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18 Abstract: The extrusion-based additive manufacturing is a popular fabrication method, which has
19 attracted the attention of various industries due to its simplicity, cheapness, ability to produce
20 complex geometric shapes, and high production speed. One of the effective parameters in this
21 process is the feed of filament that is presented in the production G-code. The feed of filament is
22 calculated according to the layer height, the extrusion width and the length of printing path. All the
23 required motion paths and filling patterns created by commercial software are a set of straight lines
24 or circular arcs that are placed next to each other at a fixed distance. In special curved paths, the
25 distance of adjacent ones is not equal at different points, and due to the weakness of common
26 commercial software, it is not possible to create curved paths for proper printing. Therefore,
27 making a special computer code that can be used to create various functions of curved paths is
28 investigated in this research, and also the feed of filament parameter is studied in detail. Next, by
29 introducing a correction technique, the feed of filament is changed during the curved path to
30 distribute the polymer material uniformly. Finally, composite samples (which have variable
31 stiffness) consisting of curved fibers are produced with the proposed method, and the high quality
32 of printed samples confirm the suggested code and technique.

33 Keywords: Extrusion-Based Additive Manufacturing; 3D Printing; Feed of Filament; Curvilinear
34 Path; Variable Stiffness Composites.
35

36  1.Introduction

37 In recent years, additive manufacturing (AM) techniques have made it possible to produce
38  complex parts with the desired geometric shape without the need to provide special tools [1]. Unlike
39  subtractive manufacturing and machining methods, AM forms parts layer by layer [2].
40  Extrusion-based AM (as a special kind of AM techniques) has been popular among ordinary and
41  industrial users because of the simplicity of the process, high reliability and the ability to produce
42 complex parts from thermoplastic materials [3-5]. Despite significant advantages, the process has
43 some limitations, and extensive studies have been done to overcome these [1, 6-8]. The main
44 limitations of this method are directional mechanical properties, material restrictions, low
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45  dimensional accuracy and surface finish, lower strength compared to other production methods,
46  and weakness in commerdial software [9-11]. The majority of researches in the literature have been
47  designed to improve the mechanical properties and optimize the parameters of this process [12, 13].
48 Some studied different materials [1, 11, 14] and feeding mechanisms by the consideration of melting
49 and extrusion system [15], surface finish and dimensional accuracy [16], material swelling [17],
50 in-process cooling [18, 19], thermal analysis of layers [2], and melt stability [20]. Also, some other
51  examined the effect of printing parameters such as nozzle temperature, bed temperature, nozzle
52 diameter, nozzle geometry, layer height, extrusion width, sample’s orientation, raster angle, filling
53  percentage, filling pattern, air gap, and printing speed [3, 21]. With great improvement in
54 extrusion-based AM, recent and novel studies have been emerged; like producing composites with
95 continuous fibers [10, 22, 23] (that have significant effects on mechanical properties) or optimizing
56  nozzle path and filling pattern (which have influential impacts on mechanical properties,
57 dimensional accuracy and surface smoothness) [24,25].

58 Baich et al. [26] investigated the effect of low, high, double dense, and solid filling patterns on
59  tensile, flexural, and compressive strength and modulus. Chakraborty et al. [27] created
60  three-dimensional curved paths for the extrusion-based AM to reduce the stair-step effect, increase
61  the strength and decrease the number of layers, and also proposed an adaptive method to increase
62  the surface smoothness and dimensional accuracy in the process. Jin et al. [28] employed the
63  parallel-based generation method to create optimal paths in the process. Akhoundi and Behravesh
64  [2] conducted the thermal analysis on the filling patterns (concentric, rectilinear, honeycomb and
65  Hilbert curve) and examined their effects on the tensile and flexural properties of printed samples.
66  Koch et al. [29] investigated the mechanical anisotropy of printed products by customized tool path
67  generation. Guan et al. [30] studied the effect of fill gap on the flexural strength of parts fabricated by
68  curved layer fused deposition modeling. Kumar et al. [31] examined the mechanical properties of
69  printed samples by creating pathsbased on fractal curves.

