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Abstract: The present study focuses on producibility and surface roughness characteristics of airfoil
geometries and their effect on aerodynamic performance for different velocities, surface roughness
values and angles of attack. Two different tray orientations (along X and Y axis), two different build
directions (vertical and horizontal) and two different surface finish settings (matte and glossy) were
used to evaluate the effect of these parameters on the surface roughness of both up- and down-facing
surfaces of airfoils produced by PolyJet. On both surfaces, surface roughness measurements were
performed on two crossing directions. The results showed that horizontal build direction where
surfaces of airfoils were parallel to the build platform experienced lower surface roughness than the
vertical build direction. Vertically oriented specimens showed a considerable degree of distortions
especially in trailing edges along with very high surface irregularities on side walls. In general,
glossy or matte finish settings resulted in similar surface roughness values and specimens located
along X direction showed better surface quality than specimens located along Y direction with
an inconsiderable difference. Besides this, CFD analysis revealed that surface roughness caused
by printing strategies directly influences the aerodynamic performance of the fixed-wing UAVs
(Unmanned Aerial Vehicles) to considerable degrees. The increase in the drag force coefficient, due to
surface roughness, reached almost 7.5% for high cruise velocity at 0◦ angle of attack and 13% at 10◦

angle of attack in which stall commences.

Keywords: airfoil; aerodynamic performance; PolyJet; surface roughness; tray location; build
direction; surface finish setting; glossy; matte

1. Introduction

Unmanned aerial vehicles (UAV) are flying robots that fly remotely or autonomously
without carrying a human operator [1]. UAVs can be small or large in size for their
specific purposes. Among different UAVs, especially small or mini UAVs, they find their
usage in different industries and applications (search and rescue operations, security and
surveillance purposes, air pollution detection, road traffic monitoring, delivery of goods,
agriculture, photogrammetry and remote sensing purposes, etc.) due to their low cost
and simplicity of operation [2–4]. These small UAVs can be classified via different aspects.
P.S. and Jeyan reviewed the classifications of small UAVs in terms of operating altitude,
endurance, operating range, maximum take of weight and payload. Their review revealed
that an average operating range of 30–40 km, an average operating altitude of 3500 m, an
average endurance of 3–4 h and an average maximum takeoff weight of 30 kg can be used
as working parameters in UAV applications based on the literature [5].

Different materials (composite materials such as fiberglass, Kevlar, fiber carbon, etc.
and other materials such as Styrofoam, wood, plastics, etc.) and production techniques
have been used for small UAV production up to now [6]. With the advancements in the
technology, additive manufacturing (AM) methods have also been applied to production
of small UAVs.
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AM is based on layer-by-layer manufacturing and unlike conventional manufacturing
techniques it has a very low buy-to-fly ratio [7]. Different AM methods (powder-bed
fusion, directed energy deposition, binder jetting, material jetting, material extrusion, sheet
lamination, and vat photopolymerization) can be used for different applications [8]. Among
these methods, PolyJet technology has a very wide area of applications for polymeric
materials [9]. PolyJet technology is another name for material jetting process in which
photopolymer materials are deposited on a build platform as droplets forming a very thin
layer [10] and ultraviolet (UV) light is used to cure the material on the build platform [11],
as seen in Figure 1. After curing a layer, the build platform is lowered with an amount of
layer thickness and the process continues by jetting new liquid material onto the previous
layer. When all the layers are successively cured, a full-scale part is obtained [12]. Since
the material used in PolyJet is in a liquid state, a support structure is needed especially in
overhanging regions and these support structures need to be removed from the part after
printing [13].

Figure 1. PolyJet technology with three moving axes. Adapted from [9].

In most of the studies performed in the literature, it was stated that high surface quality
parts are obtained with PolyJet technology. However, this quality or amount of surface
roughness depends on different geometrical and process parameters. Tray location, build
orientation, layer thickness, type of material, surface finish setting and post processing are
some of the parameters that affect the surface roughness of PolyJet-printed parts [14,15].

The effectiveness of these parameters on the surface roughness of PolyJet-printed parts
has been investigated in the literature. Kechagias et al. stated that lower layer thickness
(16 µm) and glossy surface finish setting resulted in lower surface roughness values and
scale factor was not a dominant factor on surface roughness [16]. Aslani et al. stated that
surface finish setting (matte or glossy) has the highest effect on surface roughness with a
contribution rate of 95%. On the other hand, layer thickness and build scale have very little
effect on surface roughness with a contribution rate of less than 3% [17].

