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Abstract 

Recent advances in additive manufacturing (AM) and Fused Material Deposition (FDM) 

techniques have resulted in the commercialization and popularization of what is 

commonly known as 3D printing. Additive manufacturing is a three-dimensional model 

of the object is achieved by the data from the bonding material, typically a layer, with 

respect to the production method of the subtractive process. The Fused Material 

Deposition is using filament plastic feeders to melt and extrude from the double nozzles. 

The stiffened structure is increasing the product strength and rigidity under conditions 

without enhancing the product thickness, thereby saving material usage, reduce weight, 

and reduce costs. The composite stiffened structure is manufacturing by 3D printing, 

which consider the selection of material. A study of composite stiffened structure 

deformation is developed on this paper. The bend test is developed to study the 

stiffened structure function. The deformation was calculated numerically by Finite 

Element Analysis (FEA) and tested results by experiment. Comparing the results 

between FEA and experiment that to analysis the errors. The new style stiffened 

structure was created, and compare with baseline stiffened.  
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1. Introduction 

In additive manufacturing (AM), where a three-dimensional object is the latest 

construction technology progress laminated thin substrate created by, has led often 

referred to as 3D printing commercialization and popularization. Three-dimensional 

printing objects are stored to modify using the 3D modeling software in a digital file, 

which can be easily copied and transmitted via the Internet. Development of additive 

manufacturing technology patents began in the late 1970s, a three-dimensional object 

is created that a process through the accumulation of photopolymer material by Wyn 

Kelly Swainson (Gibson et al., 2010). A computer-controlled laser is used to cure the 

liquid puddle plastic monomers. This method is in continuous use today, and has 

become known as laser sintering process. One of this process, which slows the 

technology mainstream acceptance and popularity major drawback is cost, because it is 

very expensive laser equipment, the need for each printer. 

Fused Material Deposition (FMD) is an additive manufacturing through Swainson 

invention, which has been developed and patented. This technique is heating the 

thermoplastic material, and a 3D model of the nozzle extruded layer by computer 

control. The advantage of this technique is the use of simple and inexpensive extrusion 

process. 

Finite Element Method (FEM) can be the exact model, which simulated the ribs and skin 

simulation grid geometry is just a complementary approach. Thus, finite element 

method is more popular in engineering applications. In this study, the deformation of 

stiffened structures was calculated by FEA, which calculation results compare with 

experiment results by bending test.  

 The paper is organized as follows: section 3 presents the model design and 

manufacturing by 3D printer; the finite element analysis is presented in section 4; the 

experiment and result analysis are presented in section 5; and the stiffened structure is 

characterized in section 6.  
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2. Literature survey 

In this chapter, the subject of manufacture stiffened using additive manufacturing will 

be looking at the current paper, not just looking at the process of additive 

manufacturing, but analyzing the part of additive manufacturing created finite element 

models.  First, the chapter will focus on the process of additive manufacturing. Next the 

chapter will force on the finite element method.  

3D Printers is an amazing printer named an inventor Enrico Dini design, which not only 

can "print" out a complete building, or even to the spacecraft in Space members print 

any desired items. 3D printing is a form of additive manufacturing technology. The 

three-dimensional object is created out by continuous physical layer in additive 

manufacturing technology (Gibson et al., 2010). 3D printer compared to other additive 

fabrication technology, high speed, low price, high usability advantages. 3D printer that 

can "print" a real 3D object an apparatus, the functions and laser forming technologies, 

stratified processing, superimposed molding, i.e. by increasing the material layer by 

layer to generate 3D entities with conventional material removal process technology is 

completely different. Called "printer" with reference to its technical principle, because 

hierarchical processing and ink-jet printing process is very similar. 

3D printing technology in the mid-1990s, in fact, is the use of rapid prototyping devices 

and other light curing and paper lamination technology. It works basically the same as 

an ordinary printer, printer built with liquid or powder "Indian materials," to connect 

with the computer, the computer controls the "printing material" layer laminated 

together, eventually became the blueprint for the kind of computer. This technology is 

now applied in many areas, people use it to manufacture clothing, building model, car, 

chocolate desserts. 

The basic principle of RP technique is: a cross-sectional slice data layer layered contour 

data obtained, so that the computer-controlled laser information (or nozzle) selectively 

sintering the powder by a three-dimensional computer model of a layer of material layer 

(cured layer or liquid the photosensitive resin, or a sheet, or a hot melt adhesive material 

or after injecting layer), layer was cut layer to form a layer having a small thickness range 
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after layer entity like sheet, and then using a glass frit, polymerization, combined with 

other means so as to accumulate a further layer consists of a layer, you can create 

prototypes, models or molds for new products. (Kruth et al., 1998; Park et al., 2014; 

Thompson et al., 2014). 3D printing technology methods have been dozens of different 

kinds, including main process are: Stereo Lithography Apparatus (SLA), Selected Laser 

Sintering (SLS), Laminated Object Manufacturing (LOM), Fused Deposition Modeling 

(FDM) and Three Dimensional Printing (3DP). Each technology has different similarity 

and significant differences. 

The first commercialized AM system is SL that is based on the principle of photo-

polymerization liquid photosensitive resin work. The process of SL is showed in Figure 1 

(Wong et al., 2012). This liquid material is exposed to ultraviolet light of a certain 

wavelength and intensity of light polymerization can occur quickly, dramatically 

increasing the molecular weight, it transformed into a solid material from the liquid  

(Thompson et al., 2014). SL works: in a pot filled with liquid deflection mirror effect 

photocurable resin laser beam can be scanned in a liquid form, and with or without 

scanning of tracks and places hit by computer control, the spot of light. (Guo et al., 2013). 

When forming a start, at a certain depth of the surface of the working platform. The 

indicator points to scan the beam spot on the surface of the computer, cured by point. 

