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Abstract. This paper aims to use artificial technologies to measure flow variables and 
parameters for Resin Infusion (RI). In particular, in this paper are used visible cameras 
to sense the interesting aspects of study from the filling process stage. In [1], the CCD 
sensor was considered as a matrix of nodes that produces a space discretization. Then, 
it is possible to define a camera vision sensor as a space discretizer with Finite 
Elements. It produces a direct relationship between the FEM and the real process.  

This work pretends to explore novel ways for variables and parameters measurement 
relates to resin flow behavior onto the several fiber reinforcements by means of 
artificial vision techniques. These techniques could be useful in the industry for large 
composite parts for measurement, monitorization and control of resin infusion (RI) 
processes. Before use it, artificial vision system must be calibrated to allow online 
measurements that corresponds to real distances. In this paper, machine vision 
algorithms are developed which allow the applications below. First, computes the real 
flow front shape and position. Next, for the anisotropic fiber reinforcement case, the 
flow front has a particular shape, that is, an ellipse shape. It has a direct relationship 
with the permeability of the fiber reinforcement. Then, the machine vision makes a 
pattern recognition that measures the main and secondary axis of the ellipse in each 
instant of time during a filling mould. 

Artificial vision techniques also allow measuring one of the main interesting topics in 
LCM processes, the non-saturated zone. This zone is defined between the wet and dry 
zone. The length of this zone has an important role in the final properties of 
manufacturing part because has a direct relationship with the void formation during the 
filling stage, [2]. Along this paper, some experimental results are shown. 
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1 INTRODUCTION 
Liquid Composite Molding (LCM) is a group of manufacturing processes widely 

used in the industry. The techniques in LCM most commonly referred in the literature 
are RTM (Resin Transfer Molding), LRI (Liquid Resin Infusion), RI (Resin Infusion) or 
VI (Vacuum Infusion), VARTM (Vacuum Resin Transfer Molding). These processes 
are commonly used in aeronautics, automobile industry, water sports, civil engineering, 
and aeolian industry.  

In Resin infusion RI process, one tool face is made of transparent flexible film. Resin 
infusion process can be utilized in low cost open molds with vacuum bags in nylon or 
silicone due to its low pressure conditions. 

Currently several different research works treat the simulation of the manufacturing 
process so they effort regards to obtain characterization of materials (thermal kinematic 
of resin, permeability of reinforcement, compaction, rheology, etc). This information is 
obtained with different sensor technologies. In attention for it, we want doing in the first 
section a deep revision of the state of the art about the flow sensing. Moreover we will 
focus in the resin impregnation and void formation mechanisms in a given part.  

In the second section, this paper reviews some fundamentals and does an interesting 
analysis related to the usefulness of visible and thermal (IR) spectrum digital cameras 
and artificial vision that can be used in LCM process. In this work it is developed useful 
experimental novel approaches to prove that artificial vision and last generation sensors 
help understanding and analyze the physical phenomenology in the porous media.  

The third section presents an experimental approach based on AV for the filling 
mould stage in VI (Vacuum Infusion) process. The goals are first: to develop an 
experimental setup for AV which calibrating dimensions of real mold and CCD camera 
for monitoring the elliptical flow front shape. Second: experimental measurement 
approach of the principal axis of the ellipse that generates the flow evolution into the 
anisotropic fabrics. Third: the measurement of the unsaturated flow zone that is a gap 
between saturated and unsaturated resin flow front.  

1.1 Resin impregnation studies at the flow front during injection 
The quality of composite parts is strongly dependent on the percent of macro/micro-

voids contained [3]. The micro-pores are defined as the interstitial spaces between the 
filaments in the fiber tows, while the macro-pores are the gaps between the tows [4]. As 
the resin impregnates a dual-scale porous media it will fill the empty spaces between the 
tightly packed fiber tows at a much faster rate than the empty spaces within the fiber 
tows. Consequently, the macroscopic resin front can be downstream, while the fiber 
tows are still continuing to saturate upstream [5]. Therefore, they do a well description 
of the flow regions corresponding to single and dual-scale mediums. For single- scale 
preforms there is only one flow region of length Ls, since every portion of the fabric is 
always fully saturated. Nevertheless, for dual-scale preforms there are two different 
flow regions: one is the fully-saturated zone of length Ls, and the other is partially-
saturated zone of length Lus, in which the region between the tows may be fully 
saturated, but the fiber tows are only partially saturated. Manufacturing practice 
addresses the dual scale filling by allowing the resin to bleed out of the vent for 
sufficient amount of time, maximizing the chances of tow saturation [5]. 

