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ABSTRACT: The future of aerospace has long been dedicated to making airplanes more lightweight and faster 

than ever before. Automation is essential to achieve these goals while maintaining a standard of consistency and 

quality. The overall goal of this research is to develop an automated piece of equipment that can effectively 

laminate a contoured composite layup at a rapid pace in order to compete with alternative options. In this 

study, the equipment and its components were designed and first evaluated through computational modeling and 

simulation. Then a prototype of the developed equipment was built for experimental testing and validating. The 

manufactured equipment was applied to form laminate sheets with different contours, ramp rates, and 

thicknesses. The forming speed and quality of the formed laminate sheets were assessed to validate the 

developed equipment.   
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I. INTRODUCTION 
Carbon fiber reinforced polymers (CFRPs) offer numerous advantages including high stiffness-to-

weight and strength-to-weight ratios, excellent energy absorption and dissipation capacity, outstanding 

monotonic and fatigue strengths, and the possibility of manufacturing large integral shell structures. Because of 

their unique properties, CFRPs are extensively used as primary structural materials in aircrafts, automobiles, 

marine systems, wind turbines, pressure vessels, and endless others [1]. Consequently, the demand for CFRPs 

has been increasing drastically, with the demand quadrupling from 2011 to 2020 [2]. And the global carbon 

fiber market size is anticipated to expand from $4.7 billion in 2019 to $7.8 billion in 2024 at a compound annual 

growth rate of 10.6% [3].  

However, parts and components made of CFRPs are very expensive. This is partly due to the high cost 

of the raw materials and the labor required to produce those materials. Also, the CFRPs are inherently brittle and 

vulnerable to extreme loadings. The brittleness of such materials along with their poor damage tolerance make 

them extremely difficult to process and significantly raise the manufacturing cost. Moreover, such materials are 

very sensitive to their microstructural features and any type of micro failures resulted during manufacturing 

process (e.g. voids and pits, fiber breaking, and delamination) will lead to considerable reductions in their 

mechanical properties. He et al. revealed the microscale elastothermoviscoplasticity and damage mechanisms of 

those materials that govern their macroscale behavior (deformation, failure, damage, etc.). Based on that 

understanding, they developed a multiphase constitutive modeling framework using the internal state variable 

theory to predict the dynamic response and failure of CFRPs during high-rate forming [4-9]. Furthermore, Grant 

found that fiber wrinkles in the CFRPs could cause the materials to lose their tensile strength by 36 – 40% [10-

12]. Therefore, in most factories that manufacture CFRP parts, quality inspection has to be conducted after each 

layer (ply) of the part is completed to ensure that there are no microscale failures in that ply. This contributes to 

the high manufacturing costs in producing the CFRP parts. In addition, most CFRP parts are currently fabricated 

by hand and production workers have to lay down one ply of carbon fiber at a time with an inspection of each 

ply in between. The entire fabrication is therefore extremely time consuming, cumbersome, and expensive.  

 

In order to reduce the manufacturing costs of CFRP composites while maintaining their production 

rates to meet the increasing demand of such materials, automation of composites manufacturing must be 

employed and promoted. Traditionally, the automation was only applied for manufacturing composite parts 

either with simple geometry and are relatively flat or with low strength requirements. The most difficult 
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composite parts to automate are structural members that have complex geometries. Several pieces of existing 

equipment could be used to fabricate the composite parts but the costs to purchase, operate, and maintain such 

equipment are too high and far outweigh the potential benefits they could provide.  

The purpose of this study is to define and demonstrate a concept automated device that is capable of 

producing high quality composite laminates through high-speed forming. This work includes determining 

appropriate automated motions of the device, designing its setup, CAD modeling, simulating and estimating 

cycle times, prototyping, testing, and assessment. A systematic, integrated computational and experimental 

design approach proposed by Liu [13-16] was followed in this project. 