When the scan is complete layer. Unexposed areas remain liquid resin. Then driven 

platform lift height decreased, the level has been formed and is covered with a resin, 

the viscosity of the resin blade surface flatness, and then scan the next level layers stick 

firmly in the previous layer, so repeat until the entire parts manufacturing finished to 

obtain a three-dimensional solid model. (Thompson et al., 2014; Mellor et al., 2014). SL 

rapid prototyping method is currently the most advanced research methods and 

techniques of the most advanced methods. SL molding process high precision parts, 

machining accuracy and can be reached 0.1 mm, nearly 100% utilization of raw materials 

(Guo et al., 2013). However, this approach has limitations white body, such as the need 

to support, resin shrinkage due to loss of precision, the photo-curable resin having a 

certain degree of toxicity. 
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Figure 1: The process of SL (Wong et al., 2012) 

 

Another popular AM system is fused deposition method (FDM) that is using filament 

plastic feeders, which melted and extruded from the double nozzles. The basics process 

of fused deposition modelling is showed in Figure 2 (Wong et al., 2012).  FDM process, 

also known as a method of manufacturing a fuse accumulation, which is a plastic 

filament material, filament extrusion head melted by the heater in the liquid, together 

with the contour extrusion head is controlled by a computer to move each part parts, 

so the filament material is extruded through a nozzle, the overlying portions of which 

have been built and fast curing time is very short time, the molten plastic material layer 

formation. (Huang et al., 2013; Schubert et al., 2007). Then squeeze head moves axially 

upward a short distance and material to build the next layer. Thus, layer by layer from 

the bottom to the top of a solid model or stacked portions. (Holmstrom et al., 2011). 

Features of this method are easy to use and maintain, low cost, and fast, prototyping of 

just a few hours, and no pollution of the general complex. (Turner et al., 2014). This 

method is suitable for conceptual modelling product with form and function tests, and 

is not suitable for the manufacture of large parts. 
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Figure 2: The process of FDM (Wong et al., 2012) 

The finite element method (FEM) is one of the high-performance, commonly used 

numerical method which finding approximate solutions to mathematical problems 

formulated so as to simulate the responses of physical systems to various forms of 

excitation (Cook, 1974; He, 2011)). There are a large number of branches of engineering 

and science, which employ the finite element method, some of the more widely used 

include elasticity, heat transfer, fluid dynamics, electromagnetism, acoustics, biome- 

chanics. 

In Spentzas et al. (2002) paper presents that an incremental finite element method to 

analysis the part. The principle of method that decompose any large displacement of a 

mechanism which in a series of successive small displacement, so small that analysis 

between two successive locations employ the linear finite element method. Evidently, 

in any place of small displacement end position deformable member institutions provide 

us with the following initial conditions of small displacements. And Kanarachos (2008) 

research presents that the feature of fully linear method is large displacements and 

rotations and small elastic displacements and strains what is proposed and investigated 

depend on the standard Euler-Bernoulli finite elements, which is applied on 

kinetoelastodynamic analysis of mechanisms of engineering praxis. The method that 
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decompose the movement of a part in a series of successive time steps which is based 

on co-rotational approach and relies on the principle, so each step can apply the linear 

finite element method, that a correction procedure is added from not incorporating the 

exact (non-linear) beam theory in order to compensate errors resulting. 

Kanarachos et al. (2009) study that using Genetic Algorithms on a weight minimization 

methodology which is applied light resin transfer molding produced mechanism. The 

Light Resin Transfer Molding method is applied on reducing the weight and the cost of 

mechanism. This paper effectively presents that Finite element Analysis combined with 

Optimization using Evolutionary Algorithms is developed to get an optimal result. There 

has been an example of reducing energy consumption and emission production in the 

small part which is closely related with the production of lighter mechanism. Lightweight 

structure is proved to use the stiffness ration of highly density sandwich materials. 

Another paper is showed that Light resin transfer molding technology is considered a 

good alternative to traditional technologies on the production of composite parts. 

According to standard quality produces LRTM composite part, so VOC emissions are 

significantly decreased. However, the remarkable fabrication cost of sandwich materials 

and lack of experience in stress analysis has hindered which introduction to several 

regions of parts. 

The methodology of Sayre’s (2014) study that to create a variety of finite element 

models to imitate tensile, compressive, and bending tests which in order to assume 

isotropic properties. The approach consisted finite element modeling of isotropic 

materials. Choosing the material is Styron MagnumTM 8325 ABS, Sheet Coextrusion 

Grade by Dow which most similar to 3D printer filament in all the appropriate material 

properties available, which is critical to create a successful FEA model (Kitayama et al., 

2012). When test material property, the material property of tensile, compressive, and 

bending were selected.  
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3. Model Design and Manufacturing 

3.1. Integrally stiffened structure 

The baseline panel was designed by CATIA that is the ability to specify the geometry in 

radius curvilinear stiffeners. The smaller scale risk reduction panel was completed which 

validated integrally produced, thin-skinned and stiffened in the process of producing. 

The integrally stiffened structure was designed that size is about 60mm by 60mm with 

5mm tall stiffeners at the peak height. To design the risk reduction panel, a detailed CAD 

was converted form the solid model of the baseline curvilinear stiffened panel in CATIA 

V5. The integrally stiffened structure was completed that are shown in Figure 3. The 

composite stiffened model composed a skin and two curvilinear stiffened. To design the 

shape of stiffened structure included fillets at the panel intersections.  

 

Figure 3: The solid model on CATIA 

The risk reduction panel is an important feature is that in the way of a parameter, so the 

ability to shape and size of the geometry is completely specified by the designed panel 

optimization. The dimension is defined as design variable to determine the stiffened 

structure, such as the thickness of the panel, the thickness of the stiffener ribs and 

stiffener height. The size of the panel was defined a rectangle with 70mm by 60 mm to 

include 80 mm radius curvilinear ribs along the top and bottom edges. The panel 

included ribs along the left and right edge of the panel. While the thickness of panel is 

2mm, the curvilinear ribs were required to be a rectangle with 6mm by 4mm that 
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included a 4mm by 3mm rectangle hole.  Figure 4 shows the size of stiffened structure.  