70 The instructions for printing a sample and determining the motion path of nozzle in
71 extrusion-based AM are provided as a single code given to the 3D printer. All necessary settings
72 such as nozzle and bed temperature, all movement paths, the filling pattern and percentage, fan
73 speed, printing speed, feed of filament and etc. are provided by commercial software in the form of
74 standard codes. One of the critical parameters in G-Code is the feed of filament, which is calculated
75  according to the extrusion width, the layer height and the length of printing path. The feed of
76  filament (based on the three parameters) is always constant and it is not possible to change it in
77  different sections of the program. Available commercial software implements various filling
78 patterns such as linear, rectilinear, grid, triangular, star, cube, concentric, honeycomb, 3D
79  honeycomb, Hilbert curve, Archimedes curve, spiral, and etc. The important point in all these
80  patterns provided by commercial software is that all paths are a set of straight lines or circular arcs
81 which are placed next to each other at a constant distance. In some cases, such as the production of
82  composites with curved fibers, which are variable stiffness composites, it is necessary to produce
83  curved paths for nozzle motion. Due to the weakness of current commercial software, it is not
84  possible to create curved paths for proper printing. Since the distance between adjacent paths is not
85  equal at different points in printing the curved ones, it is vital to change the amount of feed of
86 filament along the nozzle motion, so the polymeric materials are uniformly distributed throughout
87  thecurved path as a proper printing. Also, if there are continuous fibers in the nozzle outlet, the feed
88  of filament mustbe reduced by a certain amount according to the diameter of fibers [10].

89 Regarding the mentioned limitations, the main goal of this study is achieving a special
90  computer code by which various functions of curved paths can be created. Indeed, since the feed of
91 filament is variable along the curved paths (depending on the path type), gaining a uniform
92  distribution of polymeric materials is another purpose of the study.

93  2.Materials and Methods

94 In this research, polylactic acid with a diameter of 1.75 mm made by DigitMakers, and E-glass
95  fibers are used to produce the composites. The text of the main yarn is 800 and the diameter of each
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96  glass fiber is 8 micrometers, so the diameter of the glass yarn is about 225 micrometers [9]. A 3D
97  printer with a bed size of 195x195x200 mm is used to print the products. The nozzle and bed
98 temperatures are considered to be 210 °C and 50 °C, respectively, and MATLAB software is
99  employed to createthe necessary program for printing composites.

100  3.Generating G-code

101 At the first step to generate the G-code required for the 3D printer (extrusion-based technique),
102  path points must be identified. Since the goal is to create curved paths, the path function and its
103 points must be identified and then the feed of filament must be calculated by the specified points
104  and the length of the paths. It is possible that the distance between adjacent paths is variable at
105 different points, so the feed of filament must be determined accordingto each specific path, and then
106  final G-code can be generated. Also, considerations should be given to the flow percentage in the
107  program for the proper printingof composites with continuous fibers.

108  3.1. Creating curved paths

109 If the curved path of Error! Reference source not found. is considered, this reference curveis u
110  sed to produce composites consisting of curved fibers in the transfer method by an automated fiber
111  placement machine [32]. The path equation of the curve can be presented in terms of angles at the
112 sideedges and at the center. The angle of the curve at the side edges is T1 and at the center is To.If the
113 path is moved in the y direction, the path angle changes in the x direction and remains constant in
114 they direction. Therefore, by defining the relation of changing the angle of the reference curve in
115  termsof x, the angle of the fibers at any point on the plane (in terms of x) can be easily calculated.

y

T,
v

116 < xspan ’
117 Figure 1. Reference curve with its de termining parameters [32].
118 Equation 1 can be used to linearly change the angle of the fibers in the transfer mode in the y
119  direction[32].

00 =Ty +2(Ty — T)(xl /% gp0n) (1)
120 Where T is the center angle of the reference curve, T, is the angle of the side edges, x is the

121 coordinate of each point along the horizontal axis, and xg,,, is the range of x. Points from the
122 curved path are needed to generate G-code, so if the curved path is a Curvilinear function, this only
123 determines the slope of the line in certain coordinates. So, the differential equation of Equation 2
124 mustbe solved to extract the coordinates of the path.
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dy/dx = tan™* (T, + 2(T; — To) (Ix]/ X 3p0n)) )
125 This equation is solved using the Runge-Kutta method in each iteration and the coordinates of

126  the path points are obtained. By determining the points from the curved path, the feed of filament
127  mustbe calculated.

128  3.2. Calculating feed of filament

129 According to Error! Reference source not found., by assuming the density changes with t
130  emperature are negligible, the volume of material entering the inlet (V;,) can be equal to the volume
131  of material leaving the outlet (V,,,). The value of feed of filament is obtained from Equation 3 by
132  determining the parameters of layer height (h), extrusion width (w), the length of deposited raster
133 (L), and filament diameter (D).

E = (4w.h.L)/mD? @)

134

135 Figure 2. The deposited a raster to the specified extrusion width and layer height in the specified

136 length.

137 The path in Error! Reference source not found. is supposed for printing where the nozzle m

138  oved from point A to B; then from point B to C and finally from point C to A. By assuming the
139 extrusion width of 0.5 mm and the layer height of 0.2 mm, Error! Reference source not found. is a
140  chieved.

