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Thickness variation in contoured composite parts by vacuum infusion

Patricio Martinez , Bo Jin and Steven Nutt 

M. C. Gill Composites Center, University of Southern CA, Los Angeles, CA, USA 

ABSTRACT 
Contoured laminates were produced by vacuum infusion (VI), and thickness variations were 
monitored dynamically as a function of process parameters. Process simulations were per
formed using finite element software (PAM-RTM), and predictions of thickness along the 
length of the laminate were compared with dynamic measurements. Initial simulations 
approximated the effects of corners on preform deformation and fabric draping behavior. 
Subsequent modifications to the simulation geometry and material properties were 
implemented to increase accuracy and more closely match experimental measurements. 
User-defined geometry (UDG) simulations were used to predict both the maximum corner 
deviation and the area of corner deviation with greater accuracy. The present study demon
strates a workflow for use of analytical tools to design and control vacuum infusion proc
esses. The workflow leverages process monitoring and modified process simulation tools to 
provide insight into parametric effects and to guide process modifications to reduce product 
variability.
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Introduction

Thickness variations commonly arise in composite 
parts produced by VI, yet the evolution of such 
defects and the effects of basic process parameters 
are not fully understood. The present study 
addresses this gap in understanding and demon
strates a practical workflow that leverages process 
monitoring, material characterization, and process 
simulations. Laminate thickness variations are moni
tored along the length of V-shaped parts produced 
via VI, then compared with results of process simu
lations conducted using commercial software (PAM- 
RTM). The effects of variations to geometry and 
material properties were explored in the context of 
process simulations in an effort to accurately 
account for fiber bridging at corners. The investiga
tion demonstrates how process monitoring can be 
used effectively in coordination with process simula
tion to understand and control a common defect in 
VI parts.

VI is a cost-effective method to produce large 
composite parts such as wind blades and boat hulls, 
although there is also potential to use the method to 
produce aerospace parts comprised of carbon fiber 
reinforced polymer (CFRP) composites [1,2]. VI 
relies on a relatively small pressure difference to 
draw resin into a fiber bed that lies between a rigid 
tool on one side and a flexible vacuum bag on the 
other. The pressure difference between the resin res
ervoir at the inlet and the vacuum at the outlet gen
erally induces a gradient in thickness and fiber 
volume fraction along the part length [3–5].

The presence of corner contours in parts gener
ally causes variations in local thickness in most 
CFRP production processes, including VI [6–8]. 
Depending on the curvature of the tool, thickness 
can increase or decrease at the corner due to reduc
tion or augmentation of the compaction force over 
the arc. As permeability depends on fiber volume 
fraction [9,10], local thickness changes result in 
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variations in flow behavior during infusion, as well 
as dimensional differences once a part is cured [11].

To predict thickness variations before producing 
a part, process simulation tools for resin infusion 
processes can be employed [12–15]. This practice 
has led to development of software dedicated to 
finite element simulations of flow processes in por
ous media. Such software can be used to determine 
appropriate inlet and outlet positions and timing 
sequences to ensure full saturation, minimize fill 
times [16], and determine if a reinforcement-resin 
coupling is compatible with infusion [17]. The pro
cess simulation software used in this study (PAM- 
RTM, ESI) is widely used in industry, and has been 
used to accurately predict the thickness gradients, 
mostly in flat laminates [4].

In this study, we demonstrate a method for pro
cess simulation to predict thickness deviations in 
contoured parts produced by VI. In conjunction 
with this method, we deploy process monitoring to 
monitor thickness deviations during infusion. These 
coordinated activities can be used to prevent defects, 
particularly those associated with thickness vari
ation. Application of process simulations coordi
nated with process monitoring can be used to 
maintain geometric specifications, increase geomet
ric tolerances, and reduce part scrap. Flow simula
tions are widely used in industry for various 
purposes, but rarely coordinated with process moni
toring. The method demonstrated in this work high
lights the importance of preform-tool compatibility 
and the deviations in laminate geometry that typic
ally arise from fabric bridging and inter-ply 
slippage.