While the curvilinear ribs were designed, third order uniform rational B-spline 

represented the stiffener curve with two end-points and a control point, in order to the 

stiffener always keeps in the panel area. The design variable to define the shape and 

position of the stiffener curve, which is represented in Figure 5. More points can be used 

to define the stiffener curve, but the number of design variable is increased. The 

stiffener curve is created by the stiffener end-points lie on the perimeter of the panel. 

Using the perimeter curve parametric extraction to define the end-point on the panel 

perimeter. The parametrization can represent that the panel has any geometric shape 

with the stiffeners. It should be noted that the end points of each stiffener plate is 

represented by design variable x1 and x2, and there are design variables x3 and x4 to 

represent the control point, which is the center of curve. In order to uniform cross-

section of stiffeners, which has design variable, the radius, height and width. Currently, 

the stiffened structure supports any radio of curvilinear stiffeners, but it is designed that 

80mm radio stiffener should be utilized during the optimization. 

 

Figure 4: The dimension of the stiffened structure 
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Figure 5: The position of stiffener 

 

3.2.  Manufacturing using three dimension printing  

3.2.1.  Three Dimension Printing 

Three Dimension Printing is like the text printed on paper to a plane (2D print), as 

through the layers superimposed manner, to create a three-dimensional piece, which is 

actually a more popular view. It has many nicknames, Additive Manufactory, Rapid 

Prototyping, Freedom Fabrication, Rapid Prototyping / Manufactory and so on.  

To use 3D technology to print an object, first of all there should be a digital computer 

model that can use computer-aided design (CAD) or other software to create 3D models 

complete, you can use a scanner to scan a 3D real objects to get (Gibson et al., 2010). 

After, 3D printer software will slice into the digital model model, simulate the way it is 

about to cut into many thin layers, the 3D printer workflow, the slice model is converted 

into the print head traveling track, through specific the material can be in the form of 

the object layer by layer accurate printed out, until the completion of a full 3D object. 

Important technical means to print directly to a virtual 3D solid models into digital 

products, which greatly simplifies the production process, making the production of 

structural parts for the production of any complexity as possible, but also to achieve 

material microstructure and properties can be designed. 

3D printing is a way of forming a bulk molding, which is a fundamental step includes 

approximately sliced and surface construction dimensional model, three-dimensional 
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model, a thin layer of print and overlay, grinding and other post-processing after printing 

process and other processes (Huang et al., 2013). Now there are a dozen viable 3D 

printing technology, however, almost all technologies are based on three basic methods. 

In the first method, 3D printer form a casting or semi-liquid material by extruding print 

nozzles. The most common way is continue to squeeze out of a thermoplastic material 

that can be molded rapidly solidified when leaving the nozzle. The material here can be 

melted metal, may also be cheese, chocolate and other food ingredients, it can even be 

liquid concrete, imagine the use of 3D printing technology to print out an entire floor of 

the bar scene (Gibson et al., 2010). 

The second method uses a photosensitive resin, the liquid may occur when exposed to 

laser light or other light sources in the polymerization reaction and curing. 3D printer, 

first follow the path printing system-generated scan a single injection liquid phase 

bonding layer of the pallet, the pallet then fall from the floor while using a liquid curing 

light, this time, the generated second bitch liquid layer firmly bonded on the first solid 

layer, and so on, until the entire work piece finished printing. 

The third method, 3D printing hardware produces the model by layer by layer bonded 

by some fine material powder. After the material at high temperature melt into liquid, 

extruded through a nozzle of very fine spherical particles. After re-spray, these particles 

will soon be cured, so that a combination of tightly arranged in three-dimensional space-

kind. This technique is very high precision, strength is also very impressive, but after 

forming the surface roughness to be addressed. 

3D printers work step is this: use CAD software to create items, if you have an existing 

model can also be, for example, in animal models, people, the actual process of or 

miniature buildings and so on. Then through SD card or USB flash drive to copy it to the 

3D printer, print settings, the printer can print them out, its work breakdown structure 

is shown below. 3D printer works basically the same as traditional printers are controlled 

by components, mechanical components, the print head, supplies and other media 

architecture consisting of printing principle is the same (Huang et al., 2013). 3D printer 

mostly designed a complete three-dimensional model on the computer before printing, 
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and then performing print output, as shown the process of 3D printer in Figure 6 (Huang 

et al., 2013). This technology can able to manufacture the geometries which cannot be 

manufactured previously possible. Using computer-aided design (CAD) data to make 

directly full-form part is applied in a variety of industrial, include application of 

commercial and art. The technological is often called three-dimension printing due to 

the principle of this technology is similar to an office printer, which is laying ink on paper. 

A vast range of products can be manufactured by the 3D printers, which it consist of 

airplanes and automobiles part with parts, industrial equipment need to replacing aging 

or broken, and medical need in precise components. The process of advanced 

manufacturing is conveys information to create the products that is supposed to look 

from a CAD file. A specialized printer is received information form the CAD file, the 

finished products are built gradually that the finely powdered material is laying and 

binding to create the products. 

 

Figure 6: The process of 3D printing (Huang et al., 2013) 

This technique is based on the 3D model data, the use of subtractive manufacturing 

techniques layer by layer superimposed manner opposite to the process of production 

of goods, usually by computer-controlled material layer by layer superimposed on the 

final three-dimensional model on a computer into three-dimensional objects, which 

high-volume manufacturing model to the development of personalized manufacturing 

model leading technology.  Compared with the traditional large increase material 

manufacturing equipment, 3D Printing Concepts emphasis reflects its small size, 

intelligence and personal characteristics of the device. After nearly 20 years of 
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exploration, 3D printing technology has made considerable progress, in print materials, 

precision, speed and other aspects of a more substantial increase. 