A review of existing industry equipment for automated composite manufacturing was performed and 

their strengths and weaknesses were evaluated to form a solid background for the present study. There are two 

types of composite manufacturing equipment that are being broadly used for machining and processing CFRPs, 

material laying equipment and material forming equipment. The material laying equipment includes CNC 

machines with programmable axis movements, rack and pinion and/or linear motor axis drives, and “delivery 

heads” to dispense prepreg composite materials. Here the prepreg materials are composite materials in which a 

carbon fiber is pre-impregnated with a resin matrix. These machines are programed to follow the exact contour 

of their machine tool and lay the prepreg materials onto the tool surface. Automated tape layers (ATL) and 

automated fiber placement (AFP) are the two most popular material laying devices used for fabricating parts for 

aerospace applications such as wing skins, spars, ribs, stringers, and fixed trailing edges. The ATL and AFP 

technologies more belong to the “material delivery head” technology and have less to do with machine tools.  

The present study mainly focuses on the material forming equipment, which often works alongside the 

material laying equipment. In the forming process, flat single plies or thin laminates of the prepreg materials are 

pressed into complex contours and shapes. And the process is repeated over and over again until the desired 

thicknesses of the laminates are achieved. Several methods for forming flat composite laminates into aerospace 

parts have been developed by the Boeing Company [17, 18].  

 

One challenge that needs to be overcome during the forming process in order to obtain high quality 

laminates is to prevent fiber wrinkles (Fig. 1) from forming. Prepreg composite laminates are easy to wrinkle 

during the forming process if they are not properly supported and constrained. Fiber wrinkles in CFRPs may 

cause the materials to lose their tensile strength by 36 – 40% [19]. Other common defects that occur in the 

composite forming process include non-uniform laminate thickness, porosity, and delamination, and marcelling. 

Current technology is not capable of preventing those types of defects from occurring, so new equipment needs 

to be designed to securely constrain the CFRPs during the entire forming process to attain high quality laminates 

and reduce the cost of quality assurance. Our goal of this research is to design and validate a concept automated 

equipment that can press the laminates onto a shape at a high rate and without the appearance of wrinkles.  

 

 
Figure 1.Wrinkles appear on an uncured composite laminate 
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II. EXISTING AUTOMATED FORMING EQUIPMENT 
2.1 Laminate Shear (LaSh) Former 

 A laminate shear (LaSh) former (Fig. 2) was developed by Boeing and integrated into an ergonomic 

and economic process for manufacturing highly compound contoured advanced composite structures. This 

machine employs a hot drape forming process, which consists of a set of heater plates and fire hoses to sweep 

the heated laminate against the spar mandrel, and a drive system to lift the spar mandrel, allowing the fire hose 

to form the laminate. The LaSh forming replaced hand layup for manufacturing all 777 spars, providing 

significant cost reductions and ergonomic benefits. 

 
Figure 2. Illustration of laminate shear former  

 

For a successful LaSh forming process, a contour tape lamination machine or ATL is employed for flat 

charge layup, which uses a modified program that applies discontinuous 0-degree plies. Then, the LaSh forming 

machine heats the laminate and forms it over a tooling mandrel to shape the composite structure. The tooling 

mandrel has modified radii in designated locations where flange wrinkles need to be reduced. Fig. 3 illustrates 

the three steps involved in the LaSh forming process. 

 

 
Figure 3. Schematic representation of LaSh forming process 

 

Compared with hand layup and traditional hot drape forming, one main advantage of the LaSh forming 

process is that the process can produce high quality thick laminates with contour. This process is much quicker 

than the hand layup and the quality of produced laminates is better than those prepared from other hot drape 

forming processes. However, the LaSh forming is that it needs a lengthy heat-up phase of the laminate before 

forming and the contours it can achieve are very gradual, the radius of curvature is between 76.2 and 101.6 

meters. Moreover, the current LaSh process can only create curvatures along y-direction (see Fig. 2), whose 

capacity in fabricating laminates is therefore limited. 
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2.2 Punch Former 

 The punch former (Fig. 4) is a punch forming machine designed by Boeing to process flat full-

thickness commercial airplane wing stringer laminates and form them into desired shapes and contours. As 

illustrated in Fig. 5, in the punch forming process, a laminate is first laid up via an ATL machine prior to 

arriving at the punch former. The punch former then heats the full-thickness laminate up to forming temperature 

(48°-65°C) and then push the laminate into its cross sectional shape. Next, the stringer is contoured down to the 

length and held under a specified pressure until the laminate is cooled down to the room temperature. 

