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Abstract. The liquid composite molding family (LCM) includes several processes like 

RTM (“Resin transfer molding”) and VARI (“Vacuum assisted resin infusion”), to satisfy the 

requirements of each industry. The objectives of recent years in the automotive and aerospace 

industries tend towards better control of production costs by using of new materials, shorter 

manufacturing cycles, a higher level of performance and safety and better environmental re-

spect. In the automotive sector, a short cycle time and a lower cost equipment are the most 

criteria to determine a suitable process, while the quality of the part is the primary parameter 

for aeronautical process selection. The main objective of this paper is to propose and discuss a 

new design of LCM mold, allowing at the same time to facilitate the manufacturing process, in 

particular to reduce the cycle time and to respect the material’s health by obtaining a part with 

minimum defects. This innovation is achieved by using the TRIZ theory (theory of inventive 

problem solving), in order to eliminate the contradictions that exist between the requirements of 

the two sectors. 

Keywords: LCM, TRIZ, Automotive, Aeronautic. 

1 Introduction 

Liquid composite molding (LCM) refers to composite manufacturing processes in 

which a fibrous preform material is placed into a mold cavity and a thermosetting 

resin with a relatively low viscosity is impregnated the preform until all empty spaces 

between the fibers are filled, and finally cured to create a polymeric composite struc-

ture [1]. Due to its capacity to significantly reduce the release of volatile organic 

compounds (VOCs) to the atmosphere, the LCM manufacturing processes has gained 

attention compared with current methods of open molding processes. They have also 

been created to overcome the intrinsic weaknesses of autoclave draping processes 

such as: their high tooling cost and their long cycle time. The LCM processes are 

distinguishable from each other by the nature of the mold used and the manner of the 

filling phase. The LCM mold is divided in two parts, the lower part of the mold is 

always rigid but the upper part is possibly be rigid, like in RTM, CRTM and flexible 

injection, semi-flexible (RTM-light) or flexible such as in VARTM, VARI and LRI, 

while the resin can be introduced using a combination of a positive injection pressure 
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(use of an injection machine), vacuum infusion (use of a vacuum pump), and possibly 

assisted by the compaction force. 

The Resin transfer molding (RTM) is one of the most recognized LCM processes, it 

was adopted for composite manufacturing in the mid-1980s. RTM manufacturing 

includes several steps. It begins by placing a dry fibrous reinforcement inside a rigid 

mold, closing the mold, injecting a liquid resin, curing the resin and finally demolding 

the part. Due to its several advantages [2], RTM has received the most industrial at-

tention [3, 4]. The most important objective of this process is to reduce the time it 

takes to fill the mold with resin. This will increase the production rate and reduce 

manufacturing costs and also ensure that the fabric preform is completely saturated 

before the resin starts to gel [5]. The conventional RTM processes usually have limi-

tations in fabrication large parts due to the cost investments, pressure equipment, and 

the process time, that dramatically increasing proportional to the surface area of com-

posite structures [6]. 

The vacuum assisted resin transfer molding (VARTM) process was introduced to 

overcome these challenges. In this process a fibrous preform is placed into a mold 

cavity, and covers by a flexible polymer film, then a sealant tape is used to adhere it 

to the mold in order to avoid air-resin leakage. A vacuum pump is used to evacuate 

the air from the cavity, which leads to compact the preform. The inlet gate is opened 

and resin impregnates the preform under atmospheric pressure. The main disad-

vantages of the VARTM process are: First, the pressure gradient is limited to one 

atmospheric pressure so the mold filling is very slow and the filling time increasing 

proportional to the part’s dimensions [1], along with the low permeability of typical 

fiber layers often leads the resin to not completely fill the mold cavity before the resin 

begins to gel. To solve these issues many authors and multinational companies have 

developed the new variants of VARTM, like as SCRIMP [7], FFC method [8] and 

VIPR [9]. However, as all these variants use only a single rigid side mold, the fabri-

cated part has low dimensional tolerances due to the non-uniformity of part thickness, 

and low fiber volume fraction. These processes have still limited to non-aerospace 

applications. 

