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EXECUTIVE SUMMARY  

DEVELOPMENT OF A CLASS A LIGHTWEIGHT SMC LIFTGATE 

FOR THE VOLKSWAGEN ATLAS 

 

Lightweight construction is an integral part of Volkswagenôs overall strategy of reducing CO2 

emissions. Due to its low cost, steel is the most commonly used material for automotive exterior 

body panels today. Unfortunately, steel has a high density, resulting in a relatively low specific 

strength. Glass fiber based sheet molding compounds (SMC) provide high properties in combination 

with lower density. The high specific strength of SMC offers an enormous lightweight potential. 

To unlock the full potential of SMC materials in combination with cutting edge manufacturing 

processes, Volkswagen Group of America worked together with IACMI (Institute for Advanced 

Composites Manufacturing Innovation) and the academic partners: University of Tennessee 

Knoxville, Purdue University and Michigan State University; as well as the industry partners: 

Ashland, IDI, Owens Corning and Continental Structural Plastics. Leveraging the expertise of all 

project partners, reaching over the entire supply chain the project demonstrated the potential of these 

materials. 

This report will highlight the major steps in the development process on the way to technology 

readiness for SMC using the example of the Volkswagen Atlas Liftgate. Over the 36-month period 

of the project, the work focused on three R&D areas: material development, design and simulation, 

and development of the manufacturing process. Material selection included alternative fibers and 

resin systems, and accounted for material availability, properties, and cost-efficiency. The work 

undertaken in the field of design and simulation has pushed the envelope of short fiber reinforced 

thermoset molding compound process simulation. Design iterations were virtually tested, while the 

final design was used to validate the simulation software against physical parts. Manufacturing 

development used cutting-edge technology, while experts along the supply chain were working 

together to ensure the best possible results. In the final stage of the project, liftgates were molded, 

trimmed, bonded, painted and assembled before exhaustive testing.  

The result is an e-coat (electrophoretic dip coating) capable Class-A SMC liftgate, which is ready 

for high-volume production, and can be used as a technology demonstrator. The prototypes 

manufactured in the scope of this work have exhibited a mass reduction for the Volkswagen Atlas 

liftgate of up to 35% compared to the series production steel version, without a degradation of the 

functionalities. 
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1.1 BACKGROUND  

Volkswagen Group of America and IACMI hubs in Tennessee, Michigan and Indiana - Oak Ridge 

National Laboratory, The University of Tennessee, Michigan State University and Purdue University 

(collectively referred to as the IACMI in this report) jointly worked on a project to significantly 

reduce the processing cost, cycle time and the waste during the mass production of automotive 

composites parts.  

This program combined the resources of an automotive Original Equipment Manufacturer 

(Volkswagen Group of America) and leading composites research and development institutions 

(IACMI and its core partners) to develop and demonstrate materials and high-volume manufacturing 

technologies for light weight automotive fiber reinforced components. 

The project addressed all the priority criteria for research, development and demonstration efforts to 

be undertaken through IACMI.  

The overall project goal was the development of a composite lift gate for volumes greater than 

100,000 vehicles per year with manufacturing cycle times less than 300s. The high volume composite 

manufacturing includes a significant cost and weight reduction compared to the steel solution used 

today for the Volkswagen Atlas Liftgate. 

IACMI  was working in every process step together with the industry partner to realize these goals. 

 

1.2 TECHNICAL  RESULTS 

For a new innovative composite lift gate, a process chain containing material development, construction 

and design, tool manufacturing (conventional and additive) and composite production was developed.  

In the field of material development, new fibers (e.g. basalt fibers) and new resin systems for SMC 

were established and characterized.  

A complete part design and simulation of the most important load cases for the liftgate were performed. 

Full-size components were manufactured (at rate with given cycle time) and tested to validate materials, 

manufacturing process parameters, and end use requirements.  

The high volume composite manufacturing processes using sheet-molding compound (SMC), were 

successfully demonstrated for achieving low manufacturing cycle times and the required surface finish.  
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1.2.1 Theoretical Framework 

Design development and manufacturing demonstration of the Volkswagen Atlas liftgate selected 

for this project was subject to the following requirements dictated by the need to industrialize the 

processes for automotive mass production: 

- Property target: same part properties comparable to a metal lift gate 

- Weight saving target: similar weight to an Aluminum version of the lift gate 

- Part cost target: production costs less than Aluminum version of the lift gate 

- Saving tooling costs in comparison to conventional metal parts production 

- Applicable for more than 100,000 parts per year 

- Class-A surface quality 

 

How these goals were successfully reached is described in the following sections. 

1.2.2 Results 

The project work was performed in the following areas: 

- Material Development and Testing  

- Design, Modeling and Simulation 

- Tooling and Prototyping  

- Life-Cycle-Assessment (LCA) 

- Additive Tooling 

 

1.2.2.1 Material Development and Testing 

 Tensile and Compressive Behavior SMC Only and SMC with glass fibers  

Four tensile samples from both materials (see below) were evaluated for important microstructural 

parameters including fiber bundle orientation using X-ray computer tomography (XCT) and identifying 

local  failure zones within the gage section of tensile samples using digital image correlation (DIC) as 

initial steps to develop structure-of material-property relationship for the SMC material. 

¶ Neat SMC: Ashlandôs Arotran 740, 35% glass fibers. 

¶ Over-molded SMC: continuous glass-fiber reinforcement (Vectorplyôs 0/90 biaxial prepreg, 9 

plies of 12ò x 12ò on bottom) over-molded with an 11.75ò x 11.75ò SMC charge on top. 
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 Tensile Behavior of SMC Only and SMC with glass fibers 

 
Figure 1. Tensile Testing of SMC Based Flat Panels for Mechanical Testing (ASTM D638). 

 
Figure 1 shows the details of mechanical testing system that utilizes dog bone shaped samples based 

on ASTM D638. The results in Table 1 show significant increase in modulus and failure stress between 

SMC with glass fiber reinforcement compared to neat SMC as expected. As shown in Table 1, the 

average Modulus from Tensile Test for SMC only was 7,597 MPa with a minimum value of 5,852 

MPa. Over molding resulted in an average tensile modulus of 15,935 MPa with a minimum value of 

15,316 MPa. The tensile strength had an average value of 96 MPa with a minimum value of 80 MPa 

for SMC only; an average strength of 254 MPa for SMC with glass fibers. Figure 2 shows example 

failure behavior for SMC only and SMC with glass fiber after mechanical testing.  The SMC only 

shows the specimen failure in a brittle behavior compared to SMC with glass fiber showing evidence 

of the delamination before mechanical failure. These delaminations are due to the difference in stress-

strain behavior between the SMC and the prepreg side of the samples. 

 

Table 1. Tensile Modulus and Strength for Glass SMC and Over Molding with Continuous Fibers. 

SMC based 

Material  

Width  

(mm) 

Thickness 

(mm) 

Tensile 

Modulus 

(MPa) 

Tensile 

Failure 

Stress 

(MPa) 

Tensile 

Failure 

Strain (%)  

Mean SMC Only 12.98 (0.04) 4.58(0.09) 7,597(1,509) 96 3.55(0.18) 

SMC with cont. 

glass fibers 

13.00 (0.08) 5.35(0.02) 15,935(447) 254(12) 5.17(0.36) 

Note:  Standard deviation values in parentheses (four specimens were tested). 
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Figure 2. Optical microscopy image of cross section of SMC only (left) and SMC with glass fiber 

(right) after mechanical failure. 

 

 Tensile Behavior coupled with Digital Image Correlation (DIC) and Micro X-ray 

Tomography 

The stress-strain behavior of tensile SMC only samples was evaluated using extensometer coupled with 

DIC to compare modulus values between the two techniques.  Additionally, DIC technique was 

incorporated to identify evolution of local stress concentration region(s) within the gage region of the 

tensile samples when subjected to tensile load.  Furthermore, the aforementioned microstructure of 

tensile samples obtained from XCT scans prior to mechanical testing afforded the ability to correlate 

local microstructure effects on failure zones (resulting from non-uniform stress concentration regions) 

as indicated from DIC results. As shown in Figure 3, the average tensile modulus for this particular 

sample was 5,101 MPa using extensometer compared to 5,237 MPa using DIC technique, indicating 

very good agreement (within a 3% range) between these two techniques.