In [2] presents the examination of the capillary number as evidence of a non-
saturated zone, characterized by a critical length which was defined in [6] and redefined 
this length in [7]. At level of the flow front, due to the non-saturation of the 
reinforcement, it becomes imperative to take into account the contribution of the 
capillary pressure.  Therefore, the analysis of the flow through a fibrous medium can be 
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done using the critical length, which evaluates the importance of the capillary effect 
during the wetting of the reinforcement. This effect depends on the capillary number 
and the type of reinforcement [2]. By increasing the inlet pressure or by increasing the 
radius of the inlet can be reduced the critical length [7]. Suggest it that these variations 
influences on the impregnation velocity rate at the unsaturated flow zone. Indeed, 
investigators have observed that the infiltration velocity influences the formation and 
location of the voids in the part [8]. This is well explained by the two types of forces 
that induce the motion of the fluid trough the dual-scale porous media: the viscous and 
the capillary forces. This means that the impregnation velocity at any time and position 
should ideally be the one that minimizes the micro-scopic and macro-scopic voids 
content [3].                 

In most recent times know us a interesting and research work that studies the 
impregnation and level saturation phenomena using cameras [9]. However, concludes 
between other things that the beginning assumptions for the impregnation model cannot 
be validated experimentally. Therefore, in order to understand the impregnation 
phenomena requires more research and scientific knowledge.  

The other hand, in [10] formation of voids in woven fabrics is quite different then in 
mats or non-woven fabrics.  

1.2 Flow-sensing technologies  
In previous research works have been used several kind of sensors in order to flow 

monitoring and characterization of preforms. Usually two manufacturing stages 
concentrate the monitoring: filling mould and cure stages. In [11] is considered one of 
the concerns in RI process, especially when making large integrated co-cured structures 
with varying thickness, is the knowledge of the resin flow front location at all times. 
The critical aspect of a RI process is to ensure that the perform (fibers) is completely 
wetted by the resin. In addition during the infusion of a large and complex part where 
there are multiple resin and vacuum ports, an optimal infusion strategy can be adopted 
based on the feedback on the location of the resin front [12,13]. Sensing technologies 
for in-process monitoring  for control of closed-mold techniques were presents in [14] 
as also on this same subject show the several applications of flow sensing [11,15]  

Literature make mention of several flow sensing technologies for monitoring, 
sensing and controlling [16] the LCM process as well as is mentioned any sensors with 
constraints [17].  

Pressure sensors [18,19] have high signal-to-noise ratio (SNR), but suffer with the 
problem of localized sensing and are intrusive. Conductive sensors [20]can address 
multi-location sensing but has low SNR due to electromagnetic interference. However, 
these sensors cannot be used in conductive medium, like carbon [11]. Dielectric sensors 
[21-23]are easy to implement but pose the problem of localized sensing and 
intrusiveness. Time domain Reflectometry (TDR) sensors [24,25] are very good for 
multiple location sensing but require costly instrumentation. By ultrasonic sensors [26] 
concludes that ultrasonic techniques are applicable to determine the flow front 
localization  during injection as well as monitor the cure behavior of the  resin. Micro-
thermocouples [15] senses the flow front using heated resin previously to the injection. 
Optical fibre [27] or fiber optic sensor [11] based on Fresnel reflection is used to detect 
the resin flow front during a plate infusion process under industrial environment; in fact, 
this was a novel direct approach to detect resin front. Besides there exist other 
techniques to monitor and sense indirectly resin front and degree of cure, as for instance 
LDC (Linear Direct Current) method developed in [28]. Digital cameras, which is 
tackled below at the second section.  
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Therefore, a conformed intrusive network by punctual flow-sensors, it is able to 
provide useful information on the flow front location in function of the temperature or 
pressure local changes as well as acoustic, electrical or light level changes. For this 
sensor networks, resolution depends on how flow sensor there is per units of area. 
However, there is many concerns with the location of intrusive sensors since they can 
affect adaptive control and the resulting filling pattern and, therefore, the final quality of 
the part [29]. Normally, sensors are not involved for simulating the end mechanical 
properties as well as the implications of the intrusiveness in the quality of the finished 
part.  

The overall analysis of the state of the art in sensing flow technologies above suggest 
that despite of many efforts to monitor, sensing and controlling as well as it be able to 
perform modifications at the flow front behavior during processing; there is no reliable 
system able of achieving the consistent production of high quality parts. Moreover, 
LCM manufacture process requires better understanding of the physical phenomena 
related to the flow front behavior on the fibrous means in order to develop effective 
industrial controls with feedback and predict the optimum processing parameters to 
manufacture high quality parts in a productive way. In [23] mentioned it issues. 

2 ARTIFICIAL VISION TECHNOLOGIES AND DIGITAL CAMERAS 
Currently, the use of artificial vision is growing in LCM process. In this sense, 

manufacturing process with the top half-mold semi-rigid or transparent as VARTM 
(Vacuum Assisted RTM) or VI (Vacuum Infusion), top half mold was rigid, (RTM), 
and it is cannot observe the flow moving through them. Then, this kind of camera 
sensor, focalized for visible spectrum has been introduced in LCM process with semi 
rigid mold recently [18,30,31]. In that research works, the camera was used as a flow 
presence sensor matrix. In [18,30], the artificial vision is used as a sensor of the on-line 
control system of flow front movement. In [30] determines an approximated 
correspondence between pixels and the mesh nodes used for the on-line simulation. In 
[31], two cameras calibrated previously were used for measuring the thickness 
variations that appears in the VI process due to the local pressure variations.  