Experimental methods

Thickness variations were measured in VI parts pro
duced on tools with concave and convex corners. A 
laser displacement system was used to measure 
laminate thickness during infusion. Following cure, 
the laminates were sectioned to measure the thick
ness of the centerline cross-section.

Software (PAM-RTM) was used to simulate infu
sion for a wide range of corner geometries, includ
ing those matching the experimental parts. Analysis 
revealed that the standard procedure did not 
adequately account for all corner effects and 
required modification. The compression response 
and surface profile of the fabric were measured on 
specific tool geometries and used to generate a 
second set of User Defined Geometry (UDG) simu
lations. Using these UDG’s, simulations predicted 
thickness deviations at the corner much more accur
ately, both in terms of magnitude and the affected 
area.

Fabric characterization

Triaxial carbon fabric with a high areal weight 
(A&P Technologies, QISO-H-48) was selected based 
on compatibility with VI and the selected resin [17]. 
General properties are listed in Table 1. The areal 
weight, braid angle, and thickness were provided by 
the manufacturer and independently verified. The 
volumetric density was measured using a gas pycn
ometer (Micromeritics, Accupyc 1330).

A single ply of the fabric was compressed at 1 mm 
per second using a rheometer (Texas Instruments, 
AR2000ex), chosen for its high accuracy in position 
and force data to obtain stress versus strain com
pression data for the fabric, for use in the initial 
simulations. The results of this test is shown in 
Figure 1. Given the multiple compressions done on 
the fabric during vacuum leak testing, the second 
compression was selected as the stress versus strain 
response for the fabric.

Permeability values of the fabric were measured 
using a radial infusion set-up, following the same 
procedure of a previous study [17]. A [0]4 stack of 
203.2 mm square plies was sandwiched between alu
minum and acrylic tool plates. Plastic shims posi
tioned around the plies were used as spacers to 
control thickness, with the entire assembly being 
sealed in a vacuum bag. The test was repeated at 
least four times for each thickness spacing.

Vf ¼
N � qA
h � qV

(1) 

Table 1. Properties of the triaxial fabric.
Property Value Units

Areal weight 536 [g/m2]
Tow angles 0/þ60/−60 [�]
Thickness @ 55% Vf 0.5334 [mm]
Density 1.6742� 106 [g/m3]

Figure 1. Compression stress versus strain response for a 
single ply of fabric.

2 P. MARTINEZ ET AL.



Permeability tests were performed using different 
spacer thickness values. Employing the number of plies 
N, the areal weight qA, the density q, and the thick
ness h, the volume fraction was obtained for each test 
via Equation (1). Following the procedure of Chan and 
Huang [18] the x- and y-directional (0� and 90�) radii 
of the flow front captured in each image were used to 
obtain in-plane permeability values for the fabric at 
each volume fraction. An exponential decay curve was 
fitted to the data, as shown in Figure 2, as this relation 
is required for the process simulation. The error bars 
were significant, as expected, due to the high variability 
and noise intrinsic to fabric and fabric permeability 
measurements [19,20].

Laminate production

Laminates were produced using 305�203 mm plies, 
following an 0½ �8 layup sequence, selected due to the 
quasi-isotropic nature of the fabric. Standard VI 
layup procedure was followed, using conventional 
consumables. A 25.4 mm gap was cut into the cen
terline of the flow media to permit direct observa
tion of the laminate surface. Five distinct tool 
configurations were used (Table 2). For contoured 
tool configurations (B-E), the fabric was first 
stacked, then placed at the corner and allowed to 
drape onto the tool. The fabric was infused with 

epoxy resin and hardener (FibreGlast 4500 and 
4570). Resin was allowed to infuse until steady flow 
was reached in the outlet line, at which point the 
inlet and outlet lines were sealed. The parts were 
subsequently cured at room temperature according 
to supplier guidelines.