2.54 mm 

2.54 mm 
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Figure 3. Tensile Modulus comparison for tensile samples using extensometer and digital image 

correlation (DIC). 

The stress-strain behavior of tensile samples was evaluated using extensometer coupled with DIC to 

compare modulus values between the two techniques.  Additionally, DIC technique was incorporated 

to identify evolution of local stress concentration region(s) within the gage region of the tensile samples 

when subjected to tensile load.  Furthermore, the aforementioned microstructure of tensile samples 

obtained from XCT scans prior to mechanical testing afforded the ability to correlate local 

microstructure of failure zones within the samples to failure regions (stress concentration regions) 

indicated from DIC results. 
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(a) 

 

 
 

(b) 



21  

 
(c) 

 

Figure 4. (a) Digital image correlation (DIC) showing deformation behavior during mechanical testing 

where the red regions indicate localized failure zones (b) Corresponding local failure zones regions in 

gage section of 2D reconstructed cross section of tensile sample before mechanical testing. (c) 2D 

reconstructed cross section of tensile showing fiber bundle orientation before mechanical testing. 

Figure 4 summarizes the mechanical tensile behavior and fiber bundle orientation results for tensile 

samples from SMC panel. Figure 4 (a) and (b) shows localized fiber bundle orientation in horizontal 

direction correlating with stress concentration regions in red region in Figure 4 (a).  This horizontal 

fiber orientation suggests that local failure occurred in these regions due to inadequate fiber bundle 

strength in vertical direction to sustain tensile load. Figure 4 (c) shows the fiber bundle orientation 

tensors for the tensile samples for two plane views, namely phi and theta. The tensile samples in this 

study showed unambiguous fiber bundle orientation in the theta plane view converging to 

approximately 90 degrees as shown in theta plots (Figure 4 (c)) and phi plane view showing a wider 

distribution of fiber bundle orientation in phi plots. These fiber bundle orientation tensor values 

suggests that the fiber bundles are oriented along the tensile (vertical direction) compared to horizontal 

direction in the gage section.  
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 Flexural Behavior  

 
 

(a) 

 
(b) 

 

Figure 5. (a) Flexural Testing of SMC Based Flat Panels for Mechanical Testing (ASTM D790). (b) 

Cross sections of SMC only and SMC with glass fibers before and after flexural loading. 
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Table 2. Mean Flexural Modulus and Failure Stress summary of the SMC only and SMC with glass 

fibers.    

SMC based 

Material  

Width  

(mm) 

Thickness 

(mm) 

Span 

 (mm) 

 

Flexural 

Modulus 

(MPa) 

Flexural 

Failure 

Stress 

(MPa) 

Flexural 

Failure 

Strain 

(%) 

Mean SMC 

Only 

18.96 

(0.06) 

4.58(0.22) 73.24(3.54) 6,959(1,510) 146 (42) 2.39(0.18) 

SMC with glass 

fibers 

18.98 

(0.07) 

5.42(0.04) 86.66(0.64) 14,101(683) 367(13) 3.13(0.19) 

Note:  Standard deviation values in parentheses.  

 

Figure 5 shows the details of mechanical testing system that utilizes a coupon shaped sample based on 

ASTM D790. Table 2 summarizes the results, similar to tensile properties, showing significant increase 

in modulus and failure stress between SMC over molded with continuous glass fiber compared to neat 

SMC. As shown in Table 2, the average Modulus from Flexural Test for SMC was 6,959 MPa compared 

to 14,101 MPa after over molding with glass tape.  The flexural failure stress had an average value of 

146 MPa for SMC compared to 367 MPa with glass fibers. Figure 6 shows microstructural deformation 

modes for the two material systems, neat SMC shows a local flexural failure behavior compared to 

SMC with continuous glass fiber prepreg showing a significant amount of ductility with multiple 

delaminations before reaching final failure.    

 

 

 
Figure 6. Optical microscopy image of cross section of SMC only and SMC with glass fiber flexural 

coupon samples after mechanical failure. 
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 Influence of fiber volume fraction and fiber length on the evolution of pore content 

and the paintability of sheet molded compounds 

The porosity defects from components molded using sheet molding compounds is a well-recognized 

issue. It is the major source of paint defects in exterior applications, hindering the widespread use of 

these materials despite their inherent advantages over metals and thermoplastics. This chapter 

discusses the influence of fiber volume fraction and fiber length on the permeability and pore content 

of class-A compounds. Compounds with varying glass fiber fraction and fiber length were 

compounded and compression molded analyze the influence of the aforementioned factors on the 

permeability of the fibrous network, the evolution of initial űpi to final pore content űpf and on the 

painted surface quality with regards to waviness and substrate-relevant paint defects. (M1: 5 wt% 0.5 

inch; M2: 15 wt% 0.5 inch; M3: 5 wt% 2.0 inch; M4: 15 wt% 2.0 inch; M5: 10 wt% 1.0 inch; 

Benchmark Material: 29 wt%, 1.0 inch). Permeability indicates the resistance of the fiber network to 

being impregnated by a fluid with known viscosity. A fiber network with lower permeability is 

expected to allow for better pore transport, and thus less final porosity. 

 
Figure 7. Permeability of fibrous network measured data with exponential trend lines. 

As shown in Figure 7, while the fiber content has a very pronounced effect on the permeability values, 

increasing the fiber length four-fold merely leads to a 1/3 to 2/3 increase in the permeability values for 

the 5 wt% and 15 wt% trials, respectively. Based on these results one can expect better pore transport 

and thus, lower final pore content in compounds with shorter fibers and especially with lower weight 

fraction (Wf).  
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Figure 8. (a) Initial pore content űpi of compounded materials and (b) final pore content űpf of 

compression molded samples as measured via CT analysis. Note the break in the y-axis, as the final 

pore content of the commercial benchmark material (BM) compound was more than an order of 

magnitude higher than that of the compounds. 

 

As Figure 8 (a) shows, the űpi of all investigated materials were in the same range, from 2.5 to 4 v%, 

seemingly inconclusive with regards to the effect of the investigated fiber parameters. The effect of 

fiber weight fraction in the investigated range - between 5 wt% and 15 wt% - seems to be negligible on 

the űpi. The benchmark material was also analyzed via the same method, although compounded 

separately at the industrial production facility of the material supplier, to serve as an indicator of the 

pore content for a state-of-the-practice commercial SMC material. The final porosity, however, is 

heavily dependent on the fiber parameters. Results indicate that lower fiber fractions lead to decreased 

pore contents and thus, improved paintability. 

 Basalt Fiber Based SMC 

The basalt fiber materials from Mafic were considered for this study using two types of fiber products 

with varying linear density, the 300 tex (13 µm) and 500 tex (17 µm) fibers which typically give 
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optimum performance in tensile strength, modulus, and strain to failure. In addition to that Mafic 

supplies 4800 tex (17 µm) basalt fibers specifically for use in the SMC material development due to 

lower cost. For the targeted SMC application, UTK investigated 4800 tex material whose properties 

were based on single fiber tests. Tow properties were measured with tensioned tows manufactured 

according to recommended practices followed by carbon fiber manufacturers for consistency. 

 

 
Figure 9. Epoxy Infused Basalt Fiber (4800 tex) Tows for Mechanical Testing (ASTM-D4018). 

 

 

Table 3. Mean Tensile Modulus and Failure Stress summary of the infused basalt fiber tows. 

Calculated 

Linear 

Density 

(g/cm) 

Measured 

Fiber Density 

(g/cm3) 

Tensile 

Modulus 

(MPa) 

Tensile 

Failure 

Stress (MPa) 

Tensile 

Failure 

Strain (%)  

0.0493 2.629 92,290 (5,440) 2,571 (192) 3.90 (0.56) 

Note:  Standard deviation values in parentheses.  