Locating the part along the X or Y axis of the build tray in PolyJet has some amount of
effect on the surface roughness of the final parts. Cazon et al. stated that the best roughness
results were obtained when the parts were placed close to the XY plane [15]. Beltrán et al.
stated that part orientation and part size have the main influence and part location on build
plate has a relatively lower influence on quality of PolyJet-printed parts [18].

The build orientation of parts with respect to build tray also affects the surface rough-
ness of PolyJet-printed parts. Kumar and Kumar stated that the surface roughness is
generally increased with an increase in build orientation up to 90◦ in PolyJet-printed
parts [19]. In another study, the same authors stated that the build orientation and surface
finish setting were the major factors affecting surface roughness and maximum surface
roughness was obtained for the 90◦ build orientation [20]. Similar results were observed
in Kechagias and Stavropoulos’ study where they stated that surface roughness increased
with an increase in the angle of sloped surfaces and the best and worst values of surface
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roughness were observed when the angle of sloped surfaces was 0 and 90◦, respectively [21].
Khoshkhoo et al. suggested using tiltable build platforms and printing parameters such as
localized build orientation, build orientation and selective support structures to obtain high
quality surfaces [22]. In their experimental study, Vidakis et al. stated that parts produced
in X direction showed lower surface roughness when the sloped surface angle was below
45◦; after that value, parts produced in Y direction had lower surface roughness values [23].
Kent et al.’s study revealed that build orientation has a very high impact on dimensional
accuracy and surface roughness of PolyJet-printed parts [24].

In PolyJet technology, two printing modes are used: high speed and high quality (with
low layer thickness). Related with support strategy, matte and glossy surface finish options
are used in PolyJet technology where the whole part is covered with support material in
the matte setting and only structurally needed areas are supported in the glossy setting [25].
Pugalendhi et al. stated that the glossy finish option resulted in lower peaks and valleys
and therefore lower surface roughness than matte finish options [26]. A similar result was
found by Cazon et al. [15]. This lower surface roughness with the glossy surface finish
option resulted in a higher fatigue life, as stated by Moore et al. [27].

Related to UAV applications, fused deposition manufacturing (FDM) was used for
individual component or full-scale part production [28] but since PolyJet technology offers
higher surface-quality parts with higher dimensional accuracy than FDM as stated in
different studies [29–37], the application of PolyJet in the UAV industry increases day
by day. PolyJet has been used to rapidly manufacture and test various wing prototype
designs [12] and to produce wing structures with different types of lattice designs to achieve
a light weight [38]. The performance of small UAVs in different applications is affected by
size, power, speed, payload, etc. [39].

The surface roughness characteristics of air flow-impacted areas (i.e., wing surfaces)
are directly related to the performance of UAVs. Airfoils and airfoil-like geometries are a
very important part of the aviation industry and the surface roughness of these geometries
directly affects aerodynamic performance. To the best of the authors’ knowledge, the
available scientific literature has a gap for PolyJet-printed airfoil geometries and their
surface roughness characteristics and performance. To fill this gap, this study focuses on
producibility and surface roughness of airfoil geometries in PolyJet. Two different tray
orientations (X and Y direction), two different build directions (horizontal and vertical) and
two different surface finish settings (matte and glossy) were used to investigate the effect of
these parameters on producibility and surface roughness. To evaluate the surface roughness
values, contact-type profilometer was utilized to obtain the arithmetic average roughness.
Then, for elucidating the effect of surface roughness on aerodynamic performance of fixed-
wing UAVs, CFD analyses were performed with different inlet velocities, angles of attack
and measured surface roughness values.

The rest of the paper is organized as follows. Section 2 describes the production
parameters, material details, surface roughness measurement details and numerical anal-
ysis methodology. Section 3 introduces surface roughness measurements and numerical
analysis results. In Section 4, results presented in Section 3 are discussed in terms of tray
location, build orientation, surface finish settings, and effect of build configuration on
aerodynamic performance.