In-situ observation

A laser profile scanner (Micro-Epsilon, 
scanCONTROL 2600-100) was used to measure the 
displacement of the top surface of the laminate dur
ing infusion (Figure 3). The frame ensured that the 
centerline of the laminate was directly under the 
sensor, to measure the thickness perpendicular to 
the ideal flow front. Given the sensor range, only 
the region at the corner, approximately 80 mm in 
either direction, was measured. The resin reservoir 
was attached to the side of the frame, to ensure no 
significant height difference between reservoir and 
inlet point. After curing, the part was demolded 
without moving the tool, and the laser profile scan
ner measured the corresponding position of the tool 
surface.

After demolding, laminates were sectioned along 
the centerline, polished, and imaged using a digital 
light microscope (Keyence VHX-5000). Pixel meas
urements from the micrographs were used to meas
ure the thickness along the centerline.

Initial FEA simulation

The simulation software relies primarily on Darcy’s 
Law [21], given in Equation (2), where v is flow vel
ocity, ½K� is the permeability tensor, l is dynamic 
viscosity, and rP is the pressure gradient. By 

Figure 2. Permeability versus fiber volume fraction in x- and y-directions for the triaxial fabric.

Table 2. Tool configurations used for experimental trials.
Tool curvature Corner angle Corner radius

[–] [�] [mm]

A Flat N/A N/A
B Concave 90 10
C Concave 60 10
D Convex 90 15
E Convex 60 15
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including mechanical coupling, the permeability ten
sor is recalculated and updated between calculation 
steps, thus accounting for the changes in fiber vol
ume fraction [22]. While the software can also 
simulate heating and curing conditions, the present 
study concerns only the filling simulation.

v ¼
K½ �
l
rP (2) 

The initial stage of this investigation encom
passed a fluid-mechanical coupled finite element 
analysis (FEA, PAM-RTM). The fabric properties, 
listed in Table 1, served as input parameters for ini
tial simulations. A constant resin viscosity of 
0.3 Pa�s, measured via rheology, was applied. Inputs 
into the software included tool geometry, the num
ber of plies, and the uncompressed thickness of the 
fabric, all of which were used in the development of 
a Laminate Mesh (LM) geometry. The laminate 
geometry for the LM approach involves setting the 
element size such that each ply is one element thick. 
Exploiting the flexibility inherent in the simulations, 
a broad range of tool geometries were selected, 
encompassing three diverse sets, detailed in Table 3. 
The outcomes from these simulations were used to 
extract thickness values through the node positions 
at the centerline of the top and tool surface.

All simulations maintained uniform processing 
conditions. Application of vacuum via the outlet 
edge was constant. Simultaneously, a uniform pres
sure was exerted on the top surface, ramping up to 
atmospheric pressure in a span of 90 s. Thereafter, 
this applied pressure was maintained. After 120 s, 
the inlet was opened at atmospheric pressure. 
Subsequently, the nodes on the tool surface were 
rigidly fixed, whereas the remaining nodes were 

constrained in-plane. The simulation culminated 
with complete saturation of the laminate.

Revised compaction and geometry

Results from the first round of simulations revealed 
the need for a refined methodology for predicting 
the final cured geometry (the simple assignment of 
tool geometry and generation of a laminate mesh 
was insufficient). There was deviation from the 
expected compaction behavior when the fabric was 
laid upon the tool: fabric bridging for the concave 
tools and fabric buckling for the convex tools. This 
realization prompted a series of tests to more accur
ately determine the compaction response and 
uncompacted geometry of the fabric on each tool.

Fabric was laid up on the tool and subsequently 
vacuum-sealed within a bag. A pair of pressure sen
sors (Composite Integration, XE-0050-008) were 
connected to the inlet and outlet lines. By control
ling the vacuum level inside the bag, the top surface 
of the preform was measured using the laser 

Figure 3. Experimental configuration for laminate infusion. (Left) Schematic of the laser displacement system. (Right) 
Experimental setup.