Currently we have been able to achieve a fine resolution of 600dpi on 0.O1mm 

monolayer thickness. Currently the material of the technology can be used very rich in 

species, biological cells can print out the material organs, bones; for the material to be 

printed building sand; glass as the material can be printed glass products; metal as the 

material can be printed mechanical parts. Printed material from the mainstream of 

polymer materials to metal, stone can be. Currently, the well-known material 

combinations Stratasys 3D printing via a specially designed material is the industry's 

most comprehensive portfolio. It includes nearly 150 kinds of PolyJet photopolymer and 

FDM thermoplastics. Printing speed reaches 25.4mm/h or more on vertical (Turner et 

al., 2014). With the further development of intelligent manufacturing matures, new 

information technology, control technology, materials technology, etc. continue to be 

widely used in manufacturing, 3D printing technology will be pushed to a higher level. 

Comparing with traditional industry, 3D printing technology development to meet the 

consumer demand, will lead to changes in the industrial manufacturing model of mass 

production molds compared to standardized products, 3D printing can produce under 

certain constraints freely create personalized products, to be called "big scale custom 

manufacturing model ", based on the Internet to support intelligent way of mass 

customization, or" decentralized production, local sales "approach, marking the arrival 

of the era of personal consumption (Turner et al., 2014). 3D printing technology is not 

subject to the product structure and shape restrictions, any complex shape and 

structure, as long as CAD data, can be easily done, so give personalized, customized 

offers the possibility; and the use of 3D printing technology, is not required to open the 

mold, achieved without mold manufacturing. Much of the equipment plus the 3D 

printing can achieve unattended, 24 hours a day working, it saves labor costs for 

manufacturers to improve production efficiency. 

The advantages of 3D printing is summarized in following (Huang et al., 2013; Turner et 

al., 2014): 
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i. Manufacture of complex items without increasing costs: 

For traditional manufacturing, the more complex the shape of the object, the higher the 

manufacturing cost. For 3D printers, manufacture of complex shape of the object does 

not increase the cost of manufacturing a magnificent complex shape of the article does 

not consume more time, skill or cheaper than printing a simple box. Manufacture of 

complex items without increasing the cost to break the traditional pricing model, and 

change the way we calculate the cost of manufacturing. 

ii. Product diversification without increasing costs 

A 3D printer can print many shapes, it can be like, like every craftsman to make different 

shaped items. Fewer features traditional manufacturing equipment, to make a limited 

variety of shapes, 3D printing eliminates the cost of training mechanics or the acquisition 

of new equipment, a 3D printer only requires a different number of blueprints and a 

new batch of raw materials. 

iii. Without assembly 

3D printing enables integrated molding parts. Traditional mass production based on the 

assembly line, based on the modern factories, machines produce the same parts. Then 

assembled by a robot or a worker. The more components of the product, the more time 

and cost-consuming assembly, 3D printer can also print by layered manufacturing, does 

not require assembly. Omit the assembly to shorten the supply chain.  

iv. Design Space Unlimited 

Product shape traditional manufacturing techniques and artisans manufacture a limited 

ability to subject shape tool used. For example, the traditional wooden lathe only create 

round objects, only processing mill cutter assembled components, the molding machine 

can only manufacture molded shape. 3D printers can overcome these limitations, 

opening a huge design space, and even now may make shapes found in nature. 
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3.2.2.  Production process 

Using 3D printing technology, select appropriate materials, design a simple and efficient 

body printing system, users can use their CAD models into STL files through software for 

printing. The integrally stiffened panel was manufacturing by 3D printer, and the 

geometric accuracies and mechanical properties were evaluated. First you must create 

a computer model for printing the object. For creating that, you can use Computer Aided 

Design Software like CATIA, Solidworks, AutoCAD, 3DS Max etc. After the object file is 

created, the file need to be modified. The object file contains numerous amount of 

curves. Curves cannot be printed by the printer directly. The curves have to be converted 

to stereolithography (STL) file format (Thompson et al., 2014). The STL file format 

conversion removes all the curves and it is replaced with linear shapes. The file needs to 

be sliced into layer by layer (Hyde et al., 2014). The layer thickness is so chosen to meet 

the resolution of the 3D printer we are using. If you are unable to draw objects in CAD 

software, there are many websites available which are hosted by the 3D printing 

companies to ease the creation of 3D object. The sliced file is processed and generates 

the special coordinates. These coordinates can be processed by a controller to generate 

required signal to the motor for driving extruder. This layer by layer process generate a 

complete object. (Turner et al., 2014) 

 Design three-dimensional CAD model 

Computer-aided design (CAD) is the use of computer systems to help to create, modify, 

or design analysis and optimization. CAD software is used to improve designer 

productivity, improve design quality, improve communications through the document 

and create a database for manufacturing (Thompson et al., 2014). CAD output is often 

in the electronic document printing, processing, or other forms of manufacturing 

operations. CAD software uses any object vector-based graphics depicting traditional 

drafting, or it may generate raster graphics display the overall design of the object on 

mechanical design. However, it involves more than just shapes. As in the manual 

mapping technology and engineering drawings, CAD output must convey information, 

such as materials, processes, dimensions and tolerances, according to application-

specific conventions (Kim et al., 2010). CAD can be used to design curves and figures in 
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two-dimensional (2D) space; or curves, surfaces and solids in three-dimensional (3D) 

space (Hyde et al., 2014). CAD is an important industrial sector in many applications, 

including automotive, marine, and aerospace industries, industrial and architectural 

design, prosthetics, and more widely used (Turner et al., 2014). CAD is also widely used 

to produce computer animated feature film, advertising and technical manuals effects, 

often referred to as DCC digital content creation. The popularity and power of modern 

computer technology means that even perfume bottles and shampoo dispensers are 

using design engineers unheard of in the 1960s. Because of its enormous economic 

importance, CAD has been a major driving force in computational geometry, computer 

graphics (both hardware and software) research, and discrete differential geometry 

(Thompson et al., 2014). Geometric model for the design of the shape of the object, in 

particular occasionally called computer-aided geometric design (CAGD). These 

relationships unexpected features, leading to new forms of prototyping called digital 

prototype. Compared to the physical prototype, which means that the manufacturing 

time design. That is to say, CAD model can be generated by computer after a physical 

prototype has been used to scan the industrial CT scanner (Hyde et al., 2014). Depending 

on the nature of business, digital or physical prototypes may initially be based on the 

specific needs of choice. 