The CRTM, compression resin transfer molding, also known as injection-compression 

molding (I/CM) [5, 6], is another variant of RTM. In this process the upper part of the 

mold is rigid and moveable in order to increase the fiber volume fraction and to im-

prove the surface quality of the part. Moreover it minimizes the entrapment of air 

pockets, by applying a compression force that squeeze and displace all air and vola-

tiles bubbles out through the vent gate. Also the CRTM reduce the injection pressure, 

fill time and give answer to limitation of in-plane impregnation velocity as compared 

to RTM. The Steps for fabricating the composite part by CRTM are described in de-

tails in [7]. Although its advantages, the CRTM needs a high force to displace the 

moveable upper mold and to better compress the preform, this lead to increase cost 

equipment and to deform mold walls which influence the part quality. 

Chang proposed another variant of VARTM called Vacuum assisted compression 

resin transfer molding. This process has been developed to reduce the mold filling 

time, injection pressure and cleaning mold time compared with resin transfer molding. 

The vacuum-assisted compression resin transfer molding utilizes a flexible membrane 
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placed between the upper mold and the mold cavity compared with RTM. Before the 

injection phase takes place, the air is evacuated from the upper mold by using a vacu-

um pump which forces the membrane to lift up and to relax the fibers. Thus the resin 

can be easily entered into the cavity. Once enough amount of resin is introduced, a 

compression pressure is applied on the film that compacts the fibers and conducts the 

resin through the preform. Some shortcomings are inevitable including the edge effect 

and excess of injected resin. More resin leads to a longer injection and compression 

phase and more wastes [10].  

The main objective of this paper is to propose and discuss a new design of LCM mold 

allowing at the same time to satisfy the requirements of aeronautic and automotive 

industries. This innovation is achieved by using the TRIZ theory (theory of inventive 

problem solving), in order to solve the contradictions existed between these sectors. 

2 TRIZ theory 

TRIZ is the Russian acronym for the inventive problem solving theory, created and 

developed by the Russian engineer G. Altshuller in 1946. Over the past years, TRIZ 

has used in different sectors, including electrical Engineering [11], chemical engineer-

ing [12], automotive sector[13], mechanical field [14], and environmental area [15]. 

Due to these large scope of applications, nowadays TRIZ has become as one of the 

most powerful, popular innovative method. Figure 1 illustrates TRIZ theory method-

ology. 
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Fig. 1. TRIZ theory methodology. 

 

This method is based on three main phases [16-19]: 
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CF1 

 The description of the project. 

 The analysis of the system. 

 The identification of the problems. 

 Ideal final result formulation. 

During this phase, it’s recommended to use some rules and apply the TRIZ tools such 

as, miniature men’s method, STC operators and the nine windows tool that allow us 

to avoid psychological inertia.  

Phase 2: Formulation and modeling of the problem 

It is used to find the contradictions between the parameters of the system by using the 

following tools. 

 Cause-effect analysis. 

 Technical and physical contradictions. 

 Substances-Field Models (Su-Field analysis). 

 Laws of engineering systems evolutions.  

Phase 3: generation of solutions 

It allows to solve the previous contradictions and to generate models of solutions by 

using the following tools:  

 Contradictions matrix. 

 Separation principles. 

 76 standards. 

3 Description and understanding of the specific problem 

3.1 External functional analysis 

This tool is used to understand why the system exist, in addition to identify the prin-

cipal functions (PF) and the constraints functions (CF) related to the system. Figure 2 

shows external functional analysis of LCM processes [20].  

 

 

 

 

 

 

  

 

 

 

 

Fig. 2. External functional analysis.  
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LCM MOLD

Injection unit 
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Shape unit Control unit 

Heat 
unit
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CF3: Be profitable. 

CF4: Resist to the aggressive environment (noise, dust, humidity and other industrial 

environments). 

CF5: Do not pollute the environment (mechanical noise, Chemical emissions (sty-

rene)). 

CF6: Do not require a huge investment. 

CF7: Give a good surface finish and close dimensional tolerances.  

 

3.2 Structural decomposition 

This tool is used to identify all system and subsystems components and their func-

tions. Figure 3 presents the structural decomposition of LCM mold. 

 

 

 

 

 

Fig. 3. Structural decomposition of LCM mold.   

 

Mold closing unit: Allows to close the mold and ensure a better seal between the 

lower and the upper half mold, as well as to obtain a uniform fiber compaction. 

Shape unit: Includes two sides of the mold, carved inside them the part shape, the 

inlet gates, the vent gates and the sealing tapes. 