Table 3. Tool geometries used in FEA.
Curvature Corner angle Corner radius
[–] [�] [mm]

Set 1: Varying corner angle
Flat N/A N/A
Concave 15/30/45/60/75/90 10
Convex 15/30/45/60/75/90 10
Set 2: Varying corner radius
Flat N/A N/A
Concave 90 10/15/20/25
Convex 90 10/15/20/25
Set 3: Comparison to experimental trials
Flat N/A N/A
Concave 90 10
Concave 60 10
Convex 90 15
Convex 60 15
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displacement sensor. The ply stack was placed under 
vacuum for a minimum of one hour. Then, the 
pressure level inside the bag was increased by 
3400 Pa (1 inHg) in fixed intervals, allowing the fab
ric to stabilize before the next increment. When the 
pressure within the bag equaled atmospheric pres
sure, the process was reversed, increasing the vac
uum level in fixed intervals and allowing the fabric 
to rest between intervals until maximum vacuum 
was reestablished.

Positional data from the laser displacement sen
sor was transformed to thickness data. Combined 
with pressure, a Thickness versus Pressure response 
curve was generated for each tool geometry for the 
intervals of steady pressure. Because the simulation 
software required uniform material properties, each 
geometry was segmented into Flange, Corner, and 
several Edge regions. From the Pressure versus 
Thickness data, a Stress versus Strain response was 
obtained for each region, with the multiple Edge 
regions being averaged into one. The data was sub
sequently fit to derive a stress-strain curve for the 
Corner, Edge, and Flange of each tool geometry. 
Based on previous experience with the software, 
exponential curves were used in the fitting.

The tool surface profile and the preform surface 
at full decompaction were measured and used to 
construct a set of User Defined Geometries (UDG). 
Curve fitting was performed to ensure preservation 
of symmetrical and smooth surfaces for simulations. 
The full curve was subsequently divided into appro
priate regions for each tool geometry, with each 
assigned the Corner, Edge or Flange elastic proper
ties and uncompressed volume fraction. Instead of 
generating the laminate mesh from individual ply 
properties, the UDG was used to generate a 3D 
solid, and then split into elements such that each 
ply was one element thick. The second set of simu
lations used the same processing conditions as the 
LM simulations, as described in the previous 
section.

Results and discussion

In-situ observation

The laser displacement system was used to monitor 
the top-surface position of the laminate during infu
sion, transforming the positional data into thickness 
data. Figure 4 shows a typical data set, for Tool B. 
In Figure 4a, the primary difference arises for the 
‘After Vacuum Hold’ curve, which reveals preform 
decompression during/after resin infusion. 
Inspecting thickness, Figure 4b more clearly shows 
the difference between the various points during 
infusion, revealing marked reduction in thickness, 
both at the corner and along flanks, after vacuum 
hold. Application of vacuum caused a decrease in 
thickness across the entire measurement domain, 
with the average thickness dropping 1.33 mm 
(±0.17) in the flange region and 0.84 mm (±0.05) in 
the corner region. Upon completion of infusion, the 
average thickness reverted nearly to the value prior 
to vacuum pull, increasing by 1.42 mm (±0.28) and 
0.88 mm (±0.08) in the flange and corner regions, 
respectively. As the resin cured, the thickness 
changed due to cure shrinkage, dropping 0.40 mm 
(±0.19) in the flange and increasing by 0.07 mm 
(±0.07) in the corner.

The anticipated difference in thickness between 
corner and flange regions was noted even before ini
tiating infusion. At all stages – prior, during, and 
post-infusion – the thickness at the corner exceeded 
the flange thickness by approximately 5 mm. Once 
infusion concluded, the corner thickness returned to 
the value prior to vacuum pull and remained con
stant post-cure without significant cure shrinkage. 
This finding indicates that infusion introduces less 
variability in the corner region thickness compared 
to the flange region.