 

The infused basalt fiber tows (Figure 9) considered for SMC development showed an average tensile 

strength of 2.5 GPa and a tensile modulus of 92 GPa with an axial failure strain of 3.9%. These 

properties are quite good and exceed the modulus of glass fibers with good ductility (Table 3). Thus, 

these fibers are found to be suitable and adequate for SMC development using basalt fibers. 
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 Characterization of the physical and mechanical properties of the Basalt fiber SMC 

test panels 

SMC Panels (Figure 10) made using 4800 tex Basalt Fiber with a sizing suitable for epoxy resin and 

Hexion optimized epoxy system were evaluated for mechanical characterization. Fiber weight fraction 

of SMC plates was 65 wt%. 

 

                      
Figure 10. Epoxy Infused Basalt Fiber SMC Panel and Location of Tension and Flexure Samples 

Obtained Using SMC. 

Tensile dog bone samples (Figure 11) were extracted using suitable cutting tools using a CNC machine 

and tensile behavior evaluated using ASTM D638 standard. 

 

Characterization of the physical and mechanical properties of the Basalt fiber SMC test panels 

 

 

 
Figure 11. Tensile samples after mechanical failure. 
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Figure 12. Stress-strain behavior of tensile samples. 

Table 4. Tensile Test Results from Flat Panel Using Basalt SMC Charge. 

 
 

Figure 12. and Table 4 summarize the results where the average Modulus from Tensile Test was 16 

GPa with a minimum value of 16 GPa. The tensile strength had an average value of 269 MPa with a 

minimum value of 249 MPa. 

 

 Low Cost Carbon Fiber Based Material System 

Two types of low cost carbon fibers were considered for possible SMC application. One of them was 

based on large tow textile PAN and the other was Zoltekôs PX35. Both materials were made into fabric 

format and infused with epoxy resin using VARTM technique to compare mechanical properties 
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summarized as below. 

 

Table 5: Mechanical Properties of Carbon Fiber Candidates for SMC in Continuous Format. 

 
 

 

As can be seen from Table 5, the low cost carbon fiber (LCCF) from the Carbon Fiber Technology 

Facility (CFTF) performed well for stiffness-based applications providing results similar to or better 

tensile and flexural modulus compared to Zoltek carbon fiber. Thus LCCF is a promising candidate 

material for carbon based SMC material development and for chopped fiber based Injection molded 

and BMC based materials for automotive applications.  

1.2.2.2 Design, Modelling and Simulation 

The design, modeling, and simulation effort for the SMC liftgate was led by the Composites 

Manufacturing & Simulation Center (CMSC) at Purdue University, with regular input from the project 

team and significant support in design guidance and final CAD model review and release from 

Continental Structural Plastics (CSP). The workflow to redesign the liftgate based on its 

manufacturing-informed performance using SMC is outlined in Figure 13. The starting point for the 

liftgate design was the current steel liftgate construction for the vehicle. Redesign of the assembly for 

SMC included the consolidation of multiple parts to reduce assembly operations, incorporation of ribs 

and local part thickening to improve structural performance, and limited exterior surface redefinition 

to meet molding condition requirements. The final SMC design was required to retain the studio 

surface for the exterior panel and maintain all internal interface points for the equipment supported by 

the liftgate including the interior thermoplastic trim panels. Design and modeling of the SMC liftgate 

was performed in CATIA from Dassault Systemes. Simulation of the liftgate incorporated the 

manufacturing-informed performance of the structure in design optimization using multiple software 
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packages including Moldex3D from CoreTech System Co. for molding simulation, Digimat from e-

Xstream Engineering to map local material properties of the composite to the structural model, and 

Abaqus from Dassault Systemes for finite element analysis of the structural performance of the model.  

The final design from Purdueôs CMSC was provided to the tooling supplier for the project at Century 

Tool and Die after final review and detailed design from CSP. This design was successfully molded 

and assembled in the later phases of the project with overwhelmingly positive results.  The remainder 

of this section provides more detail into each of the steps in Figure 13 that led to the successful lift 

gate design. 

 

 

Figure 13. Process flowchart for manufacturing-informed performance design. 

 Steel Baseline Model and Design Requirements 

The current design of the liftgate consists of twelve separate stamped steel parts that are assembled 

through a combination of welded and adhesively bonded joints. The parts of the current steel design 

are shown in Figure 14. In addition to the tooling and production costs associated with manufacturing 

each of the individual parts, the assembly operations required to join the parts together represents a 

significant portion of the overall cost of the liftgate. The combined mass of these twelve steel parts is 

roughly 23 kg and the dimensions of the assembly are shown in Figure 15. The liftgate assembly is 

designed to pass several load cases defined by Volkswagen to satisfy the look, feel, and finish 

requirements for the component. It is not part of the energy management system for the vehicle during 

crash and impact events, and therefore dynamic analysis is not required for the part design.  
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Figure 14. Existing Steel Design with twelve separate stamped parts. 

 

 

 

Figure 15. Dimensions of the assembled liftgate in the axes of the vehicle coordinate system. 

The redesigned liftgate is intended to be a ñdrop-inò replacement for the current steel version. The 

performance of the SMC liftgate was required to be comparable to that of the current steel version to 

fi t the overall design requirements for the vehicle. While maintaining the current level of performance, 

the SMC redesign was intended to reduce the number of individual parts from twelve down to three, 

with a mass comparable to a conceptual aluminum version, which was roughly 70% of the mass of 

the steel version, which equaled 16.1 kg. The mass reduction and part consolidation were 

accomplished through utilizing the geometry flexibility afforded by the compression molding process.  

 

One of the most critical design considerations for the assembly was that the outer panel was required 
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to maintain a Class-A surface finish. In addition to the surface quality, several surfaces from the 

current steel design were required to remain unchanged in the SMC redesign. These unchanged 

surfaces included the exterior studio surface for the outer panel including the edges of part, the 

interface surface for the rear window glass, the weather-sealing surface on the inner panel, and the 

attachment points for the taillights, emblem, electronics, wire harnesses, lock mechanism, hinges, stop 

buffers, gas strut mounts, and thermoplastic interior trim panel. These surfaces on the inner panel are 

shown in Figure 16. The red loop surface near the extents of the liftgate is the surface where the 

weather sealing for the assembly is attached to create a watertight seal for the structure. Inside of this 

region, a thermoplastic trim panel covered the inner structural panel from view. The inner structural 

panel for the liftgate was permitted to deviate from the steel surface in these regions if the attachment 

surfaces and the holes remained in the same locations. The exposed surface of the inner panel outside 

of the weather seal was intended to remain largely unchanged to maintain the same look as the steel 

version, but slight modifications were allowed in order to increase bond width between the inner and 

outer panels and improve moldability. 

 

 

Figure 16. Surfaces of the steel inner panel to remain in the SMC redesign. Red indicates interface 

surfaces that are immovable; orange indicates surfaces that should remain unchanged, but can be 

modified out of design necessity. 

The structural analysis of the liftgate for this design effort was performed against six critical load cases 

that were selected by Volkswagen from the full design specification for the component. The down-

selected loading cases provide a broad representation of the important performance criteria for the 

assembly while reducing the complexity of the analysis. The load cases shown in Figure 17 included 

torsion of the stop buffer, torsion of the edge, bending of the stop buffer, bending of the lower edge, 

bending of the roof frame, and eccentric flexural rigidity of the liftgate. Each of these load cases 
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assessed the stiffness of different critical regions of the liftgate for ensuring the proper feel during 

operation for end users. Out of these load cases, bending of the stop buffer and bending of the lower 

edge were the most challenging load cases to pass for any construction method of the liftgate. 

 

 

 

Figure 17. Load cases provided by Volkswagen for structural analysis of the liftgate assembly. 

The first set of analyses in the design effort was performed on the current steel version of the liftgate. 