Digital cameras [32] have also been employed for the real time resin flow monitoring 
with suitable image processing techniques[11]. A combination between CCD and 
projector develops in [15] allow to assess the progress of the resin front by measuring 
the swelling (changes of thickness) of the perform during infusion. In this sense, [33] 
proposed an Artificial Vision Package (AVP) based on the laser scanner and spectrum 
visible and thermal CCD for accurately measuring the changes of the thickness and 
monitor the flow front progress during resin infusion for 2.5D parts. Other works has 
used this kind of sensing for instance in [18,30,31].  This work [9] treats using the 
brightness and light camera parameters to validate their studies about the impact of 
capillary pressure and air entrapment on fiber tow saturation during VI. They finished 
that work without quantitative results only qualitative.  

However, literature reports as one of the reasons why sensing technology not is 
extended widely in laboratories; non-in industries due to its scheme require the mould to 
be transparent or accessible to the camera. So far, it has represented a difficult to use 
digital cameras for instance in large complex structures where resin arrival detection is 
necessary at critical location (e.g. skin –stiffener interface) inaccessible to the camera. 
Nevertheless, the mould complexity for real 2.5D resin infusion process can be easily 
solved including multiple cameras and calibrated them with stereovision techniques 
[33]. As result, a 2.5D mould mesh is obtained where the camera vision acts as Finite 
Element mesher and process sensor simultaneously.  
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Our previous works have aimed in order to achieve an artificial vision system to link 
the computational and real framework [33] which improves the approach proposed in 
[1]. Other works relates or make allusions to AV in LCM process has been presented 
such as [33,34] 

From just above could be deduced that AV systems in LCM process would be 
sensing technologic contributions simply, if not offers it, substantial improvements in 
the understanding and the process analysis. Therefore, AV should be associated to 
techniques and algorithms of optimum computation that allows use the sensing 
information.  

2.1 Multispectral Artificial Vision Systems 
Cameras for using in Artificial vision works in visible spectrum. In other words, they 

can see things than the human eye would be able to see. This is explained because the 
CCD is able to receive signals-stimulus with wavelengths in the visible spectrum. 

Acquire images out of visible spectrum range; there exist other kind of cameras, 
which allows things seeing that the human eye cannot see them. Cameras able to work 
for all spectral ranges are known as multispectral cameras. For example, IR spectral 
range usually allows measuring the objects temperature. Normally, these cameras are 
known as thermal cameras and operate over wavelengths of 14000nm.  

Literature reported that thermal cameras [35,36], is mean Infrared vision has 
employed for NDT (Non Destructive Test) in end parts in order to mechanical properties 
testing. However, literature not presents that it kind of technology has been used for 
sensing the flow front evolution during the filling mold stage.  

2.2 Calibration  
In [37] explain the 2D projective transformation, in other words an homographic that 

is done in order to calibrate 2D planes with CCD camera for ensuring that both 
dimension mould and CCD matrix has a rate of correspondence and proportionality 
geometry.  

In order to use an AVP system or multiple AVPs in the same mould [33], the must be 
calibrated previously even for each AVP. For this purpose, some points are marked in 
the mould, which must be detected, by all of this sensor devices, camera vision, 
projector and thermal camera. The technique used to calibrate the system in case of 
2½D moulds is called “eight points algorithm” [37]. For the case in-plane is better and 
most suitable the 2D homography algorithm. 

As the mould that is used in the tests is plane then suitable algorithm is 2D 
homography for our work. This algorithm is a projective transformation which is 
defined by the equation (2): 

൥
ଵ´ݔ
ଵ´ݕ
݇

൩ ൌ  ቎
ℎଵଵ ℎଵଶ ℎଵଷ
ℎଶଵ ℎଶଶ ℎଶଷ
ℎଷଵ ℎଷଶ ℎଷଷ

቏ ቈ
ଵݔ
ଵݕ
݇

቉  (1) 

 
In (2) interests to find the nine elements hn which are the parameters to estimate for 

calibrating both real world coordinates and pixel of image. Matrix H is homogeneous, 
kH also would be a problem solution. Therefore, it is possible divides each element of 
H among h33 to obtain an eight elements matrix. Then, with h33=1 equation (1) can be 
written as following:  
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Where, x´ and y´ (in centimeters) are the values in the x- axis and y-axis for the real 
world lengths; x and y are the pixel values for each image. H is the calibration matrix 
which hn elements are computed. It allows that using the 2D homography algorithm 
such as (2), it is able to perform metrology to plane moulds by means of AV.  

