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a b s t r a c t 

Additive manufacturing (AM) provides great new possibilities concerning designing. AM turns to free- 

form designs with reduced weight, which are individually customized. Taking advantage of these aspects, 

the manufacturing world is led to a still not fully discovered, continuously expanding, era. This study 

includes a thorough look of a designing process for AM; starting from a theoretical design and its pa- 

rameters to a more efficient CAD model, intended to be used for the final product. The main goal of this, 

process-planning driven, project has been the construction of a plastic panel as a decorative part of a 

mobility platform with the minimum use of support structure. Manufacturability analysis, that followed 

the CAD modeling process, required the definition of the most influential parameters, such as infill per- 

centage, material and built orientation. The constant re-definition of the parameters, in order to minimize 

the necessity of a support structure, completed the final CAD model. The results of this procedure form 

a concise list of the challenges, one faces during the designing for an AM product, but also fulfills the 

requirements for a fully functional panel used as a vehicle part. 

© 2020 The Author(s). Published by Elsevier B.V. 
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. Introduction 

Due to the inherent design freedom benefits, the field of Addi- 

ive Manufacturing (AM) is becoming more and more popular in 

he industrial sector ( Bikas et al., 2016 ). AM processes have been 

ncreasingly emerged into the industrial sector, due to the near 

ero material waste and the significantly lower design restrictions 

 Komineas et al., 2017 ). Parametric design is a rather promising 

oncept, enabling adaptability and reusability of a 3D CAD model, 

nd delivering acceleration during the product development pro- 

ess ( Camba et al., 2016 ). This refers to the ability of applying pre-

ious designs and processes to new product development scenar- 

os with minimal effort. Several attempts have been performed to 

evelop parametric design approaches focusing on assembly mod- 

ling ( Papacharalampopoulos et al., 2017 ). This involves the estab- 

ishment of methodologies and strategies on the constrains and 
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elationship definition regarding the assembly and organization of 

ifferent components. 

This paper focuses on the design and analysis of plastic panels, 

hrough the parametric mathematical description of their geome- 

ry, so that the error reduction from CAx chain is achieved, with 

espect to Additive Manufacturing. These panels will be used on a 

mart mobility platform capable of autonomous driving. AM tech- 

ologies are utilized for this process planning driven, concept. De- 

ign and Manufacturability analysis for AM constructed parts, con- 

titute the main tools for the success of this concept. The aim of 

his project is the production of an AM manufactured part that 

eets the technical needs of perfect fitting and easy, low-cost 

roduction, as well esthetic requirements of a widely preferable 

roduct. 

The key objective of the platform is to be attached to a 

heelchair for offering autonomous navigation to people with dis- 

bilities using a smart mobility system. The mobility platform is 

onsidered to consist of a number of modules, most of which 

re expected to be designed and manufactured using AM tech- 

ologies. In this work, the design and manufacturing of a plastic 

anel is considered. The specific module, having specific desired 
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Fig. 1. The current framework: minimizing the error aggregation for the case of the 

introduced geometries. 
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Nomenclature 

in inches 

3D Three Dimensional 

CAD Computer-Aided Design 

AM Additive Manufacturing 

FDM Fused Deposition Modeling 

ABS Acrylonitrile butadiene styrene 

eometric properties, will be utilized as a lid implemented on the 

op of the platform to provide protection of the integrated elec- 

ronic and mechanical components. 

. State of the art 

Despite the significant advancements and new opportunities 

elivered through the application of parametric design in additive 

anufacturing and product assembly, major effort s are being per- 

ormed for the establishment of an effective modeling methodol- 

gy. This involves the definition of all relevant aspects that can 

eliver the optimum process parameters in order to ensure high 

uality and accuracy of the manufactured part ( Allavarapu et al., 

013 ; Aish and Woodbury, 2005 ). 

During the design process, the complexity of the developed part 

s directly associated to the acquired accuracy of the final part. 

onsidering the development of an additive manufactured part, 

naccuracies may appear within the design phase from the es- 

ablishment of the CAD model over the theoretical design model. 

urthermore, restrictions related to the CAD to stereolithography 

STL) translation of the design model could be of major importance 

or the accuracy enhancement. The STL file format approximates 

he boundary surface of the model in series of planar triangular 

acets. This leads to an approximation error in the representation 

f the model, that generates Geometric Dimensioning and Toler- 

ncing (GD&T) inaccuracies in the final part ( Xu and Keyser, 2016 ). 