This was done to verify that the structural analysis approach to be used in evaluating the performance 

of the redesigned liftgate is aligned with the design intent of the load cases. The geometry of the twelve 

separate steel parts were taken from CATIA model of the current steel design and meshed in CATIA 

using the ñOctree Tetrahedron Mesherò with a nominal element size of 15mm using 3D quadratic 

tetrahedron elements. The adhesive connecting the various steel components was explicitly modeled 

in the finite element analysis to capture the connectivity between the subcomponents and was meshed 

using the same approach. Weld locations were taken from the CATIA model and used to create tie 

constraints between the joined surfaces in the model. The steel was modeled as linear elastic with a 

Youngôs Modulus of 200 GPa and Poisson ratio of 0.3, whereas the adhesive was modeled with 

Youngôs Modulus of 5000 MPa and Poisson ratio of 0.3. The loading and boundary conditions were 

applied to the model as described in the loading specifications and the linear elastic analysis was 
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performed in Abaqus. The results of the static analysis for the steel liftgate show that the current 

version passes all the defined load cases from Figure 17. The deformed shapes of the steel liftgate 

assembly are shown in Figure 18 for each of the load cases. The actual values of deformation removed 

due to their proprietary nature. Based on this analysis and coordination with the Volkswagen team, 

there is a reasonable degree of confidence that the loading cases are being modeled correctly in the 

analysis and the basic approach will be suitable for the analysis of the SMC redesign. 

 

 

Figure 18. Contour plot of the magnitude of deformation for the steel baseline liftgate model for all 

six load cases. 

 Liftgate Redesign for SMC Production 

The general design approach for the SMC version of the liftgate centered on combining the four 

separate parts of the exterior panel, including the insets for the taillights, into a single molding cavity. 

Similarly, the main inner panel was designed to integrate the functionality of the seven remaining 

reinforcing parts utilizing the additional design flexibility afforded by the flowability of the SMC. 

Several geometric features were incorporated into the SMC redesign to improve the structural 

performance of the panels and improve their moldability. Unlike stamped panels, which are limited to 

the shapes that the 2D sheet can conform to, the molded SMC material can produce 3D topologies 

without such restriction. For the outer panel, the tail light insets, for instance, required separate 

stampings as a single sheet of steel could not be deformed into the deep pockets of the geometry. For 

the inner panel, the ribs and stiffeners required for structural stiffness are not possible with stamping.  
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Two grades of commercially available SMC material were selected for this project and provided by 

IDI Composites. These materials were deemed the best choice to proceed with, based on a material 

selection process, accounting for mechanical properties, availability and the application-specific 

business case. Since the basis of comparison was the original steel design, the application of low cost 

carbon fiber did not fit the business case. Although basalt fiber properties and prices were both 

fulfilling requirements in the material selection process, the epoxy resin of the material would not be 

able to withstand the high temperature e-coating process. 

 

S31-31T-29 is a class-A vinyl ester-based SMC with 29% glass fiber content by weight. STC2450 is 

likewise based on a vinyl ester resin but is intended for structural applications and has 50% glass fiber 

content by weight. The density of the STC2450 is 1.6 g/cc and the S31-31T-29 is 1.9 g/cc due to the 

various additives that are included in the formulation to provide the Class-A finish.  

 

One of the primary concerns in the design of SMC parts for manufacturability is the interaction of the 

part geometry with the part-specific molding direction. Molding direction denotes the angle at which 

the main plane of the part is set concerning the mold opening direction. This includes the orientation 

of the shear edges at the edge of part and the draft angles on interior features like ribs and vertical 

walls. It is also a key concern on the design of the outer panel where the Class-A surface is required. 

The relative orientation of the Class-A surface to the molding direction has a significant impact on the 

pressure that is experienced locally in the part. As a general reference, a Class-A surface requires that 

the angle between the surface tangents and the molding direction, i.e. the draft angle, should be greater 

than 15°. Figure 19 shows the draft angle analysis of the initial surface of the joined outer panels with 

the molding direction aligned to the longitudinal axis from the vehicle coordinate system, as shown in 

Figure 14. Based on this analysis, there are several regions that do not have the required draft angle 

for a class-A surface. The insets for the taillights show a draft angle that is less than 15°, but greater 

than 5°. Since these surfaces will not be exposed when the tail light is in place, the Class-A requirement 

is not necessary, and the 5° angle is enough for moldability. Another consideration for this region is 

that the steep surfaces for the lights are at opposing angles to one another, which means that the lower 

region of the liftgate is required to be molded with the molding direction aligned with the longitudinal 

axis of the vehicle.  
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Figure 19. Draft angles from original studio surface of the liftgate. 

There are three more regions in the outer surface of the liftgate that are not compatible with the 

molding direction required by the tail light region and the need for a 15° draft angle: the region above 

the license plate, the region below the window, and the top of the spoiler. The surface quality 

requirement on the region above the license plate is relaxed from the Class-A standard due to being 

obscured from view by its location and additional design elements. The surface is also able to be 

rotated slightly to get away from the initial 0° draft angle. The small region below the window, while 

still requiring a 15° draft angle for a Class-A surface, was able to be modified from its initial angle to 

achieve the required angle. The top surface of the spoiler, however, cannot be modified from the initial 

geometry.  

 

As the lower section of the outer panel requires that the molding direction be along the vehicle 

longitudinal axis and the upper section cannot use this molding direction, the outer panel must be split 

into two separate parts. Out of the candidate locations for splitting the geometry, the most 

straightforward approach was to separate the outer panel where the pillars at the sides of the window 

connect to the lower section of the panel. For the prototyping effort in this project, the two separate 

parts can be configured in the tool to be molded in a single cavity, separated using the waterjet when 

the other holes and openings are cut in the part, and then assembled together using a tabbed connection 

for additional stiffness before being joined to the inner part. This configuration is shown in Figure 20. 

To balance the draft angle on the top and bottom surfaces of the spoiler, the top section of the outer 

panel was rotated 25° as shown in Figure 20. This also reduces the overall depth of the molding cavity 

and the resulting size of the molding tools. 

 

Limited additional changes were made to the outer panel beyond combining the panels and dividing 

the resulting surface for draft angle. Ribs and rapid thickness changes in the SMC panel can have a 

detrimental effect on the Class-A finish through rib read-through that presents during the initial 
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molding where residual stress and non-uniform curing. As such, these features were limited to the 

inner panel. One variation for the outer panel that was applied was the incorporation of a return flange 

around the exterior edge of the panel to provide a clean edge appearance. This feature is shown in 

Figure 21. The nominal thickness of the outer panel was selected to be 2.75 mm based on best practices 

for the class-A finish. 

 

Figure 20. Modification to outer liftgate molding strategy to accommodate molding angles and 

combine molding cavities. 

(a)  

(b)  (c)  

Figure 21. Locations for return flanges to be added to outer. 
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As a preliminary exercise to guide the redesign of the inner panel, a non-parametric topology 

optimization was performed on the liftgate assembly to identify regions where additional 

reinforcement would be required. To perform this analysis, the main inner and outer panel surfaces 

were used to bound the volume of the liftgate, and the entire inner region of the volume was meshed. 

The topology optimization was performed with Tosca, using the Abaqus finite element solver, to 

reduce the volume of the active mesh while maximizing the performance of the liftgate against the six 

load cases provided. As this is a conceptual design step, the resulting geometry in Figure 22 is not 

meant to provide a directly manufacturable result, but rather guide the engineers and designers in the 

detailed design effort for where to place reinforcing elements. From this analysis, significant stiffening 

is required in the pillar sections (windshield frame). Furthermore, additional reinforcing elements are 

required across the lower section of the liftgate to provide stiffness across the lower edge, and 

significant redesign is required across main portion of the liftgate for bending and torsional stiffness. 

For the pillar region, the best option for providing stiffness is a repeating rib structure. For the lower 

section, the capability of the SMC to flow into deep pocket shapes allows the inner panel surface to 

be entirely redesigned to provide additional contact with the existing outer panel and increase the 

section modulus of the assembly through elements that are perpendicular to the outer panel structure 

and the effective axes of bending for the load cases. 

 

 

Figure 22. Results of the preliminary Tosca topology optimization. 
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The molding direction for the inner panel is somewhat more flexible than for the outer panel. 