 

 
Figure 4. Prototype of punch former at Boeing Company in Seattle 

 
Figure 5. Schematic representation of push forming process 

 

This punch former is capable of forming full thickness flat laminates into stringer geometry with a 

minimum 76.2 m radius. This process proved to be faster than kitting plies to size and profile and then laying up 

each course directly on the tool by hand. A course is one segment of carbon fiber, where multiple segments 

make up one ply and multiple plies make up the entire laminate. Just like the LaSh forming, a downside of the 

punch forming process is that it cannot shape curvatures with radius less than 76.2 meters. Also, this process 

includes a beginning phase of heating the laminate to the forming temperature and an ending phase to cool it 

down to the room temperature, the entire forming process is considerably extended, and the overall efficiency of 

punch forming is affected. More efficient forming processes are still needed for producing a substantial amount 

of commercial airplane stringers. 
 

III. PROPOSED AUTOMATED FORMING EQUIPMENT 
3.1 Design of Equipment Setup and Automated Motions 

Before designing the equipment setup and automated motions, it was decided that the proposed 

automated forming equipment would be used to fabricate aerospace parts and components including blade and 

hat stringers, spars and ribs from wings, fuselage stringers, and empennage stringers and spars (Fig. 6). These 
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components share similar architectures so the forming motions to fabricate those components should be very 

close to each other and can be achieved in the same machine.  

 

 
Figure 6. Wing rib (top left), wing blade stringers (top right), wing spar (bottom left), wing hat stringer (bottom 

right)  

 

The proposed forming process is illustrated in Fig. 7 [20], with its detailed steps listed below. Fig. 7 

shows how to manufacture two wing blade stringer halves following the sequence of forming steps. It needs to 

be noted that to fabricate different components, different tooling is needed but the forming process remains the 

same. This forming process also has the capability to form two laminates simultaneously as shown in Fig. 7. 

This concept has an advantage over some of the existing technology which is the ability to increase rate of 

production. The LaSh forming process has demonstrated that the composite material will stay in place and not 

spring back to its original flat shape after forming the laminate to the forming blocks in Steps 4 and 5. This is 

due to the combination of the pressure being applied by the fire hose and the tack of the composite material, 

gripping to the forming block. 
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Figure 7. Schematic presentation of the developed forming process 

 

Step 1: Place a laminate on the contoured forming blocks.  

Step 2: The pressurized fire hose is lowered onto the laminate and clamps the laminate into a place on the 

contoured forming blocks with a downward force of 4500-9000 N.  

Step 3: The pressurized fire hose sweeps out in the horizontal direction while maintaining a constant pressure on 

the contoured forming blocks.  

Step 4: The pressurized fire hose sweeps around the radius of the contoured forming blocks.  
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Step 5: The pressurized fire hose sweeps down the vertical face of the contoured forming blocks. This is the 

final forming step and will be repeated until the full thickness of the laminate is achieved.  

Step 6: The forming blocks are rotated for assembling the two formed laminates and preparing for cure. This 

step is performed after all plies of the laminate have been formed over the contoured forming blocks.  

Step 7: The forming blocks are in the assembly position. 

Step 8: The forming blocks are mechanically clamped together and transferred to the cure tool to be staged for 

the autoclave. 

Among above steps, the laminate is formed to the shape and contour of the forming blocks with the 

downward force from the fire hose through steps 2 to 5. The steps 6 to 8 are post forming steps and can be 

performed offline so they do not interrupt future forming processes on this automated forming equipment. 

A pressurized fire hose was chosen for this forming process because it has the flexibility to conform to 

the machined in geometries of the forming blocks while providing maintaining contact and providing the full 

length support of the composite material throughout the forming process.   