Control unit: Includes all tools used to measure and control process variables, as 

well as give information about system evolution. 

Heat unit: Allows to control the temperature of the resin and the mold in order to 

govern the resin impregnation velocity during injection phase and polymerization 

reaction during consolidation phase. 

Injection machine: Permits to store and to transfer the resin and additives from their 

separate tanks to the mold cavity. 

Mix head: Allows to mix the resin with fillers and additives, and gives to operators a 

tool to control and change the velocity of polymerization reaction in the mold. 

Automatic injection valves: Are mounted at the injection gates to connect the meter-

ing line. They protect against backflow and generate a defined back pressure. 

 

 

3.3 Ideal Final Result expression 

In the automotive sector, a short cycle time and a lower cost equipment are the most 

criteria to determine a suitable process, while the quality of the part is the primary 

parameter for aeronautical process selection. These factors depend on the part dimen-
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sion, fill time, cure time, surface quality, dimensional tolerances and fiber volume 

fraction. All these dictated conditions include the conflict links and contradictions that 

can’t be solved by using only the compromises thinking. The use of TRIZ theory 

permit to achieve this goal by proposing a new process capable to satisfy the require-

ments of aeronautic and automotive industries. 

4 Cause-effect analysis 

The cause-effect diagram is a TRIZ tool, used to identify the useful and harmful re-

sources of the LCM manufacturing processes and its environment, as well as to find 

the contradictions and conflict links between all parameters mentioned above. Figure 

4 illustrates the process of generating creative solutions by using cause-effect analy-

sis. 

 

 

 

 

 

  

 

  

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Cause-effect analysis process (a) by using contradictions matrix (b) by using 

separation principles 

In this article, we are interested to utilize cause-effect analysis methodology by us-

ing contradictions matrix (path a). The cause effect diagram of LCM manufactur-

ing processes is presented in figure 5. 
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Fig. 5. Cause-effect analysis of LCM manufacturing processes.  

 

4.1 Extraction of physical contradictions 

A physical contradiction (PC) is a situation in which an engineering system require 

contradictory values from the same parameter [21]. In our problem the physical con-

tradictions are presented as follows: 

PC1: The mold closing force should be high (should exist) to increase the fiber vol-

ume fraction and avoid air-resin leakage, and should not be high (should not exist) to 

avoid mold walls deformation and huge cost investment as well as because it impedes 

the preform permeability. 

PC2: The useful factor (fiber volume fraction) should be high (should exist) to manu-

facture performance parts, and should not be high (should not exist) because it thwarts 

another useful factors (resin impregnation velocity) and (preform permeability). 

PC3: The manufacture of large parts should exist to satisfy the requirements of indus-

try and should not exist because it impedes the resin impregnation velocity and short 

cycle time. 

PC4: The injection pressure should be high to reduce cycle time and increase the 

resin impregnation speed and should not be high in order to avoid mold walls defor-

mation, air-resin leakage and huge cost investment. 
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typical parameters in the engineering contradiction using the 39 universal technical 

parameters from TRIZ matrix. 

Table 1. Translation of LCM parameters into TRIZ parameters. 

Specific expression TRIZ parameters 

Mold closing force Force 

Mold deformation walls Stability of object 

Air-resin leakage Waste of substance 

Cost investment Productivity 

Preform permeability Convenience of use 

Use of high injection pressure Tension/pressure 

Cycle time Waste of time 

Fiber volume fraction Amount of substance 

Resin impregnation velocity Speed 

Part dimension Manufacturability 

Part performance Reliability 

 

4.3 Formulation of technical contradictions 

A technical contradiction (TC) is a situation in which the improvement of a function 

or the elimination of a harmful effect leads to the unacceptable deterioration of anoth-

er function [22]. A technical contradiction is formulated in the following form: 

The improvement of (specific expression / TRIZ parameter) degrades (specific 

expression / TRIZ parameter).  

From the physical contradiction 1 (PC1), we have obtained the following technical 

contradictions (TC): 

TC1: The improvement of (Mold closing force / Force) degrades (Mold deformation 

walls / Stability of object). 

TC2: The improvement of (Mold closing force / Force) degrades (Cost investment / 

Productivity).  

