values obtained (Sq = 6.4 µm for PLA and 
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Sq = 7.34 µm for PC) are much higher than for the Vat 
Polymerization techniques, which is related to a different 
process of creating a layered model. Additionally, when 
comparing the parameters Sv, the difference between 
both methods is almost 6 µm. It may be related to the 
irregular application of successive layers of the model in 
the FDM technology. This aspect can be seen by com-
paring the three-dimensional visualizations of the sur-
face roughness (Figs. 2a and 2b). As a result, it is possi-
ble to more accurately re gister the roughness in the pits 
between successive layers. The obtained values of the Sa 
parameter are similar (the difference for both methods 
is about 1 µm). In order to achieve the recommended Sa 
value, it is necessary to perform further surface treat-
ment, e.g. with a chemical method, after the model has 
been printed. Models made of PLA material are most 
often used in the orthopedic and dental industries [26], as 
well as in tissue engineering as biodegradable materials 
[27, 28]. The PC material is most often used in the produc-
tion of surgical instruments. In the case of the AR1 mate-
rial, the lowest value of the Sa = 1.32 µm parameter can be 
observed among the analyzed materials. High precision 
and a smooth print surface are guaranteed in this case 
by DLP technology. Models made with this method are 
most often used in the dental industry as templates for 
correcting malocclusion [29]. In the case of acrylic resin 
AR2, a comparable value of the Sa parameter can be seen 
in relation to AR1. However, in the case of AR2, it is not 
biocompatible. The very good quality of the obtained 
model surface layer (Sa = 2.23 µm) brings benefits in terms 
of making accurate models used in reconstructive den-
tistry for the purpose of planning surgical procedures 
on them [30]. Despite the difference in layer thickness 
(DLP = 0.1 mm, 3SP = 0.03 mm), some similarities can be 
noticed in the obtained values of the amplitude param-
eters. However, in the case of the parameters Sp and Sv, 
there is some change. The surface roughness verified on 
the AR1 material is characterized by higher peaks above 
the average line than in the case of AR2 material. The 
situation is different for the Sv parameter. For the AR2 
material, much larger pits below the mean line can be 
seen than for the AR1 material. The obtained values con-
firm the three-dimensional visualizations presented in 
Figures 2c and 3a. Currently, dental models made in the 
3SP and DLP technology are slowly replacing traditional 
plaster models from the market. In the case of the AR3 
material, the highest value of the Sa = 5.08 µm param-
eter was obtained among all acrylic resins taken into 
account in the presented studies. The obtained statisti-
cal values are also confirmed by the three-dimensional 
visualization of the surface shown in Figure 3c. The pre-
sented results could have been influenced by the applied 
material curing source, which is an ultraviolet lamp. In 
the case of the 3SP technique, this is done by the use of 
a laser, and in the case of DLP, a special projector. Taking 
into account the SLS technique, the PA11 material was 
used. Despite the fact that this material is not biocompat-

ible, it is widely used in the production of medical equip-
ment [31]. The obtained value of the Sa = 7.82 µm param-
eter could mainly be influenced by a different method of 
bonding the material to the previously discussed tech-
niques and post-process treatment, which is usually car-
ried out with the use of compressed air or additionally 
with a cleaning agent. 

CONCLUSION

The variety of additive techniques enables the wide 
use of commercially available polymer materials used 
in the process of making anatomical structures models 
on the basis of data from computed tomography. The 
obtained dental models play an important role in various 
types of procedures and operations, where appropriate 
surface roughness is required from the surgical template 
or implant model. Polyacrylic photo resins marked in the 
article as AR1 and AR2 meet the expectations regarding 
the implant’s surface roughness. The AR3 material can be 
taken into account to prepare demonstrative models for 
use in medicine. In the case of PLA, PC, and PA11 mate-
rials, it is necessary to carry out a further surface treat-
ment process. Therefore, in the next planned research, 
it is necessary to carry out further microgeometry ana-
lyzes of anatomical structures models made of polymeric 
materials in order to adapt their surface layer to medical 
requirements.
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