Today, all major CAD system platforms (Windows, Linux and Mac OS X) exist; some 

packages even support its enhanced 3D printing capabilities into a new level of multiple 

platforms (Thompson et al., 2014). The first step in developing effective print 

component is built using 3D modeling software part of the geometry. Has provided free 

software, including CATIA, SolidWorks and HyperMesh can be used to create 3D printed 

objects several options to choose from. And there is a very advanced 3D modeling 

software, which is typically beyond the average three-dimensional printing designers 

and generally beyond the scope of the average three-dimensional printing designers 

usually do not need to create most objects (Hyde et al., 2014). CATIA is used to create 

the final 3D geometry using Auto CAD 2D layout for the development of stiffness. It must 

be taken into account how additive manufacturing process to create a component 

object to create 3D models (Kim et al., 2010). Ribs, edges and surfaces must have the 
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appropriate thickness and geometric properties, enables a computer to recognize 

objects as solid and calculate the volume.  

 Conversion to STL file format 

There are many irregular surfaces on the product before processing must be carried out 

on these surface model approximation. The most common method is to use American 

3D System developed by STL (Sterolithgraphy) file format. Coupled with a series of small 

three-dimensional triangular plane to approximate the surface to give an approximate 

model STL file format. Many commonly used CAD design software have this feature, 

such as Pro / Engineering, Solid works, MDT, Auto2 CAD, UG and so on. STL files for rapid 

prototyping because the slicing is a cross-sectional layers in accordance with the model 

process, cumulative made. It must be a three-dimensional CAD model into STL format, 

rapid prototyping and manufacturing systems acceptable ply model. Various rapid 

prototyping systems have hierarchical processing software that can automatically 

obtain cross-sectional information model (Kim et al., 2010). 

STL file is a 3D surface geometry of triangles. STL model of cutting, which is built on three 

important aspects of the data structure, intersecting lines, and generate cross-sectional 

contour. There are many algorithms in the slicing process, such as direct deposit request 

line topology algorithm slicing algorithm and advanced models and the like. As used 

herein, the hierarchical algorithm based on Z coordinates, this algorithm is a relatively 

simple topology algorithms. Z coordinates of each vertex record STL file data when 

reading and sorting through stratification height Z to read medicine were calculated 

intersection of target triangle surface stratified.  

The main steps are as follows: 

i. Reading the STL file of all triangles, documentaries and Z coordinates of the 

vertices of the tag ID number. 

ii. A triangular patch will be read by Z coordinates from small to large order. 

iii. Following an early age from the Z-axis direction to a large slice, slicing according 

to the height Zh to determine the need for a triangular intersection. 
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iv. Optionally a triangular face slices intersection, according to the continuity of the 

index to the next set of triangles, and so finally get closure contour, stratification 

height increased by one unit ΔZ. 

v. Repeating steps iii and iv, until all hierarchical height greater than the maximum 

value of Z coordinates of the triangle, end delamination. 

In the manufacturing of stiffened, the STL format is converted form CATIA V5 that is 

shown in Figure 7.  

 

Figure 7: The STL format 

 Choosing material 
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3D printing materials is an important material basis for the development of 3D printing 

technology. To some extent, the development of materials determines the 3D printing 

could have wider application. Currently, 3D printing materials include plastic, 

photosensitive resin, a rubber-like material, a metallic material and a ceramic material. 

As it can be seen from the existing material, whether developed by Local Motors strati3D 

print electric car or the famous first and second generation Urbee hybrid cars have not 

used metal material as the printed material. Strati used car is black ABS plastic layer and 

carbon fiber reinforcement layer, coincidentally, Urbee car is most of them are using 

ABS plastic print from. From these two examples are not difficult to find, compared to 

metal materials, plastics significantly more by the automotive manufacturers. On the 

one hand, plastic deformation temperature is much lower than the metal material, easy 

to process; on the other hand, the strength of engineering plastics, impact resistance, 

heat resistance, hardness and anti-aging properties are extremely good, drawing in 3D 

printing, pumping silk, cooling and solidifying the steps in can be a good complete their 

mission.  

Currently the most commonly engineering plastics material is ABS (often used in fused 

deposition modeling) used in the automotive industry and PC material. Acrylonitrile 

Butadiene Styrene properties include high strength and good toughness, which can be 

carried out at above 90 ℃ machining (drilling, painting, plating, etc.). At the same time, 

it has many kinds of colors, to meet the tastes of discerning buyers. The PC material 

(polycarbonate) is truly a thermoplastic material, its high strength, high temperature 

and impact resistance to bending have reached a certain level, which can be fitted 

directly on the car use. 

In order to study the percentage of filling, a series of print and print time simulation of 

the relationship between the high of the layers was carried out. Print times were 

calculated based on the slicer engine and user-defined printer speed tool path 

generation. ABS PLA plastic with similar properties but improved printing self-adhesive 

feature allows a 10% increase compared with the filling rate of ABS. 

 Modeling 
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Product modeling includes two aspects: supporting production and physical production. 

Support production: 

Because FDM process characteristics, the system must do the product CAD model 

support, otherwise, the layered manufacturing process, when upper-section larger than 

the lower section and more part of the upper section will be suspended (or floating), 

thereby section portion so happen collapse or deformation, affecting precision molded 

prototype parts, and even the prototype is not molded. Support is also an important 

purpose: to establish a base layer. The establishment of a buffer layer between the 

working platform and the bottom of the prototype, make prototyping easy to peel off 

after the completion of the work platform. In addition, the base support can be provided 

to the manufacturing process of a plane. So the key step is to make FDM modeling 

support. 

Physical production: 

Carried out on the basis of the shape of the supporting entity, bottom superimposed 

layers form a three dimensional entity, so you can ensure the accuracy and quality of 

solid modeling.  

