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Abstract. In the field of product development and production of Carbon Fiber 
Reinforced Plastic (CFRP) components, Non-Destructive Testing (NDT) is one of 
the key values. A product is build and optimized on different requirements and 
within a set of multiple constraints. NDT is an important process to ensure, that 
these requirements are satisfied and product quality is within given parameters. 
Testability is one design constraints as well, that has to be fulfilled or, even better, 
minimized. It is mandatory to take the needs of NDT into account during the design 
phase of a product. To do so, these requirements have to be methodically evaluated, 
standardized and then added to the design process as an additional degree of 
freedom. Therefore, all possibilities but also all limitations of NDT have to be 
available for a designer in a distinct and plain description. A systematical correlation 
between product requirements, acceptable deviation and its traceability in context of 
geometry, material and NDT method, has to be shown. The basis for that are a 
distinct description of an anomaly (deviation), the part geometry and the NDT 
method. Based on this mathematical language, the relation between these three 
entities is shown. This gives the possibility to describe arbitrary geometries with 
arbitrary anomalies and predict its testability with different NDT methods. This 
leads to an estimation of the testability of a complex part and also to an estimation 
of the necessary effort to accomplish the test. In the next step, there is the 
optimization to reduce this test effort but also to improve parts due better use of 
NDT possibilities. This work demonstrates how to combine the early design process 
with the needs of Non-Destructive Testing and Quality Management.  

Introduction  

In order to review Non-Destructive Testing (NDT) in an organizational and process 
context, the purpose and benefit of the performed tests have to be taken into account. The 
history of modern NDT started with the examinations of pressure tanks and railroad 
constructions. The goal of these tests was, firstly, the prevention of accidents and to ensure 
reliability of the parts and secondly to ensure the quality control of construction materials 
[1][2]. In aeronautics particularly, the examination by NDT is one key value to ensure flight 
safety by monitoring production quality. Quality is, by definition, the degree to which a set 
of inherent characteristics of an object fulfills requirements [3]. The production cycle of a 
part starts with the definition of requirements. Based on these requirements, a product is 
designed by taking all the different constraints such as material, production options or costs 
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into account. After the production of a product, the fulfillment of these requirements has to 
be ensured (Fig. 1) [4]. One of the important methods for this quality assurance is non-
destructive testing. In case of the limits being exceeded, the “Effect of Defect” has to be 
evaluated [5]. From this process constellation, where NDT results function as acceptance 
criteria for production parts, arises a great potential for conflicts in a development and 
production environment. It is mandatory to consider this human factor and combine it with 
the discussion of technical issues. 
 
  

 
Fig. 1. Production process with examination at the end. Based on VDI 2221 [4]. 

 
 
In fact there are many opportunities to ease integration of NDT into the early design 
process [6]. Not considering the requirements of quality assurance might increase 
development costs and end up in time delays due to a variety of effects: One example are 
the direct costs of examination as a result of unnecessary complex test scenarios. 

A part with unfavorable geometry causes increased test effort and therefore higher 
costs and longer test time. In a worst-case scenario, an impossible test leads to redesign and 
corresponding to significant time delay. 

One reason for this lack of close linkage between construction and testing is the 
absence of a common language able to discuss anomalies, the effect of defect and non-
destructive testing itself. There is need for clear definitions of factors such as anomalies, 
effects, geometry or signals that are applicable for design and stress division as well as for 
production and testing faculties. To gain better acceptance and integration of NDT in 
construction, design process and development and to avoid complex testing situations, it is 
important to introduce NDT as an opportunity and not as a limitation. The close link might 
lead to an optimized design based on excellent use of NDT to lower cost and weight. 
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Therefore this common language has to be developed and a standardization process has to 
be started.  

1. NDT as a Generic Model 

The introduction showed the motivation and basic needs for a better integration of NDT 
into the design process. In order to accomplish this objective, a formal generic model was 
created. 
Three major goals where described: 

Firstly, the generic model is supposed to act as the basis for further steps in 
standardization. 

Secondly, the importance of having a flexible structure, which can adapt to new 
emerging technologies and knowledge. These might be new test methods, but also new 
kinds of anomalies or geometries due to new production technologies such as additive 
manufacturing. 

Lastly, the possibility of automated evaluation of test situations should be taken into 
account. 