3.2 Computational Modeling of the Automated Forming Equipment 

 

A computer-aided design (CAD) model for the developed automated system was created using CATIA, 

as shown in Fig. 8. That figure also explains how this system can form two laminates simultaneously. As shown 

in that figure, each end effector can move independently to one another with a fire hose bridging the gap in 

between each of the end effector. The feature that each end effector moves independently make it possible to 

program the motion of individual end effectors separately so that all the end effectors will work collaboratively 

to form laminates with different contours, joggles, and asymmetric features. The end effector assembly and 

component list are shown in Fig. 9 

 

The fire hose (Fig. 10) has a diameter of 101.6 mm and is made of ethylene propylene diene monomer 

(EPDM) rubber that is covered by external fabric weaves for strength and durability. The fire hose was chosen 

to act as the composite forming agent due to its high durability yet compliant structure.  

The automated forming equipment is able to accommodate forming tools or mandrels of varying 

contours and geometries and has a roller bed to accommodate forming tools or mandrels with different lengths 

as well. In this study, the forming mandrels are limited to wing stringer blades. The contoured forming mandrels 

(Fig. 11) are defined as support tools that supports the CFRP laminates and has the features and contours of a 

specific commercial airplane wing stringer, so that it helps define the surface and geometry of the formed 

laminate/stringer. The forming mandrel has a machined surface that shapes the wing stringer to the same 

geometry as the wing skin, so that after the stringer is formed it will have a seamless interface with the wing 

skin. Each mandrel has two surfaces that contact the CFRP laminates, a top surface called flange and a vertical 

surface named web. Between the flange and web surfaces there is a radius of 6.35 mm. There are also several 

ramps, joggles and steps on the surfaces of the mandrel. An example of a ramp is shown in Fig. 17. These 

joggles and steps are critical features in the forming mandrels because they are used to minimize the weight of 

composite structures while maintaining a high structural strength. These features are the primary reasons that 

make it very difficult to create an automated forming equipment to form this specific composite structure 

because it is almost impossible to have such a machine roll over these complex geometries without inducing any 

wrinkles on the processed laminates. The support frame of the developed forming machine is made of large steel 

tubes and most of the remaining components are made of aluminum structure frames.  

Using past cycle time studies and time trials of existing technology; primarily the LaSh and the punch 

former, a cycle time can be approximated for the new equipment‟s forming cycle time. These simulations take 

into account the distance traveled by the component, the amount of travel needed on and off the laminate, the 

number of forming operations to finish a completed formed laminate, and the potential speeds of the end 

effector.  The simulations show an approximated cycle time of 15-30 seconds is achievable but this does not 

take into account the laminate quality which may require the equipment to run slower to ensure the quality of 

the laminate stays intact. During LaSh forming trials it was seen that forming at high speeds results in thinner 

laminates springing back too much and in thicker laminates wrinkles were more likely to occur. These speed 

thresholds were dependent on the geometry of the tool and thickness of the laminate.  
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Figure 8. A CAD model of the forming machine 

 

 
Figure 9. End effector assembly (1) assembled components; (2) its component list 

 

  

Figure 10. Fire hose used in the developed automated forming equipment 
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Figure 11. Automated Former Setup (1) The automated machine with forming mandrels; (2) surfaces on a 

contoured forming mandrel  

 

IV. PROTOTYPING OF THE AUTOMATED FORMING EQUIPMENT 
A prototype of the designed forming equipment was built based on the initial CAD model (Figs. 8 and 

11), which is shown in Fig. 12, and simulations which showed the chosen motors could move the end effector 

across the forming mandrel in a time of a few seconds if needed. The limiting factor of the forming cycle time 

will not be the motors but instead the contour and profile of the forming mandrel as well as the constraints 

needed in place in order to maintain a quality laminate. 

 

 
Figure 12. Prototype of the automated forming machine 

 

As shown in Fig. 13, the forming mandrels were covered with embossed blue polyethylene films. This 

type of film was chosen because it effectively prevents any foreign object debris from entering into the CFRP 

laminates and the channels in the embossing enables the film to be vacuumed and sealed against the mandrel 

surface and eliminate any wrinkles on the film. Films without wrinkles are crucial to the quality of the final 

laminates because the wrinkles on the films will induce wrinkles in the laminates.  