The figure 8 showed the production of the modeling. 
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Figure 8: The production of 3D printer 

 After-treatment 

Rapid Prototyping treated mainly for prototype surface treatment. Removing the 

support portion entity, part of the solid surface processing, the prototype accuracy, 

surface roughness, etc. to meet the requirements. However, the supporting part of a 

complex and fine structure of the prototype is difficult to remove, in the process there 

will be circumstances prototype surface damage, which affects the surface quality of the 

prototype. Thus, the 1999 St Ratasys has developed a water-soluble support material, 

effective solution to this problem. The finished stiffened is shown in Figure 9. 



Coventry University 

28 

 

 

Figure 9:  The finish stiffened structure by 3D printer 

 

3.2.3. System and operating costs 

FDM rapid prototyping system is low cost, no other rapid prototyping systems expensive 

lasers; lower molding material prices; FDM prototypes particularly suitable void 

structure, saving material and molding time; small, non-polluting, is the office 

environment ideal Desktop manufacturing systems.  

In this work, rapid prototyping manufacture three parts, which took 3 hours to process 

with a further 3 hours remove the support material. The total rapid prototyping 
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consumable costing for three parts is shown in table 1.  And the total rapid prototyping 

material usage for three parts is shown in table 2. 

    Costs       

Cartridge cost  £330   £330     

            

            

  Model   Support     

Full cartridge cm3 922   922     

            

            

Cartridge usage % 0.034143167   0.012440347     

          Consumable cost 

 Cost 11.26724512   4.105314534   15.37255965 

Table 1: Total rapid prototyping costing for three parts 

 

material 

usage 

cm3     

job model support 

1 31.48 11.47 

2     

total 31.48 11.47 

Table 2: Total rapid prototyping material usage 

 

3.3. Materials 

Traditional plates are typically made of reinforced composite materials include steel and 

aluminum. Although 3D printed parts cannot be considered a true analog to replace 

some of the traditional manufacturing, it still must pass the ultimate strength and 

effectiveness of the close creative design and reinforcement technology.  
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The selection of stiffened structure of printing material will depend on technical and 

cost of the printer, strength, filament cost and durability. And Common 3D print media 

cost comparison summary is presented in Table 3. 

Material Type Filament(/Kg) Extrusion temperature (C) 

ABS FMD  £19.00  225-230 

PLA FMD  £18.00  175-200 

Epoxy SLS  £54.00  N/A 

Laywood FMD  £26.00  175-230 

Polycarbonage FMD  £32.00  280-300 

Nylon FMD  £26.00  238 

Table 3: Material property comparison for common printing filaments 

ABS (acrylonitrile butadiene styrene) and PLA (polylactic acid) plastics are in the printing 

industry RepRep3D most common and the extruder is capable of easily and reliably 

squeeze the material. PLA material, low bed temperature requested, because it can be 

used without the heated print bed to print a big advantage. The printer does not print 

heating bed significantly cheaper than those heated. Because of the low cost, high 

availability, and printer basic requirements, ABS and PLA acid material is selected with 

the printed article reinforced developed 3D use. High temperature materials 

polycarbonate and nylon in the future may prove to advance the common 3D printer 

more attractive, including the desired print these materials control. One which has 

shown considerable promise for the ABS parts approach is used to melt the outer 

surface portion of the acetone vapor bath treatment - change has a layer "sheet ridges' 

caused by the foot and mouth disease in the form of printed layer stacked texture, to a 

smooth outer surface. This makes the outer surface of the melt and fuse even housing 

this is by dipping the printing member in acetone vapor cloud to complete. Study this 

treatment has been shown to reduce the minimum tensile strength of a significant 

increase in toughness and tensile strain. Enhanced imaging shows that these 

improvements are due to the improved surface of the printed portions of the laminate. 

In this work, the ABS material is selected to manufacturing the stiffened. ABS material 

FDM rapid prototyping technology commonly used engineering thermoplastics with 
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high strength, good toughness. Normal deformation temperature exceeds 90 ℃.The 

ABS material has some advantage in following (kim et al., 2010):  

vi. Better overall performance, high impact strength, chemical stability, good 

electrical properties 

vii. With 372 plexiglass has good weld, made color plastic parts, and can be chrome 

plated, paint treatment 

viii. High impact, high heat resistance, flame retardant, enhanced transparency level 

ix. Liquidity less than PMMA, PC, etc. and better than HIPS, which has good 

flexibility 
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4. Methodology 

There are approaches to use in this work, which consisted of the modelling stiffened 

available ABS material, cut to the manufacturing model sample dimensions. In this 

study, Finite element models validation is required. The finite element model is created 

to simulate bending test. This model were regarded as a baseline, and creating various 

finite element models and using these finite element models to simulate bending tests 

assuming isotropic properties for comparison. Next, finite element models were created 

to simulate the bending tests on various finite element models composites and the 

results were compared to the baseline. 

4.1.  Finite element analysis 

In the present study, a finite element model of composite stiffener structure was 

created using CATIA V5 and analysed in ANSYS software to conduct the finite element 

process simulations. The stiffened structure is composed of the skin and ribs. In this 

model, the number, positions and orientation of ribs is not limited on the establishment 

of the rib element mesh. However, for simplifying the description of the deductive 

process, a general case, that there is only a stiffener within the element, is introduced. 

. Geometric models of stiffened is first generated using CATIA as IG files and imported 

into ANSYS as 3D static structure.   

 Modelling  

In this study, using finite element analysis (FEA) calculated the displacement of the 

integrally stiffened structure. The stiffened structure is discussed, and the dimension 

are: L = 70 mm, LR = 5.39mm, and H = 3.24mm. The thickness of the plane h is 2mm, as 

shown in Figure 10. 
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Figure 10: The dimension of model 

 

 Boundary conditions 

The studies stiffened panel is considered, include material, mesh, supported condition 

and force condition. This means that the difference material properties and mesh size 

on finite element model result are influential.  