Flat laminates produced with Tool A showed 
modest bag inflation, but no major pleating was 
necessary to achieve bag integrity. Parts produced 
on Tool A geometry exhibited the most compaction 
during vacuum pull, and least thickness increase 

Figure 4. Position and thickness data during infusion with Tool B. (a) Laser sensor acquired position data. (b) Thickness data, 
derived from position data.
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during filling. Given the small measuring area and 
the surface structure of the fabric, no significant 
thickness gradient was observed during infusion, 
aside from the expected decompression with the 
infusion of resin.

Analysis of polished sections

Cross-sections of the laminates at centerline are 
shown in Figure 5, with the tool-side facing down. 
Negligible porosity was observed in all parts, except 
for parts produced with Tool C, which exhibited 
voids in corner regions. The concave laminates pro
duced with Tools B and C exhibited the morphology 
expected of concave corner parts – that is, fiber 
bridging, and increased thickness at the corner. 
Note that the fabric in Tool B did not completely 
fill the laminate and showed resin-rich regions on 
both the interior and exterior curve at the corner. 
Convex laminates revealed no significant defects, 
and laminates produced with Tool E maintained 
constant thickness throughout. Tow waviness was 
observed at the corner region in laminates produced 
with Tool D. Based on dry fabric compaction obser
vations, this phenomenon can be attributed to buck
ling and bunching of the fabric at the corner during 
layup.

Simulation

Preliminary FEA simulation outcomes from the 
Laminate Mesh approach are presented in Figure 6. 

Two trends emerged from inspection, both of which 
were expected. First, sample thickness decreased 
from the inlet to the outlet side for all tool geome
tries (Figure 5, Tools A, B). The thickness gradient 
arises from the pressure difference between inlet 
and outlet. Second, parts with concave corners 
exhibited corner thickening, whereas those with 
convex corners exhibited corner thinning. As shown 
in Figure 6a, increasing the corner angle resulted in 
a larger maximum thickness deviation and a wider 
corner region The corner thickness deviation 
increased from 0.8% to 1.5% for concave parts and 
0.5% to 0.8% for convex, while the corner width 
increases from 12.4 to 28.4 mm for concave parts 
and 11.7 to 25.6 mm for convex, respectively 
Conversely, Figure 6b shows that an increase in the 
corner radius decreased the thickness deviation at 
the corner, while expanding the corner region. 
Concave parts had the thickness deviation decrease 
from 1.5% to 0.5%, while convex parts decreased 
from 0.8% to 0.3%; corner width increased with cor
ner radius, from 25.6 to 46.3 mm for both curva
tures. These outcomes are consistent with 
expectations, with larger radius and corner angle 
both result in a larger tool arc, and a less sharp cor
ner reduces pressure effects.

The thickness deviation at the corner was minor 
(0.3–1.5%) compared to the thickness deviation 
observed across the laminate length (16.8%). Even 
the sharpest corner geometry tested, a 10 mm 90�
concave corner, exhibited a maximum deviation at 
the corner that was a small fraction (40%) of the 

Figure 5. Micrograph of the cross-sections for the corner region for all five tool geometries. For Tool A, the center of the 
laminate is displayed. The tool side is facing downwards for all samples.
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thickness difference between inlet and outlet. 
Thickness measurements from laminates produced 
with Tools B and C (shown previously in Figure 4) 
showed a more pronounced thickness increase than 
predicted in simulations. In the following section, 
simulations of these conditions are compared to 
experimental results.

Thickness measurements

Cross-sectional measurements of laminate thickness 
revealed distinctive characteristics, and these find
ings were compared with the FEA results shown in 
Figure 7. Primarily, variations in thickness observed 
in the non-corner regions of the experimental parts 

were detected (both sides of central peak), and these 
were attributed to differences in fabric alignment 
and intrinsic reproducibility challenges associated 
with VI. Additionally, edge tapering was observed 
due to misaligned ply edges, arising from the con
tour radius changing as plies were laid down and 
shifting of the fabric at edges – an effect that was 
disregarded for this study. Hence, measurements 
35 mm from either edge, defined as the ‘inlet’ and 
‘outlet’ locations for subsequent analysis, are indi
cated in the graphs by the dashed circles. Minor 
waviness in the thickness curve was observed in all 
laminates, attributed to the fabric weave.