 

 

 

Flange 

Web 
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Figure 13. Forming mandrels attached to the tool support base 

 

After the automated former was built and the forming mandrels were attached to a 25.4 mm thick sheet 

of plywood by turning the forming mandrels upside down and placing them on the top (web) surface and 

centering the plywood sheet on top of those mandrels, then drilling holes through the plywood into the mandrels 

and attaching bolts to the plywood and the forming mandrels.  

Afterwards, the plywood and the forming mandrels were attached to a 76.2 mm thick wood support 

base. They were attached to the support base by bolting the plywood sheet to the support base through its top 

surface. This was all down to make sure that when the forming process is taking place, the pressurized fire hoses 

do not push or tip the forming mandrels over, so they will remain in place standing upright. Additionally, the 

support base was bolted to a steel frame. 

Next, we installed the forming mandrels and support base onto the equipment (Fig. 14) by placing the 

support base on the roller bed and rolling into the right place. The initial location of the mandrels with the 

respect to the fire hose is arbitrary at first use until the motors are programmed, so the mandrels were centered 

under the fire hose. Using a clamp built into the equipment frame; the steel portion of the support base was 

clamped to the equipment (Fig. 15). At this stage the equipment is ready to start to test its forming motions.  

 

 
Figure 14. The automated forming machine with mandrels installed 
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Figure 15. The automated forming machine clamps (left), the motor and gear box locations (right) 

 

There are a total of 24 servo motors and 24 gearboxes used on the automated former to move its arms 

along y- and z-axis (Fig. 15). Six motors and gearboxes are used on each side of the forming mandrel to move 

the fire hose along the y-axis and six motors and gearboxes are used on each side to move the fire hose along the 

z-axis. The maximum voltage and speed of these servo motors are 115 V and 3600 rpm, respectively. The 

gearboxes have a ratio of 5:1, whose maximum torque is 25 N·m and maximum speed is 6500 rpm. The motions 

of arm along the y-axis will cause the end effectors to move closer to or farther apart from each other; while the 

motions along the z-axis will move the end effectors either up to sky or down to the ground. The servo motors 

were programmed with an Arduino microcontroller board and connected to a human machine interface (HMI) 

so that the equipment can be easily controlled and operated. The HMI gave the operator the ability to manually 

jog the end effectors, either individually or as a whole assembly, into different positions and save those locations 

to create an automated motion profile. This is shown in Fig. 16 where the „X‟ is the location where the end 

effector is stopped and that location is saved to create the forming motion profile. 

 
Figure 16. The set points used to program the fire hose motion over the forming blocks 

 

The first forming mandrels tested had a radius of curvature of 76.2 m. This represents a medium level 

of curvature that can be found on the wings of any commercial aircraft, which typically varies from 25.4 m and 

152.4 m. Ramps of 50:1 and 100:1 were created on the surface of the mandrels (Fig. 17) to represent a gage 

change in wing skins, which added extra complexity and difficulty in properly forming the composite laminates.  

 

 
Figure 17. The ramps used on the forming blocks 



Automation and High-Speed Forming of Thin Layer Composite 

DOI: 10.35629/6734-1103013454                                 www.ijesi.org                 45 | Page 

Before being put into use, this equipment needs to be calibrated so that it can work properly. In the 

calibration process, an appropriate amount of pressure is applied on the composite material so that the fire hose 

can hold the composite laminates in place while forming it over the contour of the forming tool and over a 6.35 

mm radius. This radius is built into the tool and is part of the configuration of the wing stringer. The fire hose 

will be inflated to about 69 – 103 kPa and will apply a downward force of 4500 – 9000 N onto the laminates 

placed on the contoured forming tool. After initial calibration, no re-calibration is needed for the duration of 

forming the entire laminate. Re-calibration is only needed when the forming blocks are moved or changed to a 

different set of forming blocks.   

When programming the automated movement profile of the end effectors, a 61 cm long pressure pad 

was employed to ensure that the inflated fire hose kept a minimum constant force of 4500 N applied to the 

forming mandrels, as shown in Fig. 18 The actuated arm moving the end effector down in the z-direction was 

lowered until the desired pressure was reached. The hose contact area over the pressure pad was 1.27 cm wide 

and 61 cm long. 