Another major factor that is directly associated with the quality 

nd accuracy of additive manufactured parts is the efficient defi- 

ition of process parameters. Resolution is a function of the sys- 

em design, depending on the accuracy of the motors controlling 

rint head motion in the gantry, the quality of the control algo- 

ithm and the print nozzle diameter. Regarding the evaluation of 

he feed rate control errors, accuracy and resolution are, to a large 

xtent, a function of the ability to accurately control the rate at 

hich melted material leaves the deposition nozzle. 

Issues due to shrinkage and thermal warping should, also, be 

onsidered. Much of the error in accuracy observed in the fi- 

al part, arises from shrinkage during cooling and solidification 

r warping as uneven heat distribution creates internal stresses 

ithin a part ( Agarwala et al., 1996 ). 

The two main characteristics of a surface manufactured by 

ayer-based methods, such as fused deposition modeling (FDM), is 

he staircase effect and ridge patterns. The former causes the pro- 

le cusps, and the latter is created by the beads deposited adjacent 

o each other. The process parameters, such as layer thickness and 

uild orientation define the ridges that cause the surface rough- 

ess. The need for a specific surface roughness is due to design re- 

uirements such as surface integrity, assembly fitting, esthetic re- 

uirements, surface functionality or the requirements of any other 

ownstream manufacturing process ( Wong and Hernandez, 2012 ; 

alehpour and Barari, 2018 ). 

. Approach 

In this work, initially a theoretical model of a surface using Tay- 

or series has been developed. The concept of Taylor series is based 
82 
n the establishment of a function as an infinite sum based on the 

erivatives of the function at a single point ( Krasnov et al., 1990 ).

he surface was created herein based on a Taylor polynomial of fi- 

ite degree. The utilization of such surfaces enables the ability of 

efining inclination and the surface geometry on the edges of the 

urface that is required in case of joining of the part with different 

omponents, as well as the maximum displacement at the center, 

or both functional and esthetic reasons. 

Subsequently, the CAD model was produced as an approxi- 

ation of the theoretical model, using Bezier control points and 

hree different 2D surfaces. Bezier surfaces are widely utilized in 

omputer graphics to model smooth surfaces. Quadratic and cubic 

ezier surfaces are most commonly used. However, higher degree 

urfaces are directly linked to higher computational cost ( Biran and 

urves, 2019 ; Shi et al., 2018 ). 

The theoretical and the CAD model were compared in order 

o achieve the minimum possible error. When the error got mini- 

ized, the manufacturability of the 3D surface had to be analyzed. 

ccording to the results from the analysis, the design was opti- 

ized, and the process planning was selected. This research led to 

pecific conclusions concerning the difficulties that will be faced in 

M designing and AM manufacturability analysis. 

The whole framework is presented in below in Fig. 1 . 

. Case study 

.1. Surface design 

The surface designing started with the creation of a simple Tay- 

or polynomial of specific degree, i.e. for second degree: 

f (x, y ) = a 0 + a 1 x + a 2 y + a 3 xy + a 4 x 
2 + a 5 y 

2 (1) 

Due to the lack of flexibility and the rather simple geometry of 

his surface, the development of another surface was required. A 

olynomial of higher degree was created including more constants 

 i , in order to use the designing data more efficiently. 

The fourth-degree polynomial delivered the best fitting for this 

oncept ( Fig. 2 ). 

f (x, y ) = a 0 + a 1 x + a 2 y + a 3 x ∗ y + a 4 x 
2 + a 5 y 

2 + a 6 x 
3 

+ a 7 x 
2 ∗ y + a 8 x ∗ y 2 + a 9 y 

3 + a 10 x 
4 

+ a 11 x 
3 ∗ y + a 12 x 

2 ∗ y 2 + a 13 x ∗ y 3 + a 14 y 
4 (2) 

The next phase of the surface designing process was the cre- 

tion of the CAD model, using control points based on the Bezier 

unction. 

The first attempt consists of two 2D Bezier surfaces with 4 con- 

rol points. Due to the simplicity of the design, a second attempt 
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Fig. 2. The Taylor based surface. 

Fig. 3. Changes in the CAD model. 
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Fig. 4. DOE chart. 

Fig. 5. Derivative of the casing. 
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as been performed leading to a more complicated design with 

hree Bezier surfaces and six control points each. This design of- 

ered the complexity and the curvature that had to be approached. 

evertheless, the control points were not fixed until the final com- 

arison with the theoretical design. 