Accordingly, the molding direction for the inner panel shown in Figure 23 was selected to minimize 

the volume of the tools required to mold the inner panel. This molding direction impacts the geometry 

of any ribs and stiffeners that are added to the inner panel such that the draft angle on these features 

yields a moldable result. Design of the inner panel considered both the manufacturability of the part 

and the manufacturing-informed performance of the resulting structure. From a manufacturability 

standpoint, several design guidelines were followed to ensure that the part was able to easily be 

removed from the tool. Additionally, the part is designed to avoid tall, thin sections of metal on the 

tool that are susceptible to deformation and inadequate heating during the molding process. 

 

 

 

Figure 23. Molding direction for inner panel to minimize tool volume. 

The resulting draft angles for the surfaces of the inner panel with respect to the molding direction are 

shown in Figure 24. The nominal thickness of the inner panel was 2.25 mm based on current best 

practice, with local regions thickened by up to 40% to provide additional stiffness or local support for 

the presence of attachments, such as the lock, hinges, stop buffers, and gas struts. The pillar sections 

are designed with ribs that are nominally 2 mm thick with a 1.5° draft angle on either side for 

moldability. The spacing between the ribs was decided to balance the stiffness provided by the 

geometry while maintaining enough material in the tool to ensure adequate heating and stability. The 

walls of the deeper draw stiffeners in the main region of the panel were designed with a greater degree 

of draft to improve demolding. Special care was given in the fillet radius for the standing ribs and the 

base of the stiffeners to permit the glass fibers to flow into these regions during the molding process. 

This is necessary to avoid fiber-matrix separation during flow. 
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Figure 24. Draft angles for the redesigned SMC liftgate with respect to the molding direction. 

The inner and outer panels of the liftgate are joined around the edges and under the emblem and the 

license plate using an epoxy adhesive. Slight modifications we made in the surface of the inner panel 

to increase the width of the bonding flanges to a target of 25 mm. The region under the window and 

around the tail light insets were also modified to increase the contact between the two panels along 

the edges. Mastic drops were added to locations where the deep pockets in the inner panel were 

designed to contact with the outer panel. The epoxy adhesive was not used in these regions the 

adhesive bonds would read through to the outer panel during the painting process. The mastic drops 

do not typically exhibit this same effect. 

 

 

Figure 25. Location of epoxy adhesive and mastic (red markings) on the inner panel . 
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 Molding Simulation and Fiber Orientation Prediction 

Significant effort was made in the SMC redesign process to prevent adverse manufacturability 

conditions in the final design. Design for manufacturing-informed performance was likewise a core 

component of the project. This includes incorporating the effects of the manufacturing process for the 

SMC compression molding and the resulting fiber orientation state in the structural analysis of the 

liftgate. Flow simulation in Moldex3D was utilized in this design effort to predict the orientation state 

of the fibers in both the inner and outer panels for the liftgate. Fiber orientation is critical for 

determining the local anisotropic material properties of the SMC that are present in various regions of 

the liftgate.  

 

Moldex3D simulates the flow of the SMC by modeling the molding cavity with an Eulerian mesh, 

where the molded material is able to move with respect to the fixed mesh as the initial charge geometry 

flows to fill the mold as the two halves of the mold close. The flow of the material under these 

conditions is defined using computational fluid dynamics, where the flow behavior is governed by the 

viscosity of the material, which is temperature and degree of cure dependent for the thermoset SMC. 

Additional details on the use of flow simulation on this project can be found in the conference paper 

presented at the ASC 2017 conference on this project1. 

 

A series of experiments were performed using the digital scanning calorimeter (DSC) and rheometer 

at the Purdue Composites Manufacturing and Simulation Center labs for the paste used in both SMC 

grades to characterize the viscosity of the of the SMC and incorporate this information into the 

molding simulation. The paste includes the resin and any additives included in the SMC formulation, 

but does not include glass fibers. The DSC experiments are used to characterize the cure kinetics of 

the material, i.e. the development of stiffness in the material as the polymer chains cross-link under 

the application of heat. Likewise, the rheometer is used to measure the viscosity of an SMC sample as 

it is gradually heated and cured. Figure 26 shows the evolution of viscosity in the Class-A SMC paste 

as the sample is heated at a rate of 5 °C/min. The viscosity is superimposed with the estimated degree 

of cure in the sample from an autocatalytic cure kinetics model fit to the DSC experiments. As the 

paste heats up, there is an initial drop in viscosity by an order of magnitude before the material starts 

to cure and the cross-linking polymer chains solidify and develop the modulus of the cured material. 

                                                            
1 M. J. Bogdanor, H. Mainka, T. Laduch, N. Sharp, R. B. Pipes, M. Rademacher, ñReduction of CO2 Emissions 
through Lightweight Body Panels Design and Optimization of a SMC Liftgate for the Volkswagen Atlas," 

Proceedings of the 32nd ASC Technical Conference, West Lafayette, IN, Oct 23-25, 2017. 
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This drop in the viscosity is the ideal point to close the mold and flow that material as the force required 

to close the press is directly correlated to the viscosity of the material. The viscosity is incorporated 

into the Moldex3D analysis using the Castro Macosko model2 built-in to the software. The software 

then incorporates the effect of the suspended fibers, which have essentially infinite viscosity, in the 

effective viscosity of the SMC.  

 

Figure 26. Viscosity and degree of cure vs. temperature for the S31-31T-29 paste at a ramp rate of 5 

°C/min. 

The key result from the molding simulation is the predicted final orientation state of the fibers. The 

orientation of the fibers begins as a uniform planar random distribution in the initial charge, where the 

orientation vector of any sampled fiber in the SMC is essentially uniformly random but lies in the 

plane due to the manufacturing process of the SMC. There is some effect of the conveyor direction on 

the orientation state, where the distribution is not truly uniform, but this effect is typically not very 

large. As the charge flows through the cavity, the orientation state of the fibers will evolve due to the 

squeezing behavior between the two halves of the tool and the variety of flow conditions based on the 

tool geometry and interactions with the boundaries of the cavities. 

 

Moldex3D and similar flow simulation tools have typically arisen out of the demand from the injection 

molding industry for flow simulation. Compression molding simulation support in commercial tools 

is growing but is not the typical use case that these software packages, and their default settings, are 

designed for. It is helpful to consider a few key differences between the flow processes in injection 

                                                            
2 http://support.moldex3d.com 
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and compression molding while setting up such analyses. One of the most critical differences is that 

the injection molding typically considers a thermoplastic material with a hot material flowing through 

a relatively cooler tool. Conversely, compression molding in this case uses a thermoset polymer where 

a room temperature material is placed onto a hot tool and then flows. As a result, injection molding 

flow have a ñno-slipò condition at the tool surface where the material freezes and the velocity profile 

over the channel will be parabolic. Compression molding, however, creates a boundary layer of high 

temperature resin that has a lowered viscosity before curing which induces a slip boundary layer and 

plug flow of the material. Also, the flow distances in compression molding are typically much shorter 

than in injection molding as the material starts in the middle of the tool, rather than being introduced 

from the tool boundary. This leads to much fewer highly aligned regions in the final part but local 

regions, especially in large and complex geometries can still exhibit such high alignment. 

 

The predicted fiber orientation from the flow simulation is shown in Figure 27 for the outer panel and 

Figure 28 for the inner panel. These figures show the component of the orientation tensor in the global 

Z direction as indicated by the coordinate system in the figure. A value of 1 would indicate that all 

fibers are aligned in the Z direction near that point and 0 indicates that no fibers are aligned in the Z 

direction. The thin-walled nature of the panels yields fiber orientations that predominantly tangential 

to the surface, i.e. fibers do not significantly orient in the direction of the surface normal. In both 

simulations, the initial charge covered roughly 70% of the final surface with overlapping charges along 

the header, pillars, and lower section of the cavity. The resulting fiber orientations for the inner and 

outer panels both show significant alignment in the Y-axis shown where the material flowed away 

from the centrally placed charges. 

 

Figure 27. Fiber orientation component in the global Z direction for the outer panel from Moldex3D 
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flow simulation. 

 

Figure 28. Fiber orientation component in the global Z direction for the inner panel from Moldex3D 

flow simulation. 