 
Figure 18. Schematic of contact area of fire hose 

 

V. TESTING THE PROTOTYPE 
After the automated movement profile was programmed, the former was tested with various composite 

laminates to fine tune the profile to ensure that adequate pressure was being applied everywhere and that there 

were no gaps being caused from the bridging of the fire hose. The forming cycle was performed with a release 

film layer of fluoroethylene propylene (FEP) between the fire hose and the composite laminates to prevent 

contamination or foreign object debris. Through trial and error, it was determined that the first composite ply 

being applied to the mandrel needs to be applied at a much lower speed than the subsequent stacked up plies. If 

the first ply down was applied too quickly, the ply would spring back and peel away from the mandrel. The 

longer forming time gave the fire hose time to slowly dwell the pressure onto the composite ply. The first ply 

down is defined as the first ply or two plies shaped directly around the forming mandrel. All the other plies that 

are being applied to the formed composite laminate can be formed at a much higher speed. In addition, plies of 

different orientations were more or less likely to spring back. For example, plies with 90° fibers were more 

likely to spring back and plies with 0° fibers were less likely to spring back. From our experiments, it was found 

that the appropriate time for forming the first ply down should be 90 seconds and for the rest plies should be 18 

seconds each.  

The ply orientations that were tested were 0°, ± 45°, and 90°. These orientations were selected because 

they are primary orientations of the CFRPs that make up all structural aircraft components.  Figs. 19 – 22 

display the ply layup and fiber orientations. 

 
Figure 19. Ply orientation is 0° 
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 Figure 20. Ply orientation is 45° 

 
Figure 21. Ply orientation is – 45° 

 
Figure 22. Ply orientation is 90° 

 

There is more friction between the plies in thick laminates, therefore less slipping between the 

composite plies would occur in such plies. In addition, the inextensibility of the carbon fiber as well as the new 

geometry the fiber has been formed to all prevent the composite plies from slipping. It is because of these 

reasons the equipment and process was designed around forming one and two plies at a time.   

Next, a test matrix was created and used to assess the first set of forming mandrels which have the 

radius of curvature of 76 m. Table 1 shows the developed test matrix with complete information of the laminates 

being tested.  
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Table 1: Test matrix for the forming mandrels whose radius of curvature is 76 m. 

 
 

Excellent results were obtained from the initial 36 tests with the 76 m contoured forming mandrel. 

After entering all the parameters, the speed and quality were considered a success. The achieved manufacturing 
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times were 90 seconds for the first ply down forming cycle and 18 seconds when forming additional plies on top 

of the first ply down. This means to form a stringer that is 40 plies thick, which might be an average stringer 

thickness, it would only take 4.2 minutes to complete forming the entire stringer. Alternative technology and 

equipment wouldn‟t even be able to complete the heating cycle in that short amount of time.  For example, if 

using the punch former, it would take an estimated 30 minutes to heat up the same laminate, another 5-10 

minutes to form the stringer to shape and contour and then multiple hours to cool it down to room temperature. 

This increase in cycle time drastically improves the potential output of the factory. The quality was also 

considered a success since there were very minimal surface defects detected and no wrinkles. 

If a wrinkle was found, a profilometer was applied to characterize this wrinkle by measuring its 

magnitude or depth. In addition, foreign object debris, ply tack level, as well as any other surface anomalies that 

would compromise the quality of the final laminates were checked for each ply to determine the quality of the 

formed laminates. In particular, the foreign object debris was checked after each forming cycle to ensure that no 

residue was left on the composite laminates, from either the FEP film or the fire hose. The ply tack level was 

inspected visually to make sure that the ply is completely tacked down to the mandrel and/or the previous 

composite ply. For example, in the case of the first ply down when the automated former was operating at a 

relatively high speed, the ply would start to spring back and peel away from the mandrel. This was especially 

apparent in first ply down forming cycles containing 90° plies.  