To enable the capability of an automated evaluation, the description of a test 
situation must be fully processable by an automat. A system, which has the ability to do so, 
can be a nondeterministic automat (NFA) or a deterministic finite automat (DFA). 
We can use the following definition of a DFA:  

 � = 岫�, ∑, �, ��, �岻  
 

Z: set of states ∑: input alphabet 
 �: transition function ��: initial state 
E: set of final states 

 
These kinds of machines accept a certain type of formal language, the so-called regular 
languages. Languages can be sorted into different classes which different characteristics. 
Each class of this Chomsky Hierarchy [7] includes the next higher class (Fig. 2). Regular 
languages are mathematical like languages and represent the most inner class (type 3), in 
contrast to the spoken language, which is even outside type 0 as depicted in Fig. 2. The 
latter is important because it still leaves the possibility to link a type 3 description with a 
spoken description, meaning that a formal language can be translated into a human 
comprehensible form, as a type 3 language is included in all other language types. 
Likewise, a non-formal representation of a test situation can be broken down into a formal 
description. 
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Fig. 1. Chomsky Hierarchy, which shows different classes of languages [7]. 

    
For a flexible model it is important to figure out, which parts of the model have to be 
adaptive to the test situation and which ones are static. The model that illustrates these 
situations can be described as the relation of three entities to each other: 
 

(1) Used test method 
(2) Analyzed part or rather geometry 
(3) Indication or (detected) anomaly 

 
Different test situations are distinguished from each other by the values allocated to the 
three entities, but are still covered by the relation of this basic triple. Therefore this set of 
variables will act as the basis for the generic model, which will be discussed below. To 
enable the standardization process, the model has to address not only the needs of faculties 
within the field of NDT but also the ones detached from NDT. The needs of the different 
faculties basically differ in their focus on the three entities method, geometry and anomaly, 
where an anomaly can be an imperfection or a defect. Design and stress departments need 
to know if a certain anomaly might be present in a given geometry, whereas for NDT, the 
possible employed method is of importance. 

The discussed preconditions led to an entity relationship (ER) model with the three 
major focal points.  ER models, as introduced by Codd [8], are designed to structure 
information in order to store it in database systems. The function is based on the 
mathematical set theory and stores data of each entity in a two dimensional tables, where 
the columns represent the attributes (properties) and each row stands for one specific entity. 
In addition, this structure allows storing information about relationships by referring to 
another entity [8]. Figure 3 and tables 1, 2 and 3 give a brief and simplified example. 
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Fig. 2. Basic components of generic model to describe a test situation. 

 

Table 1. Entity "Test Method" with different attributes. 

Test 
Methods 

 Name Based on 
Technology 

Applicable to 
Geometry 

Can detect 
Anomaly Type 

Test 
Effort 

Method 1 Ultrasonic A, B I, II + 

Method 2 X-Ray A,B,C I, II, III - 

Method 3 Thermography A II, III 0 

 

Table 2. Entity "Geometry" with different attributes. 

Geometry  Name Shape Can Contain Anomaly of Type 

Geometry A Flat I, II 

Geometry B Curved II  

Geometry C Connection III  

 

Table 3. Entity "Anomaly" with different attributes. 

Anomaly  Name Type 

Anomaly I Delamination 

Anomaly II Porosity 

Anomaly III Foreign Substance 
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For the following examples, all anomalies are of type I, II or III. The geometry is limited to 
A, B and C. Test methods do not necessarily match actual existing methods. 
 What is the ideal way to inspect parts of geometry A or B based on the given 
information in this example? Geometry A and B only contain anomalies of type I or II 
(union of row 1 and 2 on column 3). The set of test methods that can detect anomalies I or 
II are method 1 and method 2 (intersection of “I, II” with column 4 of table test methods). 
Sorted by effort, the return value is „method 1“.  
 The query how to find foreign substances, combined with not using X-Ray 
techniques, will lead to method 3. 
 Geometries A, B and C will be the response to the question, which shapes can be 
tested with method 2.  
For employment of this model in real application, it needs to be more detailed, a point that 
will be subject of further discussion. 