The flow patterns for the inner panel exhibited more variation than in the outer panel accounting to 

the complexity of the inner panel geometry. For instance, the pillar sections for the inner panel are 

showing more alignment of fibers in the Z direction for the main surface than in the outer panel, while 

the fiber alignment in the ribs is less aligned. Also, there is more z alignment of the fibers predicted 

along the sides of the lower section. 

 

 Material Modeling and Characterization 

In addition to the chemo-rheological characterization that was performed to inform the molding 

simulation, the mechanical properties of the two SMC materials were characterized for the structural 

analysis of the liftgate. Typically, the modulus and strength of an SMC material are reported in data 

sheets as isotropic quantities, as in Figure 29 and Figure 30, showing the data sheet values for the two 

SMC grades used in this project. This information is useful for the preliminary design of the 

components and was utilized in the early stages of the design effort to provide design direction for the 

effects of adding ribs, stiffeners, and thickening in various regions of the liftgate. As the design 

progressed closer to the final design, incorporating the manufacturing-informed local material 

properties dependent on the fiber orientation increased in importance. In order to account for the fiber 

orientation dependent material properties in the material models, a series of sample plaques were 
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manufactured at IDI Composites for both SMC grades that exhibit varying flow characteristics and 

resulting fiber orientations. The Digimat material model for the micromechanical properties of the 

composite was calibrated to these experiments and utilized in the structural analyses. 

 

Figure 29. Material data sheet from IDI Composites for the S31-31T-29 Class-A material. 

 

Figure 30. Material data sheet from IDI composites for the STC2450 structural material. 

Four types of SMC plaques were manufactured for both SMC materials and cut into ASTM D638 

coupons for tensile testing, differing in the initial charge pattern used to create the plaques. Charge 

pattern denotes the arrangement of SMC charge(s) inside the mold, as placed into the cavity for 

compression molding. These charge patterns are shown in Figure 31 superimposed on the panels after 

the individual coupons were waterjet cut. These charge patterns are intended to induce different flow 
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phenomena: a planar uniform random distribution, fibers aligned longitudinally or transverse to the 

loading direction, and to induce a knit line, respectively. 

 

 

Figure 31. Initial charge placement and coupon locations for mechanical testing. 

The summary of the measured strength and stiffness for the STC2450 and S31-31T-29 materials for 

each of the initial charge conditions is shown in Table 6. The measured stiffness of the STC2450 from 

the center charge specimens of 12.4 GPa is very close to the 12 GPa design value reported in the data 

sheet in Figure 30. The measured stiffness of the S31-31T-29 from the center charged plaque was 9.4 

GPa, compared to the data sheet value of 11 GPa. The variation in stiffness can be attributed somewhat 

to material variability from plaque to plaque. In this project, only a limited number of plaques were 

used in the characterization effort to demonstrate the general process of calibrating the material model 

to orientation-dependent data. In the actual design process, a larger set of characterization experiments 

would be conducted to understand plaque-to-plaque variability. It is worth noting that the fiber content 

for the materials STC2450 and S31-31T-29 are denoted in weight fractions. That is 50 wt% and 29 

wt%, which equate to a volume fraction of 31 vol% and 22 vol%, respectively. Additionally, the 

additives included in the S31-31T-29 are typically stiffer than the vinyl ester resin, which increases 

the stiffness of the composites accordingly and contributes to the relative similarity in stiffness 

between the two materials. 

 

 

Table 6. Measured strength and stiffness values for STC2450 from ASTM D638. 

  
Charge Type 

  
Center Double Longitudinal  Transverse 

S
ti
ff

n
e

s
s
 

[G
P

a
] 

Mean 12.4 9.5 12.7 11.1 

St. Dev. 1.24 0.89 1.28 0.83 

CoV 10.1% 9.3% 10.1% 7.5% 



47  

Max 15.4 11.1 16.3 12.2 

Min 11.2 8.4 11.5 9.8 
S

tr
e

n
g

th
 [

M
P

a
] Mean 151.7 16.9 118.0 109.0 

St. Dev. 19.3 3.9 16.7 21.9 

CoV 12.7% 22.9% 14.1% 20.1% 

Max 195.0 26.4 150.6 156.8 

Min 131.9 10.4 87.3 75.8 

      

 

Table 7. Measured strength and stiffness values for S31-31T-29 from ASTM D638. 

  
Charge Type 

  
Center Double Longitudinal  Transverse 

S
ti
ff

n
e

s
s
 [

G
P

a
] Mean 9.4 9.3 13.6 10.5 

St. Dev. 0.64 0.93 0.72 1.30 

CoV 6.8% 10.0% 5.3% 12.4% 

Max 10.7 10.5 14.9 13.0 

Min 8.3 7.3 12.0 8.6 

S
tr

e
n

g
th

 [
M

P
a

] Mean 81.1 21.1 136.7 43.5 

St. Dev. 8.4 2.5 9.1 8.8 

CoV 10.4% 11.7% 6.7% 20.3% 

Max 98.9 25.3 150.4 60.2 

Min 69.1 16.4 122.0 33.1 

 

The material data obtained from these experiments was used to further calibrate the flow simulation 

model and the mechanical material model in Digimat. In the flow simulation solver, a set of fiber 

interaction coefficients are used to describe the fiber orientation evolution as flow occurs. These 

coefficients balance the fiberôs tendency to align with the flow direction with the propensity of the 

collection of fibers to diffuse in orientation angle with respect to one another. The Digimat mechanical 

models are based on the properties of the constituent fiber and matrix, the volume fraction of fibers, 

and the aspect ratio of the fibers. The volume fraction (31 vol% or  vol 22%) and the mechanical 

properties of the E-Glass fibers (E=72 GPa, ɜ=0.22) are known. The constituent properties of the 

matrix are influenced by the incorporation of additives and the chemistry of the vinyl ester and the 

aspect ratio of the fibers is not an explicitly measurable quantity, as the fiber do not remain straight 



48  

during the forming process. As such, the fiber interaction coefficients, matrix mechanical properties, 

and effective aspect ratio were calibrated for the two material models to match the spatially varying 

stiffness properties measured across the plaques with the center and side charges. 

 

The calibration process for these model parameters begins with a flow simulation of the plaques with 

the center and side charges to predict the fiber orientation in the panels. The fiber orientation is then 

mapped onto a structural model consisting of the twelve coupons cut from each panel as shown in 

Figure 32. Then the structural analysis model is run with a Digimat material model and the stiffness 

of each coupon is extracted and compared with the experimental result. For each material, the fiber 

interaction coefficients, matrix modulus and Poisson ratio, and aspect ratio are optimized to minimize 

the sum of the squared errors between the simulation and the experiment. There is some natural 

variability in the experiments that goes beyond the spatial variation effects from the flow process that 

would require additional experimentation to fully describe, but the trend of the simulation results in 

Figure 33 is in line with the experimental result. The results for the S31-31T-29 material show similar 

behavior and fitting to the STC2450 in Figure 33. This calibration process does provide a reasonable 

model for the orientation dependent material properties and the resulting material models are used in 

the manufacturing-informed performance simulations for the liftgate. 

 

 

 

Figure 32. Virtual coupons extracted from simulated plaque molding. 
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Figure 33. Stiffness simulation result for the STC2450 material. 

 Structural Analysis and Optimization 

The structural analysis of the liftgate was performed in Dassault Systemesô Abaqus finite element 

package. The finite element meshes were created in CATIA from the geometry of the inner and outer 

panels, adhesive, and window glass. Each of these regions was meshed used the Octree Tetrahedron 

Mesher to create quadratic 3D elements. Solid elements were used in the analysis to capture the 

complex geometry of the panels and provide the most direct information from the CAD model. Two 

types of FEA results were used in the design process as shown in Figure 34. The first level of fidelity 

uses Python scripting to take the finite element mesh exported from CATIA and tie the adhesive nodes 

to the respective surfaces of the panels and the glass, create multi-point constraints connecting 

reference points to the critical surfaces of the model, apply the boundary and loading conditions, create 

the load cases, and apply isotropic material properties to each of the model regions. This analysis is 

run using the Abaqus solver on an 8-core workstation in three minutes. A separate python script was 

used to post-process the results and generate a summary of the performance of the design against the 

load cases along with the assembly mass. This analysis drove the rapid iteration of the liftgate 

geometry redesign informing the directional design of the inner panel. 
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Figure 34. Information workflow for the integrated manufacturing-informed performance simulation. 