FEA results predicted a thickness difference of 
0.71 mm between points 35 mm from the outlet and 

Figure 6. Thickness across the centerline of the laminates from FEA simulation using the laminate mesh. (a) Tool geometry 
set 1, varying corner angle; (b) tool geometry set 2, varying corner radius.

Figure 7. Thickness measurements of laminates centerline for all experimental trials, compared with FEA. The ‘inlet’ and 
‘outlet’ points are indicated with enlarged markers. A zoomed-in look at the corner region of the FEA results is also shown.
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the inlet. The part produced using Tool A exhibited 
the most pronounced gradient and demonstrated a 
thickness difference of 0.48 mm, about 1/3 less than 
predicted. An inlet-outlet thickness gradient was not 
detected in experimental trials due to a combination 
of effects from thickness, waviness, and edges.

The trends in simulation results for corner 
regions generally aligned with cross-sectional obser
vations. Concave laminates exhibited a thickness 
increase at the corner. In contrast, convex laminates 
exhibited only small variations in thickness. Tool D 
showed a minor increase in thickness, while Tool E 
presented negligible deviation in thickness at the 
corner. The sample showing maximum deviation, 
produced with Tool B, showed a corner-outlet dif
ference of 5.1 mm, while the simulation predicted a 
much smaller thickness difference (0.27 mm, 18�
less). The findings revealed a major limitation of 
simulations performed using the laminate mesh 
method. These simulations did not accurately pre
dict the final thickness of contoured laminates pro
duced via vacuum infusion.

Modified compaction response

The thickness of the corner region of the preform 
was measured during compaction and 

recompaction. The case for Tool B is shown in 
Figure 8. All regions followed a similar trend, with 
the rate of thickness increasing in a semi-exponen
tial fashion during decompaction. During re-com
paction, the thickness decreased more gradually. In 
general, the Flange region exhibited the lowest initial 
thickness and smallest thickness change, while the 
Corner region exhibited the greatest initial thickness 
and largest thickness change. The thickness of Edge 
regions fell between those of the Corner and Flange, 
and regions nearest the corner exhibited the largest 
thickness deviation. All of these results fall in line 
with expectations, with the fabric bridging, bending 
and bunching at the corner increasing the thickness 
while allowing for more space for compression, 
whereas the Flange region exhibits behavior much 
like the flat laminate, with the Edge regions forming 
a smooth transition between the two responses.

The compiled stress-strain curves for all tool geo
metries are illustrated in Figure 9. As expected, the 
Corner and Edge regions exhibited stiffer responses 
than the Flange region for all tools, and the Single 
Ply test and Tool A were more similar to the Flange 
region than the others, while still being less stiff. 
The contoured tools all exhibited similar responses 
in the Edge region, and likewise in the Corner 
region, except for Tool C, which showed a much 

Figure 8. Process for obtaining the modified compaction results for Tool B. (a) Region positions labeled on Tool B; (b) average 
thickness of the different regions and pressure versus time; (c) thickness of the different regions versus pressure.
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stiffer response. The difference in Tool C was attrib
uted to bridging of fibers, imparting increased stiff
ness. One might expect Tool B, which also exhibited 
bridging, to show a similar response; however, as 
shown in Figure 5B, the fabric did not fully conform 
to the corner, resulting in greater relaxation in cor
ner compression during the pre-infusion stage. The 
stress-strain curves were then used as material prop
erties for subsequent modified simulations.

Modified simulations

To impart greater accuracy to simulations, modified 
compaction response tests were deployed to develop 
a user defined geometry (UDG) for each tool. The 
tool-specific UDGs were used in modified simula
tions to generate predictions and compare with 
those obtained with conventional LM FEA. This 
UDG surface corresponded to the top surface profile 
of the preform, measured when the bag was at 
atmospheric pressure post-decompaction (denoted 
by an asterisk in Figure 8b). Curve-fitting and sym
metry was assigned to the measured profiles to 
develop the UDG surface profiles, for compatibility 
with the software.