TC3: The improvement of (Mold closing force / Force) degrades (Preform permea-

bility / Convenience of use). 

TC4: The improvement of (Fiber volume fraction / Amount of substance) degrades 

(Mold deformation walls / Stability of object). 

TC5: The improvement of (Fiber volume fraction / Amount of substance) degrades 

(Cost investment / Productivity).  

TC6: The improvement of (Fiber volume fraction / Amount of substance) degrades 

(Preform permeability / Convenience of use). 

 

4.4 Resolution by using the contradiction matrix 

The contradiction matrix is the most recognized TRIZ tool because of its ease of use. 

In this matrix, the lines correspond to the parameters to be improved, while the col-
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umns include the parameters which are degraded. At the intersection, the matrix gives 

one to four inventive principles for guiding the user to solve this contradiction [23]. 

Table 2. The contradiction matrix. 
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Figure 6 shows the distribution of the dominant inventive principles generated by the 

contradiction matrix, while figure 7 present the distribution of all the inventive princi-

ples generated by the contradiction matrix.  

From these graphs the inventive principles that should studied carefully are: 

35: Parameter changes. 

10: Preliminary action. 

28: Mechanics substitution. 

15: Dynamics. 

3: Local quality 

2: Taking out 

Improving 

 parameter 

Worsening 

 parameter 
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Fig. 6. The distribution of the dominant inventive principle. 

Fig. 7. The distribution of all inventive principles. 

5 Concepts generation 

The application of these Inventive principles allow us to find the old LCM processes 

as well as to propose the new LCM mold. Details of the new LCM mold components 

and the main stage of the manufacturing cycle will be presented at the conference. 

The use of the inventive principle: 35 “parameter changes” with the recommendation 

“change the degree of flexibility” permits to find the concept depicted in the figure 9. 
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In the CRTM process, the mold cover is always made of a single rigid part. Thereby 

the CRTM needs a high force to displace the moveable upper mold and to better com-

press the preform, this lead to increase cost equipment and to deform mold walls 

which influence the part quality. However, these limitations can be minimized by 

using an upper mold made of several pieces that can be articulated separately. This 

variant called ACRTM (“articulated compression resin transfer molding”) [24]. 

 

 

 

 

 

 

 

 

 

 

Fig. 8. The CRTM mold.                                            Fig. 9. The ACRTM mold. 
 

The use of the inventive principle: 28 “Mechanics substitution” with recommendation 

“Use electric, magnetic and electromagnetic fields to interact with the object” allows 

us to propose a new variant of VARTM process called “Relaxation-compression resin 

transfer molding under magnetic field” as illustrated in the figure 10. In this process, 

we only use a single rigid side mold like as in the VARTM processes, that contains 

the fiber preform, and it covers by a flexible magnetic membrane, or by using a vacu-

um bag including a ferromagnetic sheet, gathered together by an effective glue. The 

magnetic field is controlled by the current intensity or by the separated gap between 

the coil and ferromagnetic membrane, so as to apply a magnetic force on the mem-

brane and as a result, move it up to relax the preform or down in order to compress 

the fiber reinforcement. Which leads to speed up the impregnation velocity and in-

crease the fiber volume fraction. 

 

 

 

 

 

 

Fig.10. Relaxation-compression resin transfer molding under magnetic field mold components 
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The use of the inventive principle: 15 “Dynamics” with recommendation “divide an 

object into parts capable to move relative to each other” permits to generate the pro-

cess proposed by Chang, called “PCM: Progressive compression method” [25], as 

illustrated in the figure 12. This process belongs to the vacuum infusion processes 

(VIPs), as well as it’s an evolution of the flexible injection process [26]. The PCM 

reduces the filling time compared to the vacuum infusion processes. 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

Fig.11. Flexible injection mold components 

 

 

 

 

 

 

 

6 Conclusion and outlook 

This paper emphasizes the capacity of TRIZ theory to solve the conflict links existed 

between the aeronautic and automotive requirements. Moreover to propose the new 
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Fig.12. The PCM mold [26] 
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solutions capable to maintain simultaneously the cadence of the automobile and the 

quality of aerospace industries.  

To evaluate the efficiency of each solution and its capacity to satisfy the aeronautic 

and automotive conditions, we suggest to use the analytical and numerical approaches 

before fabricate the prototypes and going into the experimental approach.  
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