 Material properties 

First a material was selected. Many grades of ABS plastic exist, a general use grade, most 

similar to 3D printer filament with all the appropriate material properties available was 

critical to a successful FEA model. The material selected is ABSplusTM-P430. The material 

properties are shown in Table 4.  

   

Description Value Units 

Density 1200 kg/m^3 

Young's Modulus 2200 MPa 

Poisson's Ratio 0.4  ----- 

Tensile Yield Strength 31 MPa 

Tensile Ultimate Strength 33 MPa 

Table 4: ABS material properties 
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 Element dimensions 

For the stiffened structure profile, the size of element was selected as suggested by 

1.5mm and is shown in Figure 11.   

 

Figure 11: The mesh of stiffened structure 

 The applied fix and load  

Support is applied on one the plate edge with parallel stiffener and is shown in Figure12. 

Load is applied on the plate edge with parallel stiffener that opposite the support, as 

showed in Figure13.  

 

Figure 12: The position of the stiffener panel support 
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Figure 13: The position of applied force 

 Numerical results  

In this study, the change of deformation of the stiffened structure is tested by the 

applied load. In order to prove the stiffened structure can reduce risk that can be 

used on engineering. For example, after computation, the Figure 14 illustrates the 

maximum deformation, which applied the force P = 10N on stiffened panel force 

surface.  

 

Figure 14: The deformation result of stiffened structure applied 10 N force on the edge. 
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5. Experimental and discuss 

5.1.  Experimental process 

5.1.1. Establishment of the load bending experimental system 

Stiffener specimen consists of two curves. The part dimension is same as the model. The 

support edges dimension is 60mm. The part material is ABS, which is widely used for the 

manufacture of additive manufacturing. A set of press bending test equipment is 

designed, in order to carry out the experimental research of the press bending of 

integral panel specimen, as shown in Figure15. First fixed one edge of the stiffened panel 

with parallel stiffener, while the opposite of fixed edge stiffened panel increase the 

weight, and using the equipment of deformation to test the panel vertical displacement. 

This test aim is calculated the change of vertical displacement for increase the load on 

panel. The experiment applied the minimum load 223g, and the minimum vertical 

displacement is 1.95mm.  

 

Figure 15: A set of bending test equipment 
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5.1.2. Experimental results  

The panel vertical displacements for the stiffened panels were measured experimentally 

using the loads and typical results are presented in Table 5. The test results show each 

addition 100 g weight will cause the vertical displacement of the stiffened to increase 

about 1 mm. In the experimental, the deformation is tested on three times, and we take 

three times mean is the final experimental results, due to the difference always between 

the measurement results value and the true value. In order to reduce the error, the 

number of measurements is always better. The mean value of a number of 

measurements is the closest to the true value. 

Mass 

(g) 

Force 

(N) 

First Test 

Deformation 

(mm) 

Second Test 

Deformation 

(mm) 

Third test 

Deformation 

(mm) 

Test Mean 

Value 

(mm) 

223 2.19 2.05 1.95 1.25 1.75 

323 3.17 3.15 3.30 1.80 2.75 

423 4.15 4.25 4.20 2.45 3.63 

523 5.13 5.50 5.35 2.90 4.58 

623 6.11 6.90 6.35 3.65 5.63 

723 7.09 8.10 7.60 4.25 6.65 

823 8.07 9.70 8.80 5.00 7.83 

Table 5: The deformation results of bending experiment 

5.2.  Discuss 

5.2.1.  FEA results 

The finite element model was applied the same load with experiment, after 

computation, the panel vertical deformation is represented in Table 6.  
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Mass (g) Force (N) ANSYS Deformation (mm) 

223 2.19 2.31 

323 3.17 3.35 

423 4.15 4.39 

523 5.13 5.42 

623 6.11 6.46 

723 7.09 7.49 

823 8.07 8.53 

Table 6: The deformation results of bending finite element analysis 

5.2.2. Result analysis 

Figure16 shows the test results and finite element results have the same trend line, the 

test value line and the finite element value line are almost parallel. The difference is 

caused by measuring instruments, measurement methods, measurement condition and 

measuring staff. One of difference reasons is the load condition, the load is applied one 

point on the edge of the panel in experimental process, while the load is applied 

uniformly on the edge surface. In experimental process, the position of the applied load 

is not fixed in every time experiment. The error analysis is shown in Figure17, the mean 

error is less than 20%, the experimental results and the finite element computation 

results are almost closed. The finite element analysis is applied to further study the 

stiffened structures. 
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Figure 16: The deformation trend of experiment and finite element analysis 

 

Figure 17: The error between experiment and finite element analysis 

 

5.3 Stiffened Study 

In previous research, the support surface and the load surface are applied on the panel 

sides with parallel stiffener. However, in order to further study stiffened, the load and 

support of surface is applied on vertical stiffener, which be defined as mode 2. The 
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second finite element analysis applied the load on the panel edge surface with vertical 

of stiffener, and the support is applied on opposite of the load surface, as show in 

Figure18 and Figure19.  

 

Figure 18: The mode 2 support surface 

 

Figure 19: The mode 2 load surface 

 

After computation, the results is shown in Table. In Table, the model 1 is the previous 

finite element analysis deformation results, the model 2 is second finite element analysis 

deformation results. Comparing the results between the model 1 and model 2, the 

model 2 decreases significantly vertical deformation. The figure indicates stiffened 

structure can reduce the risk, when the load applied the model 2. 
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Mass 

(g) Force(N) 

The deformation of baseline 

stiffened structure (mm) 

The deformation of mode 2 

(mm) 

223 2.19 2.31 0.27 

323 3.17 3.35 0.39 

423 4.15 4.39 0.51 

523 5.13 5.42 0.63 

623 6.11 6.46 0.75 

723 7.09 7.49 0.87 

823 8.07 8.53 0.99 

Table 7: The deformation of baseline stiffened structure and mode 2 

 

Figure 18: The deformation trend of baseline stiffened structure and mode 2 
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6. Characterization 

The stiffened structures are designed, in order to improve the strength of the joint 

surface. The function of stiffened structures is increasing the product strength and 

rigidity under conditions without enhancing the product thickness, thereby saving 

material usage, reduce weight, and reduce costs. And stiffened structures can overcome 

product crooked deformation, due to the products thickness difference caused by stress 

uneven. In order to ensure the product strength and rigidity without products of panel 

thickness increase, in the appropriate parts of products to set stiffener, not only to avoid 

products deformation, and in some cases, the stiffener also can improve the products 

flow. To enhance the products strength and rigidity, rather increasing the number of 

stiffeners, increasing the panel thickness.  