Figure 10 shows the measured surface profiles, 
together with the fitted curves employed for the 
UDG FEA simulations and the geometry developed 
using the LM method. The measured contours differ 
significantly from those generated by the LM 
method. For concave tools (Figure 10b, c), the LM 
simulation did not account for fabric bridging at the 
corner, behavior that was exhibited in the measured 
geometry and used in the UDG surface. While less 
pronounced, similar differences were observed in 
the convex tools (Figure 10d, e): the measured 

geometry showed a modest increase in thickness at 
the corner for Tool D, while Tool E showed a major 
deviation from the expected radial arc. In both 
cases, the deviations were attributed to fabric buck
ling and draping issues at the corner observed dur
ing layup. When laying down fabric on the convex 
tools, the innermost plies (closest to the tool), expe
rienced compression, which is then transferred 
through the thickness. Tool E experienced the most 
compression, leading to minor fabric buckling, vis
ible from the profile.

Thickness values generated by the UDG FEA 
simulations were obtained using the nodes at the 
centerline of the tool surface and the top surface, 
following the procedure used for the initial set of 
simulations. These results, plotted alongside the 
experimental measurements, are presented in Figure 
11. A thickness gradient from inlet to outlet was 
again observed. However, unlike the LM simula
tions, the UDG simulations consistently demon
strated the expected corner thickening, which was 
attributed to the geometry of the uncompressed 
laminate, already displaying thickening due to the 
fiber effects during preform layup.

The thickness curve for Tool E did not conform 
to a smooth arc, unlike samples produced with 
other tools. This anomaly was attributed to devi
ation from a circular arc that was measured in the 
uncompressed fabric, illustrated in Figure 10e. 
Although this deviation was not observed in the 
laminate produced with Tool E, the thickness vari
ation of Tool D showed a similar departure from 
the smooth arc.

Values of thickness deviations for relevant posi
tions of the laminates are presented in Figure 12, 
shown as the % deviation from the thickness at the 

Figure 9. Modified compaction stress versus strain responses for the (a) corner, (b) edge, and (c) flange regions of each tool 
geometry. Also included is the single-ply stress versus strain response used in LM simulations.
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Figure 10. Measured, UDG and LM uncompressed surface profiles for the corner region of all tool geometries.

Figure 11. Thickness of UDG simulation vs. experimental results. (a) Plot showing the entire part length, with ‘inlet’ and 
‘outlet’ points labeled, and (b) enlargement of the corner region.

Figure 12. Thickness deviation between (a) the outlet and the inlet and (b) the outlet and the corner.
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outlet. On average, LM simulations predicted a 
thickness deviation that was 0.28� experimental val
ues at the corner, and 1.63� at the inlet, while the 
UDG simulations predicted a thickness deviation 
that on average was much closer to measured values 
(0.91�) at both corner and inlet. In general, the LM 
simulations overpredicted the general thickness 
deviation at the flange regions, and significantly 
under-predicted the corner thickness deviation. The 
UDG simulations predicted a thickness deviation 
that was much closer to measured values throughout 
the laminate length, within 30% in non-corner 
regions, and 20% elsewhere.

Comparing the experimental measurements to 
the UDG FEA simulations, greater accuracy was 
generally achieved in the region of laminate experi
encing thickness deviation due to the corner, 
referred to as the corner width. For concave tools, 
UDG FEA simulations predicted a corner width 7% 
less (±4) than the measured value, while LM simula
tions were less accurate, predicting a width 43% less 
(±3) than measured. The width of the corner area 
of convex laminates was characterized by non-uni
formity of the thickness distribution, and results of 
simulations contained apparent discrepancies. 
Notably, simulations consistently underpredicted the 
thickness of flange regions and of the flat laminate, 
Tool A. At the corner, the simulation predicted 
lower thickness for concave parts, and higher thick
ness for convex parts. These discrepancies arose 
from the difference in compaction effect once the 
fabric was saturated with resin. Resin saturation 
decreased the degree of compression of the laminate 
relative to dry compaction. The decrease was attrib
uted to sharing of the compaction force between 
fabric and resin, affecting both overall thickness and 
thickness in concave regions. In addition, the pres
ence of resin is expected to lubricate fibers, leading 
to nesting, allowing fabrics to conform to convex 
tools and reducing thickness, an effect not 
accounted for in FEA simulations.