The comparison of the theoretical model with the CAD model 

howed approximately a 13% error. Therefore, changing the control 

oints of the Bezier function was required to achieve a better ap- 

roximation of the theoretical model. Modifications on the control 

oints delivered a slightly different CAD model ( Fig. 3 ). The new 

AD model was compared with the theoretical model and the er- 

or was minimized to 0.06%. 

.2. Manufacturability analysis 

This work relies on a process-driven concept, delivering FDM 

s the base of the manufacturability analysis and all the results 

ill be evaluated based on this specific process. In order to pro- 

eed with the manufacturability analysis, the built orientation, the 

aterial, but also the thickness and the built volume need to be 

efined. 

Primary attributes defined have been: 

• Built orientation: z-axis 

• Material: ABS 

• Thickness: 3 mm 

• Built volume: height = 0.35~0.4 m/ depth = 1 m / width = 1 m 

Nevertheless, further examination should be performed for 

he determination of specific parameters. A design of experiment 

able 1 can facilitate the procedure and deliver the optimum se- 

ection, regarding the following parameters: 

• Infill percentage: The infill percentage is chosen in order to 

achieve the best qualities considering the use of the 3D printed 

part. [20%, 50%, 100%] 

• Nozzle Diameter: The diameter should be an integer multiple 

of the thickness of the part. [0.2, 0.3, 0.6] 

• Overhang angle: The surface has a big overhang, so it is manda- 

tory to analyze the support structure that will be needed and if 

the supports are inevitable, their material has to be chosen too 
[45, 65, 85 °] w

83 
Fig. 4 is a brief representation of the level, each one of the three 

arameters, influences the necessity of a support structure. As it 

an be observed, the nozzle diameter and the infill percentage do 

ot affect the experiment. As the infill percentage plays a signifi- 

ant role in the durability of the whole structure, it will be selected 

ccording to the durability that should be achieved. The most im- 

ortant parameter is the overhang angle. According to the diagram, 

he 85 ° angle zeroes the need for a support structure. Neverthe- 

ess, it is of high importance to examine if there is a smaller angle 

hat doesn’t require support structure. For this purpose, every an- 

le between 65- 85 ° is examined with 1-degree step. The smallest 

verhang angle that provides us with a non-supported part is the 

ne of 78 °. 

.2.1. Canopy - casing 

The casing design relies on the creation of a surface using a the- 

retical model (Taylor), a CAD model (Bezier) and finally the com- 

arison between the two. 

Before the support structure analysis, it was required to exam- 

ne the gradient in both directions in order to be sure that the 

asing was identical and also to compare the two geometries in 

rder to predict which one will need more support structures. The 

radient was controlled by the Taylor model, which already was 

ompatible with the CAD model. 

The main objective was to create one surface of each geome- 

ry that will represent the gradient and correlate it the require- 

ent for support structure. To this end, the surfaces were created 

ia the partial derivatives of the measure magnitude of the partial 

erivatives of each Taylor equation. 

The conclusion here is that the largest amount of curvature that 

epicted in the casing analysis ( Fig. 5 ) is the first indication that 

his geometry will probably require further support structure or 

ider overhang angle. 
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Fig. 6. Panel with hole. 
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.3. Process planning 

To study further the manufacturing effect on the quality, a para- 

etric study driven by a process planning system would take into 

ccount the following properties: 

.3.1. Process-material 

In this work, the material that has been used is ABS. 

.3.2. Orientation 

The panel was symmetrical in the y-axis and x-axis. Taking this 

spect into consideration, z-axis was the optimum selection for the 

uilt orientation of the part. 

.3.3. Support-overhang 

Manufacturability analysis is of major importance for the min- 

mization of the support structure. It has been observed that the 

verhang angle of this part was difficult to be built without sup- 

orts. Nevertheless, changing several parameters led to the conclu- 

ion that with a 78 ° overhang angle, no supports were required. 

espite the examination of other geometries, a smaller overhang 

ngle has not been achieved. 

.3.4. Slicing 

The definition of the slicing parameters relies on the adjust- 

ent of filament diameter, layer height, extrusion width, and print 

peed. Specific paradigms for the current case study are: 

• Shell Thickness: 0.8 

• Layer thickness: This parameter specifies the height of each fil- 

ament layer in the print. In this work the layer height equals to 

0.3 mm. 