2. Materials and Methods
2.1. Production and Surface Roughness

Airfoil geometry (NACA0008) to be printed by PolyJet was modelled using NX 12 CAD
software (Siemens AG, Munich, Germany). Figure 2 shows CAD geometry with main di-
mensions. CAD geometry was converted into stl format and build layout was prepared by
orienting the specimens along X and Y directions with two build orientations (horizontal
and vertical) (Figure 3). Specimens were printed in Stratasys Objet Connex1 PolyJet machine
(Stratasys Ltd., Rehovot, Israel) with two different surface finish options (matte or glossy)
(Table 1). High quality printing mode with 16 µm layer thickness was used to obtain better
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surface finish results. Transparent RGD720 material (Stratasys Ltd., Rehovot, Israel) was used
as the main material and solution soluble SUP706B material (Stratasys Ltd., Rehovot, Israel)
was used as support material. Both matte and glossy surface finish options were used in the
experiments. After printing airfoil geometries, support structures were removed from the spec-
imens with sodium hydroxide (NaOH) solution. All surface roughness measurements were
performed with a contact (stylus)-type profilometer (Mitutoyo SJ-400 roughness measurement
device (Mitutoyo Ltd., Andover, Hampshire, UK)). For vertically oriented samples, surface
roughness measurements were performed on two side surfaces and at three locations along
the X, Y and Z axes. On the other hand, for horizontally oriented samples, surface roughness
measurements were performed on two side surfaces (up facing and down facing) and at
three locations along the X and Y axes. The average of three surface roughness measurement
results were used in evaluations.

Figure 2. General dimensions of airfoil geometry. Dimensions are in mm.

Figure 3. (a) Build layout looking from above; (b) build layout in isometric view.
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Table 1. Tray location, build orientation and surface finish settings of specimens.

Specimen # Tray Location Build Orientation Surface Finish Setting

1 Along Y axis Vertical Matte
2 Along X axis Vertical Matte
3 Along Y axis Vertical Glossy
4 Along X axis Vertical Glossy
5 Along Y axis Horizontal Matte
6 Along X axis Horizontal Matte
7 Along X axis Horizontal Glossy
8 Along Y axis Horizontal Glossy

2.2. Numerical Analysis

Considering serious requirements for miniature fixed-wing UAVs during landing,
take-off or cruise, improved strength and stability are needed. The wings of the UAVs
bear severe bending and twisting loads during flight, and these loads make fixed-wings
prioritized for UAV designs. Moreover, any irregular shape of the wings or high surface
roughness decreases the aerodynamic performance of the UAV wings and reduces cruise
duration due to limited stored energy. Thus, to define the structural robustness of the
fixed-wing UAVs and their performance, experimental analyses are required. However,
due to demanding testing equipment for evaluating the performance and requirements of
wings such as full-scale wind tunnels and vibration testing machines, the conformity of
UAVs is investigated using numerical tools [40]. In this study, the aerodynamic analysis of
the wing of a miniature fixed-wing UAV that was designed with NX12 CAD software was
conducted with ANSYS Fluent® software (Ansys, Canonsburg, PA, USA).

Forces acting on a structure moving in a fluid are caused by pressure distribution
and shear stress over the surface of the structure. Two types of explicit main forces are
generated during the moving in a fluid, which can be listed as drag and lift forces. Lift (L)
is one of the aerodynamic force components that emerge in the perpendicular direction of
the flow, and another aerodynamic force component is the drag force (D), which occurs
along the flow direction. To characterize and calculate the effect of flow on the immersed
structure in the fluid, dimensionless parameters are derived from the abovementioned
forces. Furthermore, in the fundamental design and performance studies of airplanes and
fixed-wing UAVs, lift and drag coefficients play a significant role. The lift coefficient, CL, is
a dimensionless coefficient that is derived for defining the relation with the lifted body (foil
or a full body such as fixed-wing aircraft) and surrounded fluid, and it is related to fluid
density around the body, the velocity of surrounded fluid and the reference area of body.
In other words, lift coefficient varies as a function of Reynolds number (Re), Mach number
and the angle of the body to the surrounded fluid flow direction. Another fundamental
dimensionless quantity that is used to define the amount of drag force is drag coefficient,
CD. The impacts of the two primary contributions to fluid dynamic drag—skin friction
and form drag—are combined in the drag coefficient of any object. The drag coefficient is
a function of body size, fluid velocity, fluid density and fluid viscosity. It also varies as a
function of Reynolds number, Mach number and the angle of the body in the fluid [41].

The lift CL and drag CD are defined as:

CL =
L

1
2ρ∞V2

∞S
(1)

CD =
D

1
2ρ∞V2

∞S
(2)

In these equations, ρ∞ and V∞ are defined as the freestream density and velocity,
respectively. S is the reference area, in other words, it is the nominal wing area [41].
Moreover, some additional parameters are utilized for characterizing fixed-wing airfoil
geometry such as mean aerodynamic chord (MAC) which is the distance between the
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leading and trailing edge of the wing. Moreover, the type of the flow is important for
the analysis, and the Reynolds number denotes whether the flow is laminar or turbulent,
and the transition Reynolds number for defining the characteristic of flow is called critical
Reynolds number [41,42]. Reynolds number is denoted by the density of the fluid, flow
speed, characteristic linear dimension and dynamic viscosity of the fluid. All of these
parameters used in the analysis are listed in Table 2.