The manufacturing-informed performance workflow utilized the same structural model of the liftgate 

but incorporates the fiber orientation information from the Moldex3D analysis with the calibrated 

micromechanical model from Digimat. The mapping of fiber orientation from the molding mesh to 

the structural mesh was performed using the Digimat-RP module. The Abaqus analysis with the 

coupled Digimat material model required significantly more computational resources than the 

isotropic material model due to the increased cost of the material point dependency of mechanical 

properties. This is on top of the time required to run the flow simulations in Moldex3D, which takes 

10+ hours. Additionally, while the structural analysis generation and fiber orientation mapping are 

automated through scripting, the Moldex3D model generation, analysis, and post-processing require 

manual intervention, adding significant time to the process.  

 

As a result, a typical workflow utilizing the manufacturing-informed performance simulation relies 

heavily on the basic analysis for design iteration and optimization with periodic checking against the 

manufacturing-informed performance analysis. The mapping process in Digimat-RP can handle the 

transfer of data from molding meshes to structural meshes that do not identically match, so a single 

molding simulation can be used for multiple geometry iterations. When significant changes to the 

geometry occur, or when time permits, further flow simulations can be run with the latest CAD data 
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to synchronize the fiber orientation information. In this way, the design process can proceed rapidly 

while still being informed by the manufacturing process. 

 Design, Modeling, and Simulation Conclusion 

The result of the manufacturing-informed design process was a liftgate design that met the load case 

requirements, with a combined mass of the SMC panels of 12.8 kg. Compared to the current steel 

design mass of 21.8 kg, this represents a 40% mass savings. The design incorporated the best practices 

in SMC design with part design guidance from the manufacturing and design experts at Continental 

Structural Plastics (CSP) as well as the project partners in the Vehicles Technology Area and located 

at the IACMI Scale-Up Research Facility (SURF). The conceptual design from Purdue was then 

provided to CSP, where their expert designers reviewed and revised the final design to prepare the 

geometry to be delivered to the tooling manufacturers at Century Tool and Die. The comparison 

between the geometries are shown in Figure 35 for the inner panel and Figure 36 for the outer panels. 

There is some slight variation in the performance between the conceptual model and the final model 

delivered for final tooling from differing CAD strategies, but the design intent remains. 

 

(a)  (b)  

Figure 35. SMC inner panel from (a) Purdue design and (b) CSP final detailed design for tooling. 

Modifications were necessary to improve manufacturability. 
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(a) (b)  

Figure 36. SMC outer panel from (a) Purdue design and (b) CSP final detailed design for tooling. 

This final design process included fine-tuning the placement of the ribs to avoid the required holes in 

the panel, some redefinition of the inner panel surface, integration of fillets onto the ribs, and 

significant detail work on the outer panel to combine surfaces and incorporate the return flange on the 

edge. The final geometry from CSP was analyzed using the manufacturing-informed performance 

simulation workflow. The contour plots for the displaced shape of the liftgate under the design loads 

are shown in Figure 37. The model was predicted to fulfill  load cases 1, 2, 5, and 6, and perform 

slightly under the specifications for load cases 3 and 4. This was accepted in order to kick off the 

tooling manufacturing within the project timeline and with the understanding that there are still 

multiple options left to designers in the final design of the liftgate to improve the structural 

performance including local thickening or additional ribs at the bottom of the inner panel, 

incorporation of unidirectional reinforcing patches, or localized steel reinforcing. Each of these design 

modifications would involve removing material from the tool and minor increase to the assembly 

complexity. This redesign effort would occur after the results of the physical testing of the liftgates 

performed outside the scope of this project. 
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Figure 37. Contour plot of the magnitude of deformation for the SMC liftgate model for all six load 

cases. 

The design, modeling, and simulation in this project produced the promising redesign from a steel 

lift gate construction to a drop-in SMC replacement with reduced weight, cost, and. Integration of 

manufacturability and performance in composites design from the outset reduces rework and redesign 

and was critical to the success of this task. The SMC expertise from CSP, IDI, and SURF demonstrated 

the combination of institutional knowledge and design guidelines with the integrated simulation 

workflow approach employed at the Purdue CMSC to design for manufacturing-informed performance.  
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1.2.2.3 Tooling and Prototyping 

 Tooling Design 

Once part designs were finalized by the project team, they were sent to four tooling suppliers for 

competitive bids. Based on initial bids and previous experience with tooling companies, two suppliers 

were short-listed for further review, Paragon DE and Century Tool and Gage. Figure 38 and Figure 

39 provide the tooling designs provided by both suppliers. Since, the scope of the project was centered 

on providing an optimal Class ñAò surface finish, the outer panel tool designs were placed under 

greater scrutiny during review, with Class ñAò being the deciding factor for both tools. As such the 

decision to go with Century tool as the mold manufacturer was based on several key aspects of their 

design for the outer mold. These were: the improved draft angle of the upper spoiler (See Figure 40), 

the addition of load wells between upper and lower portion of the part to equalize pressure and an 

internal vacuum system. Century Tool was also identified as an industry leader in providing Class ñAò 

tooling for compression molded MSC by tier 1 project partners. 

 

Figure 38 Paragon DE Options for tool design 

 

 

Figure 39. Century Tool proposed designs for inner and outer tools 



55  

 

Figure 40. Optimized part tooling geometry with appropriate die position for Outer Panel, showing 

improved spoiler draft angle. 

 

The final tooling design for the outer tool can be seen in Figure 41 below, alongside the internal steam 

circuits. The final mold is P20 steel consistent with production quality molds widely used in industry, 

finished with a 1200grit polished, chromed surface for optimal class-A appearance. The tool utilizes 

hydraulic core-side ejectors with SUMMO air poppets on both core and cavity sides of the tool. Dual 

vacuum ports on upper and lower tool halves allow for proper vacuum levels (22-25 inHG) to be 

reached quickly upon firing. 

 

 

Figure 41. Finalized outer tooling design and steam line geometry 

 

The final tooling design for the inner tool can be seen in Figure 42 below, alongside the internal steam 

circuits. The design maintains a die pull angle aligned with the rib sections of the part to aid in de-

molding. The final mold is un-chromed Aluminum due to cost considerations, Aluminum represented 

an approximate 36% cost savings over P20 steel. Hydraulic ejection was only built into the cavity side 

of the mold, which proved problematic due to large areas of ribs in the core section. This resulted in 

some project delays as manual knock-out pins needed to be added to the core side as a result of the 

initial molding trial at MSU-SuRF. 

 



56  

 

Figure 42. Finalized inner tooling design and steam line geometry 

 

 Prototype Manufacture and Process Chain 

The process chain is as follows material manufacturing occurred at IDI Composites International 

utilizing previously evaluated and approved SMC materials (S31-31T-29 and STC 2450). SMC was 

then shipped to the MSU-Scale-up Research Facility (SuRF) for molding on the Schuler 4000t 

Compression press in previously discussed molds supplied by Century Tool and Gage. Molded liftgate 

inner and outer parts were then packaged and shipped to Shape Process Automation for trimming via 

automated 90k Waterjet. The trimmed components were delivered to Excel PatternWorks for hand 

bonding, bonded assemblies were then sent to CSP-Huntington for conductive priming. Final topcoat 

was applied at VW-Chattanooga. 

 

1.2.2.3.2.1 Molding 

Molding trials occurred first at Century Tool and Gage for initial try-outs and tooling sign-offs. The 

inner tool was signed off after the initial trial on Feb 14, 2019, with the outer tool being approved for 

chroming on Feb 15. A second trial on the outer tool was conducted after chroming, to ensure proper 

tool function prior to shipping to MSU-SuRF. The molding of the prototype liftgates occurred over a 

four-week period, with an initial unsuccessful attempt on the inner tool, which highlighted a design 

flaw in the tool requiring additional work. The outer parts were molded while the inner tool was being 

re-worked, with the inner molding recommencing after said re-work was complete. 