• Print speed: Print speed refers to the speed at which the ex- 

truder travels while it lays down filament. Optimal settings de- 

pend on what design is been printing, the filament that is used, 

the printer, and the layer height. 

• Filament diameter: Typically, the filament diameter is continual 

along the material and the layer height is continual along the 

part. In this work, the filament diameter equals to 1.75 mm. 

• Infill Pattern –Percentage: Due to robustness, the infill percent- 

age is 100% within the part and the pattern that has been se- 

lected for this process is rectilinear both internal and external. 

• Platform Adhesion Type: These parameters affect how the 

model sticks to the print bed. Raft and Brim are the main pa- 

rameters related to platform adhesion. In the specific use case, 

brim was considered as the optimum selection. 

• Extrusion Temperature: The extrusion temperature was defined 

at 200 °C. 

Furthermore, the existence of holes has been examined, consid- 

ring that the panel could be utilized as a functional part, allowing 

he passage of mechanisms or cables. In this case, not only the ge- 

metry would be different but also the support needs change, as 

he hole radius will influence the overhang angle ( Fig. 6 ). 

. Results 

The main objective of this work was to develop an additive 

anufactured using FDM process and through the design and the 

ifferent construction parameters to examine alterations on the 

hape and the final part. 

The Taylor Eq. (3) , that was created gave the possibility to 

hange its time the shape of the panel through three specific pa- 

ameters: a14, Kk and L. 

2 2 3 4 

 = a 14 L y − 2 a 14 L y + a 14 y + Kk x y (x − L )(y − L ) (3) s

84 
• Parameter L was constant and was selected considering the 

length and the width of the panel. Both were selected to be 

1 m, in order to L equal to 1. 

• Parameter a 14 influences the inclination in the X-axis at the 

edges of the panel. If a 14 equals to 0, the panel has the casing

geometry. In this work, a 14 equals to 3. 

• Parameter Kk influences the curvature on the top of the panel. 

When Kk equals to 0, the panel has no curvature on the top. In 

this work Kk equals to 3. 

Parameter Kk is affected by any changes in parameters L and 

 14 , when both Kk and a 14 equals to 0, the panel turns to a com-

letely straight surface. 

The Bezier surface that was constructed, regarding to the Taylor 

ne, was used for the CAD model development as the geometry 

as easier to change through the control points. To this end, the 

onnection between Taylor and Bezier surface was estimated, so 

hat every change or new geometry that was designed with the 

aylor parameters could easily pass to the Bezier control points 

f the CAD model. Nevertheless, this connection delivered defects, 

nd a final evaluation was required to calculate the error between 

he two surfaces and minimize it if needed. Each Bezier surface 

as constructed with three Bezier lines with 6 control points each 

ne. For the two main geometries that were tested, the panel and 

he casing, the control points of each Bezier surface were the fol- 

owing: 

The first and the third line (marked with blue) are symmetri- 

al in order to create the symmetrical shape of the panel. The z- 

oordinates marked with green are those who are connected and 

hange according to the Taylor parameters and more specifically to 

 14 ( Table 2 ). 

Taking the casing as the reference geometry, T 

a 14 = 0: 1st and 3rd line have z-coordinate = 0(4th, 5th point) 

2nd line has z-coordinate = 0.45 (4th, 5th point) 

These z-coordinates are the reference coordinates. The first dec- 

mal point of each one changes as a 14 is increasing by one unit. For 

nstance: 

a 14 = 1: 1st and 3rd line have z-coordinate = 0.1 (4th, 5th point) 

2nd line has z-coordinate = 0.55(4th, 5th point) 

Through this connection, the minimum error is always 

chieved. 

The panel, which has a 14 equal to 3, has as z-coordinates 0.3 

first and third line) and 0.75 (second line). This can be also ap- 

lied to bigger numbers, as it is depicted below ( Figs. 7 and 8 ). 

Regarding the manufacturability analysis, each geometry deliv- 

red a different overhang angle, requiring zero supports. The clas- 

ic panel design required 78 ° whilst the casing 87 ° This result was 
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Table 1 

The three parameters and how they affect the support need. 