Table 2. UAV velocity characteristics.

Low Velocity Mid-Level Velocity High Velocity

40 km/h 65 km/h 90 km/h

For the numerical analysis, the fluid inlet velocity needs to be defined; thus, the
velocity of different small fixed-wing miniature UAVs in the market were surveyed. The
fixed-wing miniature UAVs in the market experience different velocities. For instance,
the UAV used for image acquisition experiences 40 km/h velocity [43]. Chmielewski
and Sibilski studied developing an optics-based system to measure the ground velocity
of the UAV, and X-UAV Talon EPO was utilized in this study, which exhibited 75 km/h
velocity [44]. Mittal and Muneshwar projected the design and development of a miniature
UAV called Sparrow S that reaches cruise velocity of 80–90 km/h [45]. The velocities
achieved by other miniature UAVs are listed as 70 km/h [46], 70–90 km/h [47], 75 km/h
and 72 km/h [48]. According to the velocities of the UAVs in the literature and in the
market, three different velocities were selected to categorize the velocity of fixed-wing
UAVs in three groups: 90 km/h, 65 km/h and 40 km/h for high-velocity UAVs, mid-level
velocity UAVs and low-velocity UAVs, respectively, as displayed in Table 2. According to
the defined velocities, the calculated Reynolds number for low velocity, mid-level velocity
and high velocity are 2.71 × 104, 4.40 × 104 and 6.09 × 104, respectively. The critical
Reynolds number varies from 1 × 105 to 3 × 106 for flows across a flat plate and it is in the
range of Siemens AG1 × 103 to 2 × 105 for airfoil profiles which is strongly based on the
maximum thickness of the airfoil profile [42]. Moreover, these three types of velocities were
utilized as a free-stream inlet velocity in the analyses for a 0◦ angle of attack. Besides, the
angle of attack of the fixed-wing was selected in the range of −5◦ to 30◦ with an interval
of 5◦ to determine the effect of surface roughness on drag and lift coefficients values in
different angles of attack for the high-velocity UAVs.

In the analysis, a fluid domain of a 300 × 200 × 50 mm cuboid was exploited and the
chord point on the leading edge of the fixed-wing model was placed at the origin of the
cuboid. In addition, another cuboid is located at the trailing edge of the wing in order to
refine the mesh in the vicinity and downstream of the model for capturing characteristics of
the wake. The boundary condition of velocity inlet is defined in the front part of the cuboid
as a surface and a pressure outlet was at the backside of the cuboid with atmospheric
conditions. Symmetry boundary conditions was applied at both the up- and downside of
the cuboid. The data in Table 3 is used for the analysis.

Table 3. Analysis parameters.

MAC Wing Area Viscosity Density

35.6 mm 3500 mm2 1.7894 × 10−5 kg/m.s 1.225 kg/m3

The flow type was determined as turbulent flow according to the Reynolds number;
thus, a convenient turbulence model should be determined to monitor the effect of the
flow on the wing and the effect of surface roughness. Ansys® Documentation suggests
Realizable k–ε or SST k–ω turbulence models for the analysis of standard cases in which
surface roughness effects are also taken into account [49]. Sadikin et al. indicated that SST
k–ω model provides better results in comparison to Realizable k– model in the study of
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comparative turbulence models on aerodynamic characteristics of a NACA0012 airfoil for
high Reynolds number flow (3 × 106) [50]. Thus, SST k–ω turbulence model is selected for
the CFD analysis. As for meshing, a polyhedral mesh was used instead of the conventional
tetrahedral mesh type, and a mesh convergence study was conducted to define the mesh
size. The number of divisions for meshing in the perpendicular direction of the wing is
210 and 310 on the later side. A 0.1 mm mesh size was used for the cuboid located at the
trailing edge of the wing in order to refine the mesh in the vicinity and downstream of the
model, as seen in Figure 4.

Figure 4. Polyhedral meshed computational fluid dynamic model.