3 EXPERIMENTATION 

3.1 Experimental setup for artificial vision in the LCM processes  
The visible spectrum camera transfers the acquired images to PC (via fire-wire – 

400Mbps/s.) which are calibrated images with the mold. 
 

 
Figure 1 The experimental setup consisted of a transparent glass mold, whose dimensions are (120x120). 

cm. The glass fiber fabric was placed on it. 

Camera is located above the mold; lens set can be handled in order to change the 
field of view. The Figure 1 shows the suitable experimental setup to perform the tests 
proposed here. The complete workstation consists of mold, resin pot, vacuum pot, 
vacuum pump, projector, visible and thermal (IR) spectrum cameras (W/B) with 
firewire-built-in port, personal computer (PC), and RI raw materials for either lab test or 
industrial manufacturing.  
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3.1.1. Materials for test and industrial conditions 
Figure 1 shows the raw materials used for both to infuse a mold and manufacture 

conditions. A successful AV system is conditioned to light quantity that captures it. 
Normally, industries have not controlled the light quantity during their manufacturing 
processes. For these above reasons, the tests were developed with uncontrolled light 
quantity. Therefore, the developed algorithms could be taken out from lab and they 
could be useful, for instance in the industries for the abovementioned applications.  

The main concern when we started this work was the light quantity captured by 
camera. This situation allow us to know more about the raw materials which are used in 
manufacturing processing and we are able to solve the high light quantity that the fiber 
glass fabric captures and so, it reflects towards the optic lens and CCD camera. Infusion 
mesh has been the solution. It is rather used always in the last ply as a resin distributor.  

For the AV systems is essential a great homogeneity of the light diffusion on the 
experimental setup as well as setting-up of the saturation and brightness suitable levels 
in the camera parameters in order to obtain the best images which detect the resin flow 
front evolution in the scene. 

Therefore, several radial injection tests have been performed to obtain the 
abovementioned goals. Tests were done using of one ply of reinforcement fiber glass 
fabric with orientation +90/-90 and epoxy resin. Images have been captured by means 
of Camera Marlin 145B2 with the picture size of 1392 x 1040 pixels.  

Figure 1 illustrates the raw materials which were used in the tests. The typical radial 
injection test was conducted several times. Resin flows from the injector gate of the 
mold towards vent gate which wets the fiber glass fabric and other materials.  

3.2 Monitorization of the elliptic flow front during injection process 
At the beginning research, we saw the possibilities with AV to monitor the progress 

of the elliptical flow front in order to make a study of the impregnation and the flow 
progress. Figure 15 shows the flow elliptical shape during a real RI injection process. 
Figure 16 is the 3D representation of the image in the Figure 15. It was obtained by 
analysis and processing images software. Therefore, at first sight we can means that the 
gray level plays a fundamental role if we want to study the flow movement and the 
associated saturation issues. This idea is taken into account and taken advantage for 
develop the following experimentation. 

3.2.1. Novel approach for experimental pattern recognition of the flow 
elliptical shape 

The Table 1 shows the processing image for an application of AV systems for the 
flow pattern recognition, which is absolutely novel in this area. The tests were 
conducted for an anisotropic reinforcement as shows Figure 1. The gray levels for each 
image are the reference that monitories the mold at every time. This novel approach 
opens an unexplored way in order to obtain reliable reinforcement characterizations 
with a given resin matrix among other applications of usefulness.  

This part of work presents a algorithm for experimentally detecting the flow elliptical 
shape which is described in Figure 13 and Table 1.The Table 1 summaries the 
experimental pattern recognition of the flow front evolution and its corresponding to 
computed elliptical contour.  

In the Figure 13 is shown the algorithm steps for recognizing the elliptical flow front 
or shaped contour sensed by means of a visible spectrum camera. In this sense, the 
Figure 2 illustrates an empty mold then is an important input for the algorithm because 
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about length, area and so on, it can be done on the mold using the AV system calibrated 
correctly.  

Success for optimum and efficient recognizing of the flow front evolution at every 
time depends on the processing image chosen. The described algorithm is very efficient 
since is very quickly and low cost computational.  

3.3  Measurement of the main parameters of the elliptical flow front 
According to the Figure 11, it ensured the monitoring and recognition of the contour 

flow front by the developed algorithm, seeing Table 1. 
Then, it can be measured the length of the main axis and its orientation angle for the 

elliptical flow, as shows the Figure 12. With yellow color are drown or overlaid both 
major (a) and minor (b) axis in the corresponding temporary image. The computes of 
the coordinates that represents average fitted ellipse are drown with red color just 
around the flow front. For it, the performed process is described as following:  

 
Where,  
 
ԕE, ellipse orientation angle 
 
ሺ࢞ࢇ,  .ሻ, ordered pair that defines major axisࢇ࢟
 
ሺ࢞ࢉ,   ሻ, ordered pair that defines centerࢉ࢟
 
ሺ࢞࢈,  ሻ, ordered pair that defines minor axis࢈࢟

Figure 12 Relationship between ellipse main parameters defined by analytical equations and elliptical 
flow front evolution  