Factors Levels 

Infill Per. 20% 20% 20% 20% 20% 20% 20% 20% 20% 

Nozzle Diameter 0.3 0.3 0.3 0.6 0.6 0.6 0.9 0.9 0.9 

Overhang Angle 45 ° 65 ° 85 ° 45 ° 65 ° 85 ° 45 ° 65 ° 85 °
Results 55 17 0 55 17 0 55 17 0 

Factors Levels 

Infill Per. 50% 50% 50% 50% 50% 50% 50% 50% 50% 

Nozzle 0.2 0.2 0.2 0.3 0.3 0.3 0.6 0.6 0.6 

Overhang 45 ° 65 ° 85 ° 45 ° 65 ° 85 ° 45 ° 65 ° 85 °
Results 55 17 0 55 17 0 55 17 0 

Factors Levels 

Infill Per. 100% 100% 100% 100% 100% 100% 100% 100% 100% 

Nozzle 0.2 0.2 0.2 0.3 0.3 0.3 0.6 0.6 0.6 

Overhang 45 ° 65 ° 85 ° 45 ° 65 ° 85 ° 45 ° 65 ° 85 °
Results 55 17 0 55 17 0 55 17 0 

Table 2 

Reference coordinates. 

Panel Casing 

(0, 0,0) (0.5, 0,0) (1, 0,0) (0, 0,0) (0.5, 0,0) (0, 0,0) 

(0, 0.15, 0) (0.5, 0.15, 0.299) (1, 0.15, 0) (0, 0.15, 0) (0.5, 0.15, 0.299) (0, 0.15, 0) 

(0, 0.25, 0.3) (0.5, 0.25, 0.75) (1, 0.25, 0.3) (0, 0.25, 0) (0.5, 0.25, 0.45) (0, 0.25, 0) 

(0, 0.75, 0.3) (0.5, 0.75, 0.75) (1, 0.75, 0.3) (0, 0.75, 0) (0.5, 0.75, 0.45) (0, 0.75, 0) 

(0, 0.85, 0) (0.5, 0.85, 0.299) (1, 0.85, 0) (0, 0.85, 0) (0.5, 0.85, 0.299) (0, 0.85, 0) 

(0, 1, 0) (0.5, 0, 0) (1, 1, 0) (0, 1, 0) (0.5, 0, 0) (0, 1, 0) 

(0, 0,0) (0.5, 0,0) (1, 0,0) (0, 0,0) (0.5, 0,0) (0, 0,0) 

Fig. 7. (a) Taylor with a 14 = 15, (b) z-coordinates: 1.5, 1.95, (c) minimum error. 

Fig. 8. (a) Taylor with a 14 = 40, (b) z-coordinates: 4, 4.45, (c) minimum error. 
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Bezier surfaces. 
lso evaluated through the derivatives of the magnitude of each 

esign and was verified. 

For the process planning design, the classic panel design was 

lready selected as well as FDM process with ABS filament built in 

-axis orientation. The other parameters of the process were also 

efined, according to the requirements of this case study. However, 

heir effect on the manufacturability remains a within the bound- 

ries of the analysis that is well established in literature. The re- 

ults delivered from this work, led to conclusions considering the 

ethod selected to design a part, and the aspects that should be 

aken under consideration by the designer in order to achieve not 

nly a functional part but also a part which accomplishes the pre- 

icted shape. 
85 
. Conclusions and future work 

In this work, AM processes were applied for designing 

nd construction of a plastic panel, that is considered to be 

ttached to a mobility platform. A theoretical model using 

aylor series and a CAD model based on Bezier surfaces were com- 

ared aiming at the optimization of the design and the defini- 

ion of process planning. The highest correlation between the the- 

retical and the CAD model was assessed delivering the error of 

.06%. 

As mentioned, the parametrical design enables significant ben- 

fits considering modifications on the dimensions and the struc- 

ure. Parameterization increases complexity of both the designer 

ask and interface as designers must model not only the ar- 

ifact being designed, but a conceptual structure that guides 

ariation. 

The aspects that are required to be considered by the de- 

igner are initially referred to the building direction. The se- 

ection should be performed respectively to the parameter that 

eeds to be improved, and higher mechanical properties when 

he layers are parallel to the building direction should be de- 

ned. Considering the infill pattern, higher infill percentage should 

e selected to achieve better mechanical properties, while the 

hells of the infill pattern have to be multiple of the nozzle 

iameter. 

As future work, further research could be performed on the es- 

ablishment of a framework examining the minimization of error 

nd higher accuracy in metal additive manufactured parts. The de- 

elopment of customized and parametric modules could deliver 

ew assembly capabilities, enhancing adaptability to numerous 

roduct development scenarios. Furthermore, bimodal – in shape –

urfaces could also be studied with respect to their replicability by 
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