To model the surface roughness for the flow analysis, two roughness parameters need
to be specified. The first one is the Roughness Constant (Cs), the default value of which
is 0.5 and denotes uniform roughness. For non-uniform roughness types, a higher value
between 0.5 and 1.0 is more convenient to demonstrate the effect of surface roughness.
In this study, the roughness constant is accepted as 0.5 according to surface roughness
measurement results. Another parameter is the roughness height (Ks), the default value
of which is zero, and denotes the smooth walls. For experiencing the effect of surface
roughness, the value of roughness height needs to be greater than zero [49]. Some methods
are utilized for calculating the roughness height; however, some studies show that the
arithmetical mean deviation (Ra) of the assessed profile has a correlation with roughness
height [51–54]. In this analysis, a Ks/Ra = 5.2 ratio is utilized to calculate the roughness
height from the arithmetical mean deviation roughness value [55]. The surface roughness
measurements were broken down into three groups: smooth, mid-level roughness and
high roughness. Thus, three different Ra values including smooth (0 µinch Ra), mid-level
roughness (88.20 µinch Ra) and high roughness (265.08 µinch Ra) obtained from the PolyJet-
printed airfoil measurements in the flow direction were selected for high velocity analysis.
Moreover, flow analyses were conducted for all range of velocities using smooth and high
roughness inputs to elucidate the effect of surface roughness for different velocities.

3. Results
3.1. Production and Surface Roughness Results

Figure 5 shows all the specimens produced after removing support structures. As
seen, vertically oriented parts showed a very high amount of distortions especially in their
trailing edges due to the small size of the trailing edge and slenderness. Furthermore, very
high surface irregularities were observed on the side walls of vertically oriented specimens.
Moreover, no visual print problem was observed on horizontally oriented specimens.

All surface roughness measurements results are shown in Table 4. It is monitored that
the high amount of surface roughness values was observed in vertically oriented samples
(Specimens 1–4). For vertically oriented samples, when measurements were performed
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along the Z axis, parallel to the build direction, a higher amount of surface roughness
values were observed than values taken along the X or Y axes. This is due to the nature
of layer-by-layer manufacturing and stair-stepping effect of PolyJet. Some deviation in
surface roughness results was observed especially in vertically oriented samples due to the
overall geometrical deviation and distortion of these samples.

Figure 5. Cont.
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Figure 5. Printed specimens after support removal. Numbers at top left of the figures shows the
related specimen.

3.2. Numerical Analysis Results

The estimation of the roughness effect on the drag and lift coefficients of the airfoil
surfaces under different inlet velocities were performed using ANSYS Fluent® software,
and drag and lift coefficients were captured as an output. Three different velocities were
applied as inlet velocities: 40, 65 and 90 km/h for demonstrating the low-, moderate- and
high-velocity UAVs. Arithmetical mean deviation (Ra) values that represent the surface
roughness profile utilized in the analyses were obtained from the surface roughness mea-
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surements of PolyJet-printed polymer airfoil geometries (NACA0008) and were used as a
roughness height input. In addition, analysis was conducted in all levels of velocities for
smooth surfaces that had no surface roughness to put forward the effect of surface rough-
ness by comparing the results as seen in Table 5. Furthermore, lift and drag coefficients
were captured in different angles of attack ranging from −5◦ to 30◦ for smooth, mid-level
and highest roughness under the highest inlet velocity of 90 km/h. Thus, the effect of the
surface roughness on lift and drag coefficients resulting in a high velocity level (90 km/h
inlet velocity) is demonstrated in Figures 6 and 7, respectively, to elucidate the best printing
strategy for UAV wings for the purpose of providing better performance in different angles
of attack. Additionally, lift and drag coefficient results for different surface roughness and
angles of attack are compared to smooth surface results and displayed in Table 6. Further-
more, results show that the sensitivity of the lift coefficient to surface roughness profiles is
more effective in comparison to the drag coefficient. In Table 5, drag and lift coefficients for
smooth surfaces at different velocities are displayed, and the increase in velocity from low-
to mid-level increases drag and lift coefficient by about 2.25- and 2.45-fold, respectively.
However, an increase in velocity from mid-level to high for smooth surfaces increases drag
and lift coefficient by about 1.75- and 1.85-fold, respectively. When the same analysis for
smooth surfaces was performed for the highest surface roughness value, results show that
the increase in drag coefficient by the increase in velocity does not change the increase
rate considerably. However, an almost 10% increase rate is monitored in the lift coefficient.
Besides, in comparison to the smooth surface, the highest surface roughness obtained from
PolyJet printing generates a 7.5% difference in the drag and a 20% difference in the lift
coefficient. As for different velocities, mid-level velocity generates an almost 4% increase in
the drag and a 19% increase in the lift coefficient. For the low-velocity analysis, the effect of
surface roughness on drag coefficient is 1.26%, and 10% for lift coefficient.