The equations (3) to (7) shows the mathematical formulation that has been used for 
computing the ellipse main parameters; where each variable is defined in the Figure 12:  

 
ா׎ ൌ ݊ܽݐܽ ቂ௬ೌି௬೎

௫ೌି௫೎
ቃ, For computing ellipse orientation (3) 

 

ܽ ൌ ටሺݕ௔ ൅ ௖ሻଶݕ ൅ ሺݕ௔ ൅ ௖ሻଶݔ ;  Computes the major axis length (4) 

 

ܾ ൌ ටሺݕ௕ ൅ ௖ሻଶݕ ൅ ሺݔ௕ ൅ ௖ሻଶݔ ; Computes the minor axis length (5) 

 
Equations (6) and (7) allow computing the ordered pairs or coordinates x and y 

rotated  ா grades respect the x-horizontal axis.  
 

כݔ ൌ ݔ cos ா׎ ൅ ݕ sin ா׎ ൅  ௖;  (6)ݔ
 

כݕ ൌ െݔ sin ா׎ ൅ ݕ cos ா׎ ൅  ௖ (7)ݕ
  
If is done the measurement of the main axis and angle of the ellipse then it is able to 

obtain the ellipse characterization theoretically, which means to identify the main 
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parameters of elliptical flow front: major axis, minor axis and angle from the 
monitoring by the visible camera. Experimental results are shown in the Figure 13 and 
in Figure 14. 

 

Figure 13 Steps for measuring the ellipse main parameters by AVP 

Theoretically, elliptical flow front should be oriented 13,1º since it is the 
manufacture information. However, experimentally it has obtained 30º which is rather 
stable for all filling mould stage. This result confirms the current issue related to the 
reliability about the characterization parameters measured by means of other methods. 
Therefore, it highlights the importance to use an optimum and effective sensor (camera) 
and the efficient algorithms which defines a robust AV system.  
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process, scientist have demonstrated that the flow front velocity affects the quality of 
the finished part. Flow front velocity changes with the injection flow rate or pressure.  

 

Pi
xe

l g
ra

y 
Le
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l  

 
Injector gate zone 
 
 
Saturated zone 
 
 
Unsaturated length zone 
(Lus) 
 
Dry zone 

 Sampling by green line segment 

Figure 17 Flow front cut for explaining the saturation zones in order to measure Lus 

Therefore, unsaturated zone length depends on the injection flow rate or pressure 
strategy. The Figure 17 shows the graphic Pixel gray level =f (Green radio-vector 
length), where also illustrates the different impregnation zones such as it defined for 
this test and in contrast with the literature. Lus is measured ten (10) times on the same 
elliptical temporary flow front taking account the drop down on the shortcut profile 
performed with the green line for each computed angle (a green line or radio-vector 
turns from 0º until 360º to go round every angular profile into the ellipse). 

Results are shown in Table 2, and Figure 27. The graphics Lus =f(θ) for each instant 
of time shows the Lus dispersion relate to the physic phenomenology (gradients of 
pressure, nature of fabric, crease noise, among others) around the flow front. 

The analysis of the Table 2 for the instant of time 1300, it is also performed for two 
more different instants of time in the same filling mould process. Instants of time 348 
and 725 have been analyzed and the unsaturated flow length measured by the steps 
shown in Figure 27 and Table 2.  

In the second column in the Table 2, it has performed a reverse function which 
inverts the pixel values in the image of the Figure 18 which produces a photometric 
negative of the original image. This handle allows improving the contrast for plotting 
the gray levels against length (cm); seeing it in Figure 19, Figure 21,Figure 23 and 
Figure 25. 

The mean value of Lus during the instant of time 348 is 3,88cm. For the instant of 
time 725 is 4,48cm, and for the instant of time 1300 is 4,53cm. The mean value Lus 
during filling mould increases as a function of the distance from injector to the flow 
front unsaturated. Moreover, the Lus presents light variations as a function of place on 
the flow front where is measured it; however, Lus keeps in a narrow range, among 3 and 
7,5cm approximately.  

The analysis of above results, allows confirm that using cameras helps to monitor, 
understanding and measuring the flow front evolution as well as studying the 
impregnation phenomena. 
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Instant at the Flow front Shorcut green line to θ Gray level (0-255) profile against length (40 
cm) for line to θº 

 
Figure 18 Instant 1300 

 
Figure 19 θ= 0º Figure 20 θ =0º. 