 

1.2.2.3.2.1.1 Outer Molding 

Molding of lift-gate outer panels occurred over five consecutive days near the end of April 2019, with 

S31-31T-29 SMC manufactured at IDI on April 5, 2019. A total of 68 outer skins were molded to dial 

in charge pattern, press parameters and to obtain the 20 qualified parts required to satisfy project 
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milestones. The initial charge pattern was developed at Century Tool and Gage for the tool qualification 

try-outs/sign-offs with a weight of 17.65 lbs. to achieve desired nominal part thickness of 2.75mm and 

consisted of three main pieces, which are summarized in Figure 43 below. The initial charge pattern 

produced satisfactory parts to qualify the mold utilizing standard SMC press parameters (850 tons, 

290/300F, 120s). The initial tool qualification parts highlighted several areas of defects that needed to 

be addressed in order to produce 20 good quality parts3 for the project, with main areas of concern 

being significant flow-lines on the upper spoiler and lower license plate area and porosity along the 

spoiler ridge. 

 

Figure 43. Initial SMC charge pattern developed by Century Tool 

 

Due to timing constraints, a carefully designed design of experiments was not implemented, but defect 

improvements were obtained through systematic changes to press parameters and charge patterns to 

achieve a satisfactory part. The final press cycle can be seen in Figure 44 below, highlighting the main 

difference between standard SMC press parameters by the addition of a ñbump tonnageò period (i.e. 

25% pressure increase from its nominal value for 10 seconds) at the beginning of the cycle. This higher 

initial pressure made significant improvements to the porosity/non-fill issues in the upper spoiler that 

were noted in the initial parts molded at Century Tool, as well as making some improvements to overall 

surface appearance. 

 

                                                            
3 Parts were assessed by experts concerning completeness of filling and surface quality. 
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Figure 44. Graph of optimized press cycle for Outer lift-gate parts 

 

Modifications to the initial charge pattern were required to reduce flow-lines in two key areas (lower 

license plate area and along the upper spoiler), as well as to reduce rippling along the spoiler area due 

to tool draft angle. Spoiler area issues were minimized by increasing the flow in said area, by decreasing 

the width of the ñBò plies to 3 İò and adding to 2 extra plies. It is believed that increasing the ply height 

in that area allowed greater pressure on the material during the closing sequence, prior to the full close 

of the tool. This higher initial pressure during closing is required to reduce rippling caused by this 

section seeing lower pressure due to the draft angle during the closed press cycle. Additional mold-

flow analysis might be able to determine the optimal material height to achieve the best surface in this 

section. Issues in the lower license plate area were mitigated by breaking up the 4 ply ñAò stack into 

separate ñAò and ñDò ply stacks, with ñAò placed above the license plate ñwaterfallò and ñDò placed 

below the license plate ñwaterfallò, and the addition of an ñEò ply overlapping the two. This eliminated 

the flow-lines that resulted in material flowing down the license plate ñwaterfallò leading to a 

significantly better overall surface appearance. The finalized charge pattern can be seen below in Figure 

45, note that some charge dimensions were modified in order to achieve uniform part thickness and not 

as a result of part defects. 
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Figure 45. Finalized Outer SMC charge pattern 

 

Overall, a total of 29 lift-gate outers were molded utilizing the optimized charge and press parameters 

developed during the trials, these parts were evaluated press side and approved via a qualitative visual 

inspection by the project team. A quantitative raw SMC surface specification was not provided to 

empirically classify good and bad parts, hence a qualitative visual inspection was utilized. Approved 

parts were shipped to SPA for trimming. 

 

 

Figure 46. Outer lift-gate as molded. 

 

1.2.2.3.2.1.2 Inner Molding 

Molding of inner lift-gate panels occurred over a two-day period from May 2 to 3 2019, after additional 

tool alterations were completed to incorporate manual knock-out pins in the core-side rib sections. Parts 

were molded utilizing STC 2450 SMC manufactured at IDI Composites International at the beginning 
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of March 2019, due to time constraints associated with the unforeseen tool alterations, the decision was 

made by the project team to move forward with material that was past its typical manufacturers shelf 

life. This led to some blistering issues during the molding trials that were mitigated with a 20s increase 

in cycle time. The inner charge pattern developed by Century Tool and Gage for the initial tool try-

out/sign-off did not require modification for qualification parts, charge pattern can be seen below in 

Figure 47. Parts weights were targeted at 13.5 lbs. at a nominal thickness of 2.25mm, press parameters 

can be seen in Figure 48 below. Note, that a ñbump tonnageò period was not included in the inner panel 

molding cycle, as this part did not have to fulfill class-A requirements. 

 

 

Figure 47. Finalized inner lift-gate SMC charge pattern 

 

 

Figure 48. Finalized inner lift-gate molding parameters 
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Overall, a total of 60 lift-gate inners were molded with ten parts being scrapped due to molding defects, 

with thirty of the best parts being chosen to ship to SPA along with the outers for trimming. 

 

 

Figure 49. Inner lift-gate as molded. 

 

1.2.2.3.2.2 Trimming (SPA) 

Molded composite lift-gates were shipped from MSU-SuRF to Shape Process Automation in Auburn 

Hills, MI. The parts were trimmed utilizing a 90k waterjet system at shape using a dual robot system 

to trim both inner and outer at the same time to mimic a potential production scale-able trimming option. 

Entire trimming cycle was completed in five and a half minutes. 

 

 

Figure 50. Trimming set-up at SPA for inner and outer panels. 
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Figure 51. Inner lift-gate panel after trimming. 

 

Figure 52. Outer lift-gate after trimming. 

 

1.2.2.3.2.3 Bonding (Excel PatternWorks) 

Trimmed composite parts were shipped to Excel PatternWorks in Dearborn, MI to be hand bonded 

utilizing the Pliogrip 5500 epoxy adhesive provided by INEOS (formerly Ashland) and Uniseal 162.7 

Mastic for vibration reduction. Hardware was provided by Complete Prototype Solutions for hinge and 

latch plates composed of 2.0mm and 1.5mm e-coated 1008/1010 mild steel, respectively. All bond 

flanges and hardware locations were scuff sanded with 80-grit sandpaper, in accordance with industry 

best practices. Bond gap thicknesses were set at 1mm utilizing glass beads along the bond flange to 

maintain proper gap requirements. Assemblies were cured according to INEOS specifications 

consisting of a 30 min bake in a pre-set oven at 300 °F, with pressure applied via clamps and sand bags. 

Figure 53 and Figure 54 show the adhesive layout and the locations of the 162.7 mastic. 
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Figure 53. Adhesive location as applied at Excel PatternWorks. 

 

 

Figure 54. Mastic locations as applied at Excel PatternWorks. 

 

 

Figure 55. Denotes scuff sanded bond flange and placement of hinge plate reinforcement. 
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Figure 56. Highlights hand application of glass beads, mastic locations and applied adhesive to bond 

flange. 

 
Figure 57. Denotes an assembly ready for bake cycle with clamps and sandbags to achieve adhesive 

contact. 

 Thermal Characterization of Molded Liftgate 

Figure 58 and Figure 59 shows example results for inner liftgate analyzed for its spatial uniformity 

and local fiber bundle orientation using thermal digital image correlation4 (TDIC) technique developed 

at the University of Tennessee by Professor Penumadu. TDIC is a contactless technique using a 

thermal camera and two high-resolution optical cameras to spatially track strains in three dimensions 

of a liftgate during cooling phase after compression molding.  Figure 58 shows the liftgate with speckle 

                                                            
4 Penumadu, D. K., M., Invention disclosure:  Technique: fiber and bundle orientations and mechanical 
properties of fiber reinforced composites using thermal digital image correlation (TDIC). University of 
Tennesseee Research Foundation 2018, UTRF 18162-03. 






















































