Figure 6 shows the lift coefficient variation in accordance with the angle of attack
for three different roughness size models (smooth, mid-level and high roughness). Due
to the symmetrical shape of NACA0008 airfoil, the lift coefficient experiences the least
value at 0◦ angle of attack. Similar experimental results are seen for NACA0012 due to
its symmetrical profile [56]. The pattern of curves shows that the increase in the angle
of attack increases the lift coefficient gradually until reaching the maximum value, and a
sudden drop is seen. The reduction in lift or so-called stalling phenomena is an undesirable
issue for UAVs and aircrafts, and causes unsteady flight behavior. Thus, the results after
stalling commences are not considered. Furthermore, the comparison of smooth mid-level
roughness and smooth high roughness models show that the difference increases suddenly
at a 10◦ angle of attack, in which the beginning of the stall region is experienced. Moreover,
it is seen that the increase in surface roughness is highly effective in lift coefficient for a
0◦ angle of attack. Figure 7 displays the variation in the drag coefficient in accordance
with the angle of attack for three different roughness models (smooth, mid-level and high
roughness). The drag coefficient is minimal at 0◦ angle of attack due to symmetrical airfoil.
It is seen that the increase in angle of attack directly increases the drag coefficient gradually
until the maximum angle of attack. The increase in surface roughness increases the drag
coefficient in all angle of attack degrees which is an undesirable issue that increases the
energy consumption during the flight. The highest drag increase due to surface roughness
is seen at a 10◦ angle of attack in which the beginning of the stall region is experienced.
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Table 4. Surface roughness (Ra is in µinch) measurement results.

Specimen # Measurement
Directions Along

Measurement
# 1st Surface * 1st Surface * 2nd Surface * 2nd Surface *

1 Y and Z

1st 59.6 16.6 341.7 477.1
2nd 46.9 554.0 255.1 408.3
3rd 10.6 687.9 200.6 369.3

Average 39.03 419.5 265.8 418.23

2 X and Z

1st 35.9 248.7 51.7 377.3
2nd 33.7 269.9 50.8 290.7
3rd 32.5 289 63.4 398.4

Average 34.0 269.2 55.3 355.5

3 Y and Z

1st 69.2 324.3 243.3 550.9
2nd 52 387.5 148.5 506.7
3rd 37.1 340.5 227.1 547.7

Average 52.8 350.8 206.3 535.1

4 X and Z

1st 40.8 208.8 101.5 336.2
2nd 44.8 230.7 90.1 323.2
3rd 53.4 221 73.1 284.2

Average 46.3 220.2 88.2 314.5

5 X and Y

1st 9.1 19.6 41.5 54.0
2nd 9.3 14.5 33.2 59.0
3rd 10.7 20.5 34.1 89.0

Average 9.7 18.2 36.27 67.33

6 X and Y

1st 1.9 23.0 20.3 57.2
2nd 1.1 23.8 22.6 48.2
3rd 1.0 18.9 11.2 70.4

Average 1.3 21.9 18.0 58.6

7 X and Y

1st 0.8 15.5 31.6 48.6
2nd 10.2 14.5 59.1 52.3
3rd 0.8 15.6 35.6 75.6

Average 3.9 15.2 42.1 58.8

8 X and Y

1st 5.3 24.5 61.7 74.6
2nd 7.7 21.7 43.8 55.4
3rd 6.7 22.6 48.0 26.1

Average 6.6 22.9 51.2 52.0

* # symbol represents number. For Specimens 1–4, the 1st surface is the surface closer to the left-hand side of build
platform and the 2nd surface is the opposite surface. For Specimens 5–8, the 1st surface is up-facing, and the
2nd surface is down-facing surfaces. Measurements on Columns 4 and 6 are along the first direction stated in
Column 2. Measurements on Columns 5 and 7 are along the second direction stated in Column 2.

Table 5. Surface roughness effect on CL and CD values for different velocities at 0◦ angle of attack.

Velocity Ra Value (µinch) CD CD Diff. (%) CL CL Diff. (%)

90 km/h 0 1.43 × 10−4 - 1.24 × 10−4 -
265.08 1.54 × 10−4 7.48 9.83 × 10−5 −20.66

65 km/h 0 8.21 × 10−5 - 6.371 × 10−5 -
265.08 8.52 × 10−5 3.71 5.358 × 10−5 −18.90

40 km/h 0 3.67 × 10−5 - 2.403 × 10−5 -
265.08 3.72 × 10−5 1.26 2.199 × 10−5 −9.29
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Figure 6. Surface roughness effect on CL values for 90 km/h inlet velocity.