 
Figure 21 θ= 90º Figure 22. θ= 90º 

 
Figure 23 θ= 180º Figure 24 θ= 180º 

 
Figure 25 θ= 270º Figure 26 θ= 270º 

Table 2  Profile of the unsaturated flow zone length taking shortcut across the flow front for instant 1300 
by the green line. It is a off-line analysis  

 

 

Figure 27 Graphic of Lus =f(θ)) for instant 1300 
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5 CONCLUSIONS  
In this paper, the first section proposed a deep revision of the state of the art about 

the flow sensor technologies and the resin impregnation and void formation 
mechanisms in LCM manufacturing process. As result of the literature review it can be 
highlighted that currently, both the digital cameras and AV technologies have been very 
little unexplored and almost unknown in the LCM field.  

In the second section, this paper reviewed some fundamentals and it proposed an 
interesting analysis and illustrations related to the usefulness of visible and thermal (IR) 
spectrum digital cameras and artificial vision to open minds in order to see the cameras 
and artificial vision as a great opportunity for scientist and development engineers in the 
manufacture industry whose object of work uses LCM process. Moreover, cameras 
decreases tooling integration costs and improve spatial resolution by means of the use of 
stereovision techniques which allows that millions of sensing elements with a single 
input/ output port monitories the mould and the manufacturing process. Cameras and 
Artificial Vision involves these advantages as well as the non-intrusiveness ensures 
reliable-end parts. 

The third section proposed for the filling mould stage in RI (Resin Infusion) process 
a novel experimental approach based on AV Systems. The experimental goals in the 
present paper has been achieved by the development of an experimental setup for AV 
which was calibrated for the real mold dimensions and the CCD camera in order to 
monitor the elliptical flow front behavior with the suitable brightness and contrast for 
carrying out it in both labs and industrial conditions.  

Latter, it was presented the novel experimental measurement approach of the main 
elliptical flow parameters when resin is injected in the anisotropic fabrics. In this sense, 
it was also presented the novel approach for experimental pattern recognition of the 
elliptical shape of the resin flow for each instant of time during a filling mould stage. In 
addition, the last task developed for this work was the measurement of the unsaturated 
zone length by the CCD camera gray levels.  

These measurement approaches could be applied to the LCM process in order to go a 
bit deep in the study of the impregnation phenomenon, monitorizing the unsaturated 
length to control the injection parameters for instance the flow front velocity, pressure 
or estimates of void content during a manufacturing process.  

Therefore, future works could be conducted taking accounts the following aspects: 
 
• In order to involve thermal cameras for measuring interesting aspects relates to the 

temperature as well as in the filling time stage and cure time stage. Thermal 
cameras could be used for detecting; monitoring and measuring the flow front and 
cure temperature. Besides camera with a suitable setting up could detect the defects 
and preparations of mould carried out with error or omissions. For example, 
applications of suitable plies of demolding and protection products are very 
important in order to ensure an easy demolding of the end part which is going to 
avoid future damages in the mould.  
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• Developments of the discretization mesh which allows computing the arrival time 
of the flow front and its real location by the associated nodes in the mesh. It would 
be interesting to measure flow front location as a function of vent gate in order to 
monitoring towards a robust and RT- Real Time control systems in LCM process to 
yield high-quality parts. In this sense, it should be able to monitor a manufacture 
industrial part completely (i.e. boat, automotive application, etc). 

• Artificial vision could be used to study the kinematic of void content and air 
bubbles. The unsaturated flow zone is the better indicator the void content of the 
part at moment. This knowledge is very important to detect the fails during the 
manufacture processing and it could contribute to increases the techniques for 
minimizing these issues. Achieving void content measurement in real time. When 
the air entry inside the mold being able to detect the void content and during 
estimates it for RI process in order to minimize this issue. Moreover, monitorizing 
the unsaturated length at the flow front is very useful in order to estimate and 
controlling the velocity. 

• If the every manufacture conditions are sufficiently known then for predicting the 
filling time of a mould. 

For the above explorations and results about artificial vision and flow sensing 
technologies based on digital cameras applied in composites, it proves could be a fertile 
research field.  

REFERENCES  
 [1]  N. Montés, F. Sánchez, and Tornero J., Numerical technique for the space 

discretization of resin infusion mould sensing with artificial vision, ESAFORM 
11th - International Journal of Material Forming, Lyon (France), Vol. 1, pp. 
923-926, 2008. 

 [2]  M. Hattabi, J. Echaabi, M. O. Bensalah, J. Bréard, and A. Saouab, Flow 
Analysis during On-line and Radial Injection Applications in Permeability 
Measurements, Journal of Reinforced Plastics and Composites, Vol. 24, No. 18, 
pp. 1909-1920, (Dec.2005). 

 [3]  E. Ruiz, V. Achim, S. Soukane, F. Trochu, and J. Bréard, Optimization of 
injection flow rate to minimize micro/macro-voids formation in resin transfer 
molded composites, Composites Science and Technology, Vol. 66, No. 3-4, pp. 
475-486, (Mar.2006). 