2. Standardization 

Some aspects of the motivation for standardization of test scenarios has been mentioned 
above. In summary, three points should be addressed: The creation of a common language 
should enable for a better communication concerning engineering and NDT requirements 
between departments. Next, the demands of NDT can be taken into account in the early 
design process, which is supported by the common language. Finally, a clear description of 
NDT efforts and NDT influences on component design allows an optimization process of 
the respective parts. 

Even there is probably a great amount of information on each of the entities method, 
geometry and anomaly, the attributes for standardization must be limited to a useful subset 
of it. The full set of attributes might be important for NDT specialists, but unnecessary 
complex for co-workers of affiliated faculties. 

A geometry can already be described sufficiently and distinctly by common 
engineering vocabulary. This leaves the NDT methods and the anomaly for description, 
giving rise to the following proposal:  
 

Table 4. Standardization proposal to describe NDT methods 
NDT method 
Physical class/effect Accessibility Signal processing Optional link to further 

information Stimulation Detection 
 
 
As in Tab. 4 shown, NDT methods are covered by their underlying technology (physical 
class), for example ultrasonic. The accessibility distinguishes if single-sided or double-
sided access is necessary. Signal processing takes into account, that some methods, like 
micro computer tomography, need high computational effort to show a result, where other 
methods show their result directly. To connect a method with further information, there is a 
designated field for that. 

 
Table 5. Standardization proposal to describe Anomalies. 

Anomaly 
Name Density Type Origin Geometry 

Name Description Material Interface Name Appearance Size Depth 
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The anomaly is formally described in Tab. 5 with a distinct name, density of occurrence, 
type, origin and geometry. The density is important to describe anomaly types like porosity 
as well. The type „category“ addresses the kind of an anomaly, whereas the field „origin“ 
documents in which state of the part's lifecycle the anomaly shows up. For example, an 
anomaly can occur during part production or when it’s being in service. Geometry indicates 
the size and the location depth in relation to the inspected surface side. 

3. NDT in the Loop 

In the previous sections a generic model was proposed and explained. Subsequently, a 
suggestion for standardization was derived from that model. It remains to discuss how this 
model can help estimating test efforts and what the possibilities for optimization of part 
design are. 

The performance of a non-destructive test can be estimated using a simulation based 
on the generic model. For specific test situations certain constraints arise and therefore limit 
the set of test methods, which are suitable. The relation between the constraints and the 
applicable test methods can be deduced from an instance of the generic model. An example 
is the search for porosity in a radius of a CFRP T-shaped piece with ultrasonic testing due 
to the missing back wall echo. 

Furthermore, the reverse approach can provide design engineers with guidelines for 
construction of parts that derive from the constraints of a chosen test method. Within the 
limits of these guidelines, parts can be optimized and still fulfill the demands of the test 
method.  In this context, the use of the generic model will offer parameters, which illustrate 
options for design and optimization or decide on testability. 

One important aspect for this optimization is the effect of defect. To search a whole 
part for every possible anomaly is a huge effort. Can the examination be limited to defined 
areas, fewer constraints have to be put into the model and therefore a greater variety of 
options will remain. 

4. Conclusions and Outlook 

The focus of this paper is on the possibility of NDT integration into the design and 
production process. The identified lack of communication methods leads to time and cost 
issues in terms of production. To solve this issue, a generic model as a foundation for 
evaluation, simulation and standardization was presented and illustrated. The model is 
based on formal aspects of theoretical computer science to enable an automated evaluation 
and allow a functioning software implementation. Nevertheless it has to be understandable 
and readable by a human operator as well. The model contains three major entities: test 
method, geometry, and anomaly. These were used for a language standardization proposal 
for non-destructive test methods and anomalies. 

Benefits of a better integration of NDT are the increased testability and therefore 
reduced test effort, which leads to direct cost reduction. Fewer part adaptions and lowerd 
adjustment of test procedures will save time and reduce redesign steps. 

One of the next steps will be to enable the model to handle feedback in order to use 
information from the whole production process. A dimension to store this feedback from 
different people and faculties must be added. 

Also further refinement on the model in aspects of automated evaluation and 
standardization must be done. Therefore, the description of the formal language should be 
completed. A case study could show possibilities and benefits of the model application in 
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an actual production environment. An automated evaluation can be tested with a software 
demonstrator. This might give hints for unconsidered challenges as well. 
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