6.1.  Improved stiffened structure 

The improved stiffened structure is designed by following. In order to increasing the 

stiffened structure strength and rigidity, the stiffener is increased 6mm, and the other 

condition is not changed. The 2D of improved stiffened structure is shown in Figure21.  

 

Figure 19: The dimension of improved stiffened structure 
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The improved stiffened structure is analysed by ANSYS software. Firstly, the load and 

the support is set, as show in Figure22 and Figure23. In order to prove the stiffened 

structure function, the load and the support is applied on vertical stiffener side.  

 

Figure 20: The improved stiffened structure support surface 

 

Figure 21: The improved stiffened structure load surface 
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After computation, the deformation results is shown in Table8, which compare with the 

mode 2. Figure24 indicates the deformation is decreased significantly, which prove the 

increase stiffeners can enhance the produce strength and rigidity.  

Mass 

(g) Force(N) 

The deformation of mode 2 

(mm) 

The deformation of improved 

stiffened structure (mm) 

223 2.19 0.27 0.08 

323 3.17 0.39 0.12 

423 4.15 0.51 0.16 

523 5.13 0.63 0.20 

623 6.11 0.75 0.24 

723 7.09 0.87 0.27 

823 8.07 0.99 0.31 

Table 8: The deformation results of mode 2 and improved stiffened sturcture 

 

Figure 22: The trend of deformation results 

 

However, when the load and support applied on panel edges with parallel stiffener, as 

shown in Figure25 and Figure26. And the deformation results are almost closed to 

baseline stiffened structure, which is shown in Table9. But the improved stiffener 

structure deformation is slightly lower baseline stiffened structure, due to the increasing 
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mass can panel deformation.  Figure27 showed significantly the result of baseline 

stiffened structure and improved stiffened structure is almost unanimously. 

 

Figure 23: The improved stiffened support surface 

 

Figure 24: The improved stiffened load surface 
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Mass 

(g) Force(N) 

Deformation of baseline 

stiffened structure (mm) 

Deformation of improved 

stiffened structure (mm) 

223 2.19 2.31 2.31 

323 3.17 3.35 3.34 

423 4.15 4.39 4.38 

523 5.13 5.42 5.41 

623 6.11 6.46 6.45 

723 7.09 7.49 7.48 

823 8.07 8.53 8.51 

Table 9: The deformation results of baseline stiffened structure and improved stiffened structure 

 

Figure 25: The trend of deformation 

 

The improved structure can indicate the stiffeners height increase effected the produce 

the strength and rigidify. The stiffened structures of mounting position is critical.  

6.2.  Cycle stiffened structure 

The new stiffened structure is designed using CATIA V5, as shown in Figure28. In order 

to comparing with baseline stiffened structure to fine better design. The dimension of 

cycle stiffened structure is shown in Fiugre29. 
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Figure 26: Cycle stiffened structure 

 

Figure 27: The dimension of cycle stiffened structure 

 

The load and support is applied on panel edges, as shown in Figure30 and 31. 
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Figure 28: The cycle stiffened structure support surface 

 

Figure 29: The cycle stiffened structure load surface 

The deformation results is shown in Table10, which comparing with the mode 2. The 

cycle stiffened structure deformation is more than the mode 2. The Figure32 showed 

the cycle stiffened structure is applied greater load, it deformation is greater. The cycle 

stiffened structure is not a better choice.  
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Mass (g) Force(N) 
The deformation of mode 2 

(mm) 

The deformation of cycle 

stiffened structure (mm) 

223 2.19 0.27 0.64 

323 3.17 0.39 0.92 

423 4.15 0.51 1.2 

523 5.13 0.63 1.49 

623 6.11 0.75 1.77 

723 7.09 0.87 2.06 

823 8.07 0.99 2.34 

Table 10: The deformation results of mode 2 and cycle stiffened structure 

 

 

Figure 30: The trend of deformation 

In this chapter, in order to further study the function of stiffened structures, based on 

baseline stiffened structure, which new stiffened structure is developed. The stiffener is 

increased in original stiffened structure, the stiffened structure of strength and rigidify 

are increased, it can reduce risk in improved stiffened structure. And cycle stiffened 

structure is not a better choice than curvilinear stiffened.     
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7. Conclusion 

The major objective of this paper is to manufacture an innovative integrally stiffened 

structure by additive manufacturing. Additive manufacturing technique, which uses ABS 

material to manufacture the stiffened structure that is economical and fast, can be used 

to manufacture the complex parts. The finite element models were developed for 

stiffened structures and the experimental results tested bending stiffened structures.  

The deformation of stiffened structures was calculated by FEA under the force condition, 

and analyse the condition of support and load in different direction, results indicate the 

stiffened structures can reduce the deformation on applied the load. The bending 

experimental results show the errors less than 20% with FEA results. In this paper, the 

improved stiffened structure is considered, the FEA results indicate the improved 

scheme can effectively increase the structure strength and rigidity. The deformation of 

new style of stiffened structures was calculated by FEA and compared with baseline 

stiffened structure, which results indicate the baseline stiffened structure can effectively 

reduce the risk.  

For future research, 3D printing technology is developed all countries, some people even 

think that it will lead to a revolution in the manufacturing, greatly promoting social 

progress. However, 3D printing technology is still not mature enough in all countries to 

develop, many technology are developed. 
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