Figure 7. Surface roughness effect on CD values for 90 km/h inlet velocity.
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Table 6. Surface roughness effect on CL and CD values for 90 km/h inlet velocity.

Angle of
Attack (◦) Ra Value (µinch) CD

CD Diff. with
Smooth (%) CL

CL Diff. with
Smooth (%)

−5
0 2.70 × 10−4 −3.92 × 10−3

88.20 2.73 × 10−4 1.18 −3.99 × 10−3 1.74
265.08 2.76 × 10−4 2.37 −4.00 × 10−3 1.83

0
0 1.43 × 10−4 1.24 × 10−4

88.20 1.47 × 10−4 2.89 1.07 × 10−4 −13.65
265.08 1.54 × 10−4 7.48 9.83 × 10−5 −20.66

5
0 2.42 × 10−4 3.94 × 10−3

88.20 2.45 × 10−4 1.02 3.91 × 10−3 −0.75
265.08 2.46 × 10−4 1.32 3.89 × 10−3 −1.13

10
0 9.25 × 10−4 6.16 × 10−3

88.20 9.88 × 10−4 6.81 6.00 × 10−3 −2.66
265.08 1.05 × 10−3 12.96 5.85 × 10−3 −5.10

15
0 1.63 × 10−3 5.39 × 10−3

88.20 1.64 × 10−3 1.06 5.33 × 10−3 −1.06
265.08 1.67 × 10−3 2.47 5.29 × 10−3 −1.79

20
0 2.36 × 10−3 6.14 × 10−3

88.20 2.42 × 10−3 2.79 5.99 × 10−3 −2.43
265.08 2.48 × 10−3 5.10 5.77 × 10−3 −6.04

25
0 3.20 × 10−3 6.78 × 10−3

88.20 3.32 × 10−3 3.65 6.54 × 10−3 −3.63
265.08 3.44 × 10−3 7.40 6.26 × 10−3 −7.69

30
0 4.16 × 10−3 6.83 × 10−3

88.20 4.17 × 10−3 0.26 6.72 × 10−3 −1.69
265.08 4.23 × 10−3 1.66 6.70 × 10−3 −1.98

4. Discussion

Figure 8 shows surface roughness measurements on both surfaces of all specimens,
and it is clear that surface roughness measurements along Z direction for Specimens 1–4
are higher than measurements along X or Y direction due to layer-by-layer manufacturing
and stair-stepping effect. For Specimens 5–8, surface roughness measurements along the
X direction are lower than along the Y direction. For Specimens 1–4, surface roughness
values on the 1st surfaces are higher than that on 2nd surfaces and for Specimens 5–8, it can
be seen from Figure 8 that up-facing surfaces have lower surface roughness values than
down-facing surfaces due to the fact that up-facing surfaces are naturally supported by
previous layers of the same material, but down-facing surfaces have support of different
materials (SUP706B). For all specimens and surfaces, the lowest surface roughness value
was observed on the up-facing surface of specimen 6 where the specimen was located
along X axis and horizontal build orientation and matte surface setting were used, and
measurement was performed along the X direction. On the other hand, the highest surface
roughness was observed on the 2nd surface of specimen 3 where the specimen was located
along the Y axis and a vertical build orientation and glossy surface setting were used, and
measurement was performed along Z direction.

4.1. Effect of Tray Location of Specimens on Surface Roughness

Figure 8 reveals that, when build orientation and surface finish settings are the same,
printing along the X direction, in general, resulted in parts with lower surface roughness
than parts printed along the Y direction (comparison between part pairs 1–2, 3–4, 5–6
and 7–8) for all surfaces with a small amount of difference. As stated by Barclift et al.,
the distribution of the same parts on the build platform can affect mechanical properties
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due to the over-curing of some parts in different locations while other parts are being
cured. They also stated that decreasing the parts’ spacing increased the parts’ strength [57].
Pilipović et al., stated that accuracy and repeatability in the X and Y axis is better than it
is for the Z axis based on distance measurements in PolyJet technology [11]. Cazon et al.,
stated that parts printed along the X axis gave the best results in terms of stiffness [15].
According to the results of the present study and the available literature, it can be suggested
that for better surface quality and strength, airfoil geometries need to be oriented along the
X axis when printed in PolyJet.

Figure 8. Surface roughness measurements results on both surfaces of all specimens.