 

 
Figure 23. Laminates shaped by the automated former 

 

As displayed from Figs. 24 to 28, the laminates shaped using the developed automated forming machine do not 

have any wrinkles or other surface anomalies. 
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Figure 24. Laminates shaped by the automated former 

 

 
Figure 25. Flange view of formed laminate with 0° ply orientation 
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Figure 26. Web view of formed laminate with 0° ply orientation 

 

 
Figure 27. Formed laminate with -45° ply orientation 
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Figure 28. Web view of the formed laminate with – 45° ply orientation 

 

One critical step during the entire process is the handling of the laminates. Here the “handling” refers 

to the transporting and moving of the laminates from the ATL to the forming mandrels. Indexing the laminate to 

a set location on the forming mandrels and keeping the laminate plies aligned to that set location would be a 

critical feature in this process to maintain repeatability and robustness that would need to be addressed in a 

production environment. For above tests, the one- and two-ply laminates were placed and indexed by hand using 

polyethylene film as a carrier to help transport and direct the ply or plies into the right place. Lines were 

manually drawn by onto the mandrel surface to ensure that the plies were indexed in the same position for each 

forming cycle.  

After successfully completing all the trials for the 76 m contoured forming mandrels, two other 

forming mandrels whose radius is 25.4 m and 50.8 m were tested using the same protocol. As shown in Fig. 29, 

these two different forming mandrels were installed on one support base so that laminates with different profiles 

could be shaped simultaneously. Instead of machining new wood forming mandrels to contour, adjustable 

segmented wood blocks were used, which were adjusted to the desired contour and held in place with a strong 

steel back, as shown in Fig. 29. This approach was taken to avoid the lengthy lead times and high costs 

associated with procuring new machined forming mandrels with the exact contours. 
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Figure 29. 50.8 m contoured forming mandrel (left) and 25.4 m contoured forming mandrel (right) 

 

The test protocols for the 50.8 m and 25.4 m contoured forming mandrels were the same as the one for 

the 76 m contoured forming mandrel except for the contour. Readers can refer to Table 1 for more details about 

the test matrices. Just like the tests on the 76 m contoured forming mandrel, the quality of the laminates shaped 

on the 25.4 m and 50.8 m contoured forming mandrels exceeded expectations (Fig. 30).   

 

 
Figure 30. Laminates shaped on 25.4 m and 50.8 m contoured forming mandrels 

 

During the ply stack up trials (Table 1), what was initially thought to be wrinkles were observed but it 

was later determined that these “wrinkles” were caused by small steps in the contour forming mandrels due to 

the slipping of the segmented blocks (Fig. 31). These defects will be eliminated if new machined forming 

mandrels with the exact contours is used. Except for that, no other surface anomalies were detected. The validity 

of the present forming process as well as that of the developed automated forming equipment is verified.  
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Figure 31. Segmented steps occurred in 25.4 m contoured forming mandrel 

 

VI. CONCLUSIONS 
Due to the rapidly increasing costs for materials, labor, and manufacturing, the needs for new automate 

composite processes have never been greater. An automated high-speed forming equipment was designed 

computationally [20], and a working prototype of the designed equipment was built to test its performance. 

Experimental results showed that this equipment is able to form “wrinkle-free” plies of laminates faster than 

existing forming machines. One unique advantage that differentiate this equipment from other forming 

machines is its ability to form composite plies at a fast pace without the need of heating. The test results also 

verified that when forming thin laminates with single or two plies, high-quality laminates can be formed over 

very aggressive contours (i.e. 25.4 m radius of curvature) by employing the developed equipment. This is a 

capacity lacked by other forming machines. The limit when punch forming or LaSh forming thick laminates has 

been 76.2 m radius of curvature. Using this new automated high-speed forming equipment, the average forming 

time of a 26 ply stringer can be reduced to 5.1 minutes of on part forming, with simulations showing a total 

cycle time of 23-29 minutes when you incorporate loading and indexing the composite plies. In comparison to 

punch forming or LaSh forming methods, the cycle times are 35 minutes for heating and forming with an 

additional 60-120 minutes needed for the part to cool down before moving. 
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