 [4]  N. Patel and L.James Lee, Effects of fiber mat architecture on void formation 
and removal in liquid composite molding, Polymer Composites, Vol. 16, No. 5, 
pp. 386-399, (1995). 

 [5]  F. Zhou, N. Kuentzer, P. Simacek, S. G. Advani, and S. Walsh, Analytic 
characterization of the permeability of dual-scale fibrous porous media, 
Composites Science and Technology, Vol. 66, No. 15, pp. 2795-2803, 
(Dec.2006). 



U. Pineda, N. Montés, L. Domenech, and F. Sánchez 
 

 16

 [6]  P. Z. Wong, Flow in Porous Media: Permeability and Deplacement Patterns, 
MRS Bull, pp. 32-38, (1994). 

 [7]  J. R. Weitzenböck, R. A. Shenoi, and P. A. Wilson, Measurement of three-
dimensional permeability, Composites Part A: Applied Science and 
Manufacturing, Vol. 29, No. 1-2, pp. 159-169, (1998). 

 [8]  J. Bréard, Henzel Y, F. Trochu, and R. Gauvin, Analysis of Dynamic Flows 
Through Porous Media. Part I: Comparison Between Saturated and Unsaturated 
Flows in Fibrous Reinforcements, Polymer Composites, Vol. 24, No. 3 (June3 
A.D.). 

 [9]  J. M. Lawrence, V. Neacsu, and S. G. Advani, Modeling the impact of capillary 
pressure and air entrapment on fiber tow saturation during resin infusion in 
LCM, Composites Part A: Applied Science and Manufacturing, Vol. 40, No. 8, 
pp. 1053-1064, (Aug.2009). 

 [10]  J. S. Leclerc and E. Ruiz, Porosity reduction using optimized flow velocity in 
Resin Transfer Molding, Composites Part A: Applied Science and 
Manufacturing, Vol. 39, No. 12, pp. 1859-1868, (Dec.2008). 

 [11]  N. Gupta and R. Sundaram, Fiber optic sensors for monitoring flow in vacuum 
enhanced resin infusion technology (VERITy) process, Composites Part A: 
Applied Science and Manufacturing, Vol. 40, No. 8, pp. 1065-1070, (Aug.2009). 

 [12]  S. Bickerton, H. C. Stadtfeld, K. V. Steiner, and S. G. Advani, Design and 
application of actively controlled injection schemes for resin-transfer molding, 
Composites Science and Technology, Vol. 61, No. 11, pp. 1625-1637, 
(Aug.2008). 

 [13]  O. Restrepo, K. T. Hsiao, A. Rodriguez, and B. Minaie, Development of 
adaptive injection flow rate and pressure control algorithms for resin transfer 
molding, Composites Part A: Applied Science and Manufacturing, Vol. 38, No. 
6, pp. 1547-1568, (June2007). 

 [14]  J.Summerscales, In-process monitoring for control of closed-mold techniques 
for the manufacture of thermosetting matrix composites, in In Advanced 
Polymeric Materials - Structure and Property Relationships. Ed.G.O.Shonaike 
and S.G.Advani, Ed. Boca Raton, FL: CRC Press LLC, pp. 57-101, (2003). 

 [15]  P. Wang, S. Drapier, J. Molimard, A. Vautrin, and J. C. Minni, Characterization 
of Liquid Resin Infusion (LRI) filling by fringe pattern projection and in situ 
thermocouples, Composites Part A: Applied Science and Manufacturing, Vol. In 
Press, Corrected Proof (Sept.2009). 

 [16]  M. Devillard, K. T. Hsiao, and S. G. Advani, Flow sensing and control strategies 
to address race-tracking disturbances in resin transfer molding--part II: 
automation and validation, Composites Part A: Applied Science and 
Manufacturing, Vol. 36, No. 11, pp. 1581-1589, (Nov.2005). 

 [17]  G. Tuncol, M. Danisman, A. Kaynar, and E. M. Sozer, Constraints on 
monitoring resin flow in the resin transfer molding (RTM) process by using 



U. Pineda, N. Montés, L. Domenech, and F. Sánchez 
 

 17

thermocouple sensors, Composites Part A: Applied Science and Manufacturing, 
Vol. 38, No. 5, pp. 1363-1386, (May2007). 

 [18]  D. Modi, N. Correia, M. Johnson, A. Long, C. Rudd, and F. Robitaille, Active 
control of the vacuum infusion process, Composites Part A: Applied Science and 
Manufacturing, Vol. 38, No. 5, pp. 1271-1287, (May2007). 

 [19]  S. Amico and C. Lekakou, An experimental study of the permeability and 
capillary pressure in resin-transfer moulding, Composites Science and 
Technology, Vol. 61, No. 13, pp. 1945-1959, (Oct.2001). 