In summary, a marked thickness deviation arose 
from corners in laminates produced via vacuum 
infusion, clearly outweighing thickness variations 
caused by the inherent pressure gradient. Material 
bridging at corners resulted in significant thickening 
and largely dictated the geometry of the contoured 
laminates. Minor thickness deviations were observed 
between the initial vacuum pull post-infusion and 
the fully cured stage. Despite a temporary thickness 
gradient emerging upon closure of the inlet and 
outlet, subsequent resin redistribution within the 
part yielded only a slight gradient across the con
toured components. To account for the dominance 
of fiber bridging on thickness deviation, a solution 
was developed by measuring the post-layup 

geometry and using it as the starting geometry for 
the UDG FEA simulations. These modified simula
tions more closely matched the measured thickness 
values.

Conclusions

Process simulations were conducted to predict 
laminate thickness in parts with controlled corner 
geometry. To achieve accurate predictions, the 
method of assigning material properties was modi
fied to account for fiber bridging at corners, result
ing in deviation of <10% from experimental results. 
The results demonstrated a method for using com
mercial FEA simulation software to more accurate 
predict thickness deviations at corners. Refinements 
of this method can be integrated into commercial 
simulation codes and increase accuracy and utility. 
Most VI simulation codes today focus exclusively on 
resin flow, on achieving full saturation, and deter
mining positions of inlet and outlet. The addition of 
mechanical effects in VI simulations can guide 
modification of pre-processing parameters and 
reduce thickness variations in cured laminates, thus 
achieving tighter tolerances. On the other hand, 
achieving greater accuracy in simulations also 
increases preproduction analysis time. Nevertheless, 
computation time is far cheaper than materials and 
labor, particularly for production of large parts.

While greater accuracy was achieved with the 
User Defined Geometry method than with the sim
ple Laminate Mesh method, refinements to the 
method are required to further increase simulation 
fidelity. Alternative methods of segregating the cor
ner region into distinct regions with different com
paction response, or increasing the number of 
regions to achieve a more continuous effect within 
the simulations may also present advantages. 
Integration of draping simulations with finite elem
ent codes for VI process simulations can be lever
aged to increase predictive accuracy of geometry 
features. For example, simulation of fabric draping 
during layup and initial vacuum pull will more 
accurately predict initial laminate geometry, which 
can be used as the UDG to simulate final part thick
ness, eliminating the need for post-layup fabric 
measurements. The present investigation focused 
only on the filling stage, neglecting potential geo
metric changes occurring during post-filling and 
curing. Such deviations were observed in experi
mental trials, and while minor, efforts to simulate 
such changes [23] are expected to be useful. FEA 
simulations may benefit from future efforts to gauge 
the wet compression response of fabrics. Finally, 
examination of specific responses for non-woven, 
unidirectional, or non-crimp fabrics is expected to 
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yield valuable insights and broaden utility of process 
simulations.

High areal weight fabrics are often used for vac
uum infusion, but do not readily conform to sharp 
corners. Given that the pre-infused preform thick
ness distribution was shown to dominate the post- 
cured part thickness for concave parts, efforts to 
leverage techniques to increase uniformity during 
layup may be beneficial. As reported in previous 
studies, convex corners exhibit greater thickness 
uniformity than concave corners, and as such are 
preferred when possible. Methods to increase fabric- 
tool parity at corners, such as preform binders and 
pressure intensifiers, are almost mandatory, particu
larly in cases where large concave curvatures cannot 
be avoided.
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