C (70,150)
65,95)
A (50,50)
141
142 Figure 3. Triangular path created to calculate the feed of the filament.
143 Table 1. Coordinates of points, path length and calculation of feed of filament for each path.

Point X Y AX AY PathLength(L) E (ForEachPath) E (continuous program)
A 50 50 O 0 0 0 0
B 165 95 115 45 123.4909 5.1342 5.1342
C 70 150 -95 55 109.7725 45638 9.6980
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D 50 50 -20 -100 101.9804 42399 13.9379
144 The program of this path is written based on the feed of filament in both continuous and

145 discrete forms. In the continuous program, the value of E is cumulative and in each line of the
146  programis added to the previous value. The continuous program is computed by Relations 4.

GO  X50 Y50

Gl X165 Y95 E5.1342

4

Gl X70 Y150 E9.6980 @
Gl  X50 Y50 E13.9379

147 The discrete program is based on Relations 5 where G0 shows the nozzle movement without

148  depositing, G1 indicates the nozzle movement by depositing, X and Y are coordinates of each point,
149  Eis thefeed of filament, and G92 resets thefeed of filament for the next line in the program.

GO  X50 Y50
Gl X165 Y95 E5.1342
G92 EO )
Gl X70 Y150 E4.5638
G92 EO
Gl  X50 Y50 E4.2399
150  3.3. Calculating feed of filament for curved paths
151 If a curved function is transferred in a direction, the vertical distances between two adjacent

152 curved paths will no longer be the same. In the special Curvilinear function, as the fibers angle close
153  to90 degrees, the vertical distance between the two paths decreases. Indeed, at 0 degree the vertical
154  distance is equal to the transfer value. Error! Reference source not found. presents a curved path w
155  ith astart and end angle of 70 degrees, a center angle of 0 degree, and a transfer value that is twice
156  theextrusion width.

The maximum distance between two curves

K Melt deficiency and empty space formation

157 0 >

158 Figure 4. Curved paths with a startand end angle of 70 degreesand a center angle of 0.

159 According to Error! Reference source not found., the volume of polymer becomes uneven at d

160 ifferent points because of the constant feed of filament and the variable vertical distance betw een the
161  twocurves.It is even possibleto observe some empty space in parts where the distance between two
162  adjacent paths reaches its maximum and this indicates the lack of sufficient polymeric material. If
163  the feed of filament rises to a constant value, the polymer accumulates in areas with smaller
164  distances and the dimensional accuracy and surface finish of the printed part decrease. To remove
165  these defects, the feed of filament is changed in proportion to the distance of two adjacent curves.
166  Equation 6 is used to calculate the correct feed of filament.

E= f [wh/(Ge/4)D?)) dL 6)

167 Where w is the extrusion width, h is the layer height, D is the diameter of the filament, and
168  dL is the differential length between two consecutive points in a curved path. The extrusion width
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169  can be replaced by the vertical distance between two adjacent curves. The geometric interpretation
170  of the method for calculating the vertical distance between two curves at 0 degree is shown in Errod R
171  eferencesource not found..

a
172
173 Figure 5. Schematic of the geometric calculation of the vertical distance between two curvilinear
174 paths.
175 Finally, according to the geometric relations shown in Figure 5, the formula for calculating the
176  feed of filament is presented as Equation 7.
L
E = f [(h)acos () /((w/4)D?)] dL 7)
0

177 where 6 is the angle tangent to the curve and a is the transfer value of the curve. The value of a

178  canbe considered equal to the extrusion width.

179 3.4. Computer program for generating G-code

180 A computer program is designed to create different curved paths. The main purpose of the
181  program is being able to use different mathematical functions to move nozzle with different
182  parameters and also is generating the G-code. The main features of the program are the possibility of
183  entering an optional function for the path and changing its parameters at any point. Another benefit
184  of the program is the ability to change any of the motion parameters for the curve, such as angles
185  and distances in each iteration of the program retrieval, by which it is possible to create complex
186  curves. For printing composite samples, the nozzle returns to its origin outside the perimeter of the
187  part at the end of each nozzle layer due to the continuity of the fibers and the impossibility of cutting
188  them. This situation is shown in Figure 1. The program’s start and end commands are automatically
189  added to the mainbody of it.

190
191 Figure 1. The created curve path in a layer with a start and end angle of 70 degrees and a middle
192 angle of 0 degrees using computercode

193  4.Results and discussion

194 In this section, the results of the created curve paths, the correction of feed of filament, and
195  producing composite samples are presented.