 [20]  Uday K Vaidya, Nitesh C Jadhav, Mahesh V Hosur, John W Gillespie Jr, and 
Bruce K Fink, Assessment of flow and cure monitoring using direct current and 
alternating current sensing in vacuum-assisted resin transfer moulding, Smart 
Mater. Struct., Vol. 9, pp. 727-736, (2000). 

 [21]  Alexandros A Skordos, Panagiotis I Karkanas, and Ivana K Partridge, A 
dielectric sensor for measuring flowin resin transfer moulding, Meas. Sci. 
Technol., Vol. 11, pp. 25-31, (2000). 

 [22]  M. Danisman, G. Tuncol, A. Kaynar, and E. M. Sozer, Monitoring of resin flow 
in the resin transfer molding (RTM) process using point-voltage sensors, 
Composites Science and Technology, Vol. 67, No. 3-4, pp. 367-379, (Mar.2007). 

 [23]  Anne Laurent-Mounier, C.Bienétruy, and Patricia Krawczak, Multipurpose 
carbon fiber sensor design for analysis and monitoring of the resin transfer 
molding of polymer composites, Polymer Composites, Vol. 26, No. 5, pp. 717-
730, (2005). 

 [24]  A. Dominauskas, D. Heider, and J. W. Gillespie, Electric time-domain 
reflectometry sensor for online flow sensing in liquid composite molding 
processing, Composites Part A: Applied Science and Manufacturing, Vol. 34, 
No. 1, pp. 67-74, (Jan.2003). 

 [25]  A. Dominauskas, D. Heider, and J. Gillespie, Electric time-domain reflectometry 
distributed flow sensor, Composites Part A: Applied Science and 
Manufacturing, Vol. 38, No. 1, pp. 138-146, (Jan.2007). 

 [26]  E. Schmachtenberg, J. Schulte zur Heide, and J. Töpker, Application of 
ultrasonics for the process control of Resin Transfer Moulding (RTM), Polymer 
Testing, Vol. 24, No. 3, pp. 330-338, (May2005). 

 [27]  P.Wang, J.Molimard, S.Drapier, A.Vautrin, and P.J.Novoa, Monitoring the 
Liquid Resin Infusion (LRI) manufacturing process under industrial 
environment using distributed sensors, Proceedings of ICCM 17, Edinburgh 
(UK), Vol. 1, 2009. 

 [28]  T. Luthy and P. Ermanni, Linear direct current sensing system for flow 
monitoring in Liquid Composite Moulding, Composites Part A: Applied Science 
and Manufacturing, Vol. 33, No. 3, pp. 385-397, (Mar.2002). 



U. Pineda, N. Montés, L. Domenech, and F. Sánchez 
 

 18

 [29]  A. Rodriguez, B. Minaie, O. Restrepo, and K. T. Hsiao, Optimization of Spine 
Sensor Location in Resin Ttransfer Molding, ASME Conference Proceedings, 
Vol. 2005, No. 42169, pp. 687-695, (Jan.2005). 

 [30]  A. R. Nalla, M. Fuqua, J. Glancey, and B. Lelievre, A multi-segment injection 
line and real-time adaptive, model-based controller for vacuum assisted resin 
transfer molding, Composites Part A: Applied Science and Manufacturing, Vol. 
38, No. 3, pp. 1058-1069, (Mar.2007). 

 [31]  Govignon Q., Bickerton S., Morris J., and Kelly P.A., Full Field Monitoring of 
the Resin flow and laminate properties during the resin infusion process, 
Composites Part A: Applied Science and Manufacturing, Vol. 39, pp. 1412-
1426, (2008). 

 [32]  P. B. Nedanov and S. G. Advani, A Method to Determine 3D Permeability of 
Fibrous Reinforcements, Journal of Composite Materials, Vol. 36, No. 2, pp. 
241-254, (Jan.2002). 

 [33]  U.Pineda, N.Montés, L.Domenech, and F.Sánchez, On-line Measurement of the 
resin infusion flow variables using artificial vision technologies, ESAFORM 
13th - International Journal of Material Forming, Brescia (Italy), Vol. 1, 2010. 

 [34]  N. Montés and F. Sánchez, A New Computational Tool for Liquid Composite 
Moulding Process Design Based on Configuration Spaces, Composites Part A: 
Applied Science and Manufacturing, Vol. 41, No. 1, pp. 58-77, (2009). 

 [35]  A. A. Badghaish and D. C. Fleming, Non-destructive Inspection of Composites 
Using Step Heating Thermography, Journal of Composite Materials, Vol. 42, 
No. 13, pp. 1337-1357, (July2008). 

 [36]  Carosena Meola, Giovanni Maria Carlomagno, Antonino Squillace, Umberto 
Prisco, and Renata Erica Morace, Analysis of Composites with Infrared 
Thermography, Macromolecular Symposia, Vol. 228, No. 1, pp. 273-286, 
(2005). 

 [37]  Hartley R. and Zisserman, A multiple view geometry in computer vision, 
Cambridge University Press Second Edition, 2003. 

 
 