4.2. Effect of Build Orientation on Surface Roughness

It can be seen from Figure 8 that when tray location and surface finish settings are
the same, horizontal build orientation resulted in parts with lower surface roughness than
vertical build orientation (comparison between part pairs 1–5, 2–6, 3–8 and 4–7) for all
surfaces. These results have good consistency with the available literature [19–23]. Since
vertically built specimens have a high amount of distortion, especially at trailing edges,
and higher surface roughness values, it can be suggested that for better surface quality and
lower distortion, airfoil geometries need to be horizontally built in PolyJet.

4.3. Effect of Surface Finish Setting on Surface Roughness

As stated before, in the matte setting, the whole part is covered with support material,
and in the glossy setting, only structurally needed areas are supported. For this reason,
it is more meaningful to see the effect of surface finish setting on surface roughness for
up-facing surfaces of Specimens 5–8. Based on the comparison between surface roughness
measurements on 1st surfaces (up-facing surfaces) of part pairs 5–8 and 6–7 where tray
locations and build orientations were the same and only surface finish settings were
changed, it can be stated that, in general, the glossy surface finish setting showed better
surface quality than the matte surface finish setting with a small difference, but it is also
clear that this situation depends on location of the specimen on build plate. Therefore, it
can generally be suggested that for better surface quality, airfoil geometries need to be built
with the glossy surface finish option in PolyJet.
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4.4. Effect of Surface Roughness on Flight Performance

It can be seen that build strategy and, because of this, the surface roughness of the
PolyJet-printed parts directly influence the aerodynamic performance of fixed-wing UAVs.
For high-velocity UAVs, the effect of surface roughness arithmetic deviation on drag and
lift coefficients reaches a difference of 7.5% and −20%, respectively, in comparison to the
smooth-surfaced airfoils. Furthermore, the drag force is the movement resistance of an
object in a fluid environment; thus, the increase in drag coefficient directly increases the
power needed to maintain cruise in the air. Furthermore, lift force is a force that is exerted
by the surrounded fluid in the perpendicular direction of the oncoming flow direction, and
it counters the force of gravity; thus, the floating in the fluid is provided [41]. Therefore,
any reduction in the lift coefficient due to surface roughness needs to be compensated
by the increase of the UAV’s velocity. Hereby, additional power is needed to avoid a
decrease in cruse distance. According to the results, the effect of surface roughness on drag
and lift coefficients approaches the values of 3.71% and −18.90% for mid-velocities and
1.26% and −9.29% for low velocities, respectively. Besides, the effect of surface roughness
values changes highly according to different angles of attack; 0◦ and 10◦ attack angles
are the critical angles at which lift and drag coefficient, respectively, are highly affected.
Consequently, the print configuration that is used for the production of the specimen 5,
which includes a Y axis tray location, horizontal build orientation and matte surface finish
setting, is the best option for aerodynamic performance in terms of surface roughness with
the least surface roughness in the flow direction.

5. Conclusions

The experimental part of study focused on the effect of tray location, build direction
and surface finish options on surface roughness values of airfoil geometries printed in
PolyJet. Two sides of airfoil surfaces were measured along two crossing directions. The
numerical part is focused on the aerodynamic performance of PolyJet-printed parts in
terms of different surface roughness profiles in the flow direction, velocities and angles of
attack. The following findings can be drawn from this study:

• Airfoil geometries located along X direction have lower surface roughness values
than geometries located along Y direction. Therefore, it is suggested to print airfoil
geometries along X direction for better surface quality;

• Airfoil geometries with vertical build orientation have very high distortion especially
on trailing edge areas and higher surface roughness values than geometries with
horizontal build orientation. Therefore, it is suggested to print airfoil geometries with
horizontal build orientation for lower distortion and better surface quality;

• It was observed that matte and glossy surface finish settings resulted in different sur-
face roughness values in different surfaces, and it is very difficult to make a correlation
between surface finish settings and surface roughness. However, in general, it can
be suggested to print airfoil geometries with glossy surface finish setting for better
surface quality.

• Surface roughness of the PolyJet-printed fixed-wing UAV wings affects the drag
coefficient 7.5% in high velocity cruises. Thus, convenient build orientations should be
selected to reduce the surface roughness for increasing the aerodynamic performance.
By this, the limited cruise distance of UAVs can be increased. Thus, it is suggested that
the build configuration of including Y axis tray location, horizontal build orientation
and matte surface finish setting is the best option for aerodynamic performance in
terms of surface roughness with the least surface roughness in the flow direction.
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