196  4.1. The result of modified G-code for curved paths
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197 The polymeric sample made by the curved paths with a start and end angle of 70 degrees and a
198  center angle of 0 without modifying the feed of filament is shown in Error! Reference source not f
199  ound..
200
201 Figure 7. Polymeric printed sample in curved paths with startand end angle of 70 de grees and center
202 angle of 0.
203 The amount of polymer is constant here due to the constant feed of filament. When the distance

204  between the two paths increases, there is a lack of polymer throughout the path (except for the
205  corners of the part) and empty space with different sizes are observable. As a remedy, if the feed of
206 filament rises to a constant value, there is no polymer deficiency at the maximum distance between
207  the two curves, but polymer accumulation occurs at the edges of the part. As shown in Error! R
208  eference source not found., this defect is observable at the edges of the sample due to the increase in
209  angle and the decrease in the vertical distance of the curve.

210

211 Figure 8. Polymer accumulation and reduced surface finish if the feed of filament increases as a

212 constant value.

213 The sample produced by modifying the feed of filament is shown in Error! Reference source n

214 ot found.. As shown in Error! Reference source not found.a and Error! Reference source not
215  found., the polymer deficiency is observed along the path when the amount of feed of filament is
216  constant. Error! Reference source not found.b is obtained if the feed of filament is modified a
217  ccording to Equation 7. As indicated in the code simulation, the thickness of the curved path varies
218  alongit, and polymer deficiency and accumulation are not observed anywhere. The correct printed
219  sample is shown in Error! Reference source not found.c. Properly printing of the sample, the a
220  bsence of cavities, and removing polymer accumulation indicate the correctness of the feed of
221  filament.
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Figure 9. The effect of modified feed of filament on the absence of empty space and accumulation of
polymeric materials as wellas the quality and surface finish of the finalsurface of the part.

4.2. The result of printing composites with curved fibers

Variable-stiffness composites are designed to have variable stiffness in different points, and this
property improved the performance of composites compared to fixed-stiffness ones [32]. One of the
methods of producing variable-stiffness composites is changing the angle of fibers by considering
specific curves (instead of straight lines). The automatic layering technique is a way to produce parts
with curved paths, but its cost is high and there are likely various defects in production [32]. In this
study, variable-stiffness composites are examined using the mentioned technique. It is important to
note that when the goal is producing composites with continuous fibers, the feed of filament mustbe
reduced for proper printing according to process parameters and fibers’ diameter. The calculations
to reduce the feed of filament based on the volume percentage of fibers have been studied in
previous papers in detail [9, 10]. The printed composite sample is shown in Figure 2, with a fiber
angle of 0 degree in the middle and 70 degrees at the corners.

a b C

Figure 2. Printing composite samples with curved fibers. a) angle of curve center is about 11°, b,c)
angle of curve center is 0°
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239 As shown in Figure 2, by precisely controlling the feed of filament, it is possible to produce
240  composites with curved fibers using the extrusion-based AM technique. The prominent point here is
241  thedeviation of fibers” angle from the specified value. In the current impregnation method, the glass
242 fibers are pulled by the molten filament, which passes through the nozzle and feeds the outlet. As a
243 result, a tensile force is created in the direction of fibers and this can change the radius of curvature
244  and even make complete crumpling of fibers. To eliminate the crumpling of the fibers, a margin is
245  considered around the sample to make the fibers stickier with the polymer. From the observation of
246  prototypes, it is determined that the angle of curve center, which should be zero degree, is about 11
247  degrees. To fix this defect, it is considered to replace the value of zero degree in the curve with a
248  negative angle. The best curve with an angle of zero degree in its center is selected after trial and
249  errors.As a result, after moving the nozzle at the specified speed, the -5 degrees becomes zero

250 This section may be divided by subheadings. It should provide a concise and precise
251  description of the experimental results, their interpretation as well as the experimental conclusions
252  thatcanbedrawn.

253 5. Conclusions

254 The goal of this study is proper printing of composites with continuous fibers in curved paths
255 by the extrusion-based AM technique. For achieving the purpose, a novel method is designed that is
256  able to create curved paths and generate necessary G-codes with modifying the feed of filament.
257  Finally, usingthe proposed technique, composite samples with curved fibers are properly produced.
258  The important conclusions of this research canbe presented as follows.

259 e 3Dprinters based extrusion-based AM can be used to produce variable-stiffness composites
260 with thermoplastic materials, which has many advantages such as low cost and higher
261 quality compared to other methods.

262 e By modifying the feed of filament according to the distance between two adjacent paths, the
263 empty space made by the transfer of a curve is filled and the surface smoothness of
264 composites is improved. Also, in areas where the distance between the two curves
265 decreases, the feed of filament is reduced to prevent projections on the surface.

266 e Due to the tension of the fibers in the current method of 3D printing, the angle of fibers
267 changes according to the nozzle speed. This defect can be reduced by modifying the
268 program and changing the angle of fibers in themiddle of curve.
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