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Abstract. To meet a demand more and more personalized for different users,
the products must be innovative but also reliable, modular with good main-
tainability. Considering all these requirements in the design and modeling
process would facilitate an evaluation of the behavioral performance of the
future product. Most works deal with aspects related to functional criteria
whereas behavior is rarely taken into account in the search for solutions. In this
paper, we propose a design approach for innovative modular products, easily
maintainable and adaptable to different user profiles. In order to evaluate the
modularity, we propose a method of semantic modeling. The semantic model
obtained makes it possible to identify innovative modular solution concepts by
solving technical contradictions taking into account both the functional char-
acteristics and the behavioral performances. As an illustration, a case study is
outlined.
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1 Introduction

From the Russian acronym, TRIZ is a theoretical approach for inventive problem
solving. Indeed, several works have been done in this direction, from the ontology
proposal of the main notions of the concepts associated with the acquisition of
knowledge [1], to the formal definition of the contradiction and its potential manipu-
lations in the inventive conception according to the basic principles of TRIZ [2], the
application of TRIZ to real industry problems [3] or the proposal for an integrated
framework for systems to support individual creativity [4].
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However, setting up a product requires consideration of several factors that will
reflect the product. The complexity of the design lies in the fact that the products must
be innovative and more efficient, that is to say more reliable, resistant, easy to assemble
and disassemble, etc. It is in this sense that it is said in [5] that the designer must opt for
product solutions that are simple to manufacture, ergonomic, very reliable, safe, easy to
maintain and have an overall cost over the entire life cycle that is attractive to the
consumer.

Being more and more complex, the products imply an interaction between several
actors [6, 7]. Managing all the factors in the design process requires taking into account
the environment and evaluating the performance of the future product or system [8, 9].
Thus, we intend to conduct a scientific and technical study to propose innovative
products through a semantic modeling method and the identification of innovative
modular solutions concepts by the resolution of technical contradictions. In this article,
we propose to implement a semantic design approach for modularity and to identify
innovation paths, in terms of both modularity and other product-related behaviors.

2 Start of the Art

Following a literature review [10–12], it should be said that design methodologies have
been continuously improved in recent years. Thus it has been proposed in [13], the
combination of the systemic model and the V-model. On the one hand, they focus on
design and modeling, and on the other hand, they help to improve the evaluation of
products in the early stages of their design [10]. Others have done a lot of research on
design and methodologies [14, 15]. While some have highlighted the steps of the con-
ceptual design of mechatronic products [16]. In addition, there are several product design
models among which, V design, spiral design, unified methods, agile methods, etc., [17].
Being the result of the decomposition of a product or system, the modularity makes it
possible to solve several aspects of the product manufacture. Various works have been
carried out in this sense [18, 19] and approaches have been developed tomake the systems
modular and to simplify their links. Let us note generative grammars for generating and
classifying the components or the use of the concept of “holons” tomodel the connections
between structure and functions [19]. Boothroyd et al. [20] propose a systematic
methodology to assess the influence of Geometry, Material, Tolerance effects on
Assembly. In this methodology, the emphasis was to relate Product design, Assembly
operations, and Assembly Method to the single decision factor: the cost. Hitachi
Assembly Evaluation Method is another approach based on very similar principals. The
basic idea is the reduction of cost of a product through simplification of its design by:

– Reducing of number of components
– Ensuring that parts are easy to assemble
– Increasing the use of standardized parts across entire product range
– Designing with widest possible tolerances
– Material selection must consider manufacturing also, not just function.
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Boothroyd-Dewhurst method includes:

– Preliminary (rough) design
– Selection of Assembly Method (manual, robotic, or high-speed automated)
– Design/Redesign of product for selected method
– The selection of assembly method must be done at an early stage in the product

design process.

In most of these previous works, the authors highlight a structural and functional
modularity of products or systems in order to obtain at a final product with a more
flexible configuration. These different approaches were not intended to offer innovative
and modular products in terms of new technological concepts. In this article we pro-
pose an approach of designing innovative and modular products based on the TRIZ
method. Thus our design method allows to identify the problems, the solutions as well
as the technical contradictions that result.

Our goal is to propose an innovative product design approach, modular, easily
repairable and adaptable to different user profiles, we will in this article work on a
semantic modeling method, in order to obtain modular solutions concepts innovative.

3 An Approach for Modularity Assessment

Starting from the conceptual design, the work in [6] defined a field of eligible solutions
(instances, SS (Space of Solution), classes of solutions) respecting certain requirements
and constraints as illustrated in the Fig. 1. We will consider a solution instance in the
area of eligible solutions to highlight the modular aspect.

A solution instance will be represented by a graph G (C, L) with C the set of
components and L the set of links. In this graph G (C, L), we have: C = {X1, X2, X3,
X4} and L = {{X1, X2}, {X1, X3}, {X2, X4}, {X4, X2}} (Fig. 2).

Fig. 1. SS and DES
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Moreover, to find the connected components, we will first build the adjacency
matrix denoted M of the graph G and the matrix of the transitive closure of the same
graph noted M *.

X1 X2  X3 X4
X1   0   1   1   0
X2 1 0 0 1

M =   X3 1 0 0 0
X4 0 1 0 0

The adjacency matrix is obtained by noting:

✓ 1 if there is a relationship between two components
✓ 0 otherwise

Thus, we will be able to determine the matrix of the transitive closure denoted M *.

M� ¼ IþM1 þM2 þM3 ð1Þ

I: matrix unit (put on the main diagonal of the 1 and the rest we put 0) Mn−1:
adjacency matrix (n−1) we stop at 3, since n = 4 for this graph So:

X1   1   1   1   0

M* =    

X1 X2 X3 X4

X2 1 1 0 1
X3 1 0 1 0
X4   0   1   0   1

From the matrix of the transitive closure, we deduce the following connected
components: {X1}, {X2}, {X3} and {X4} because the lines are not alike, which is why
each line is considered as a component related in itself. To calculate the modularity of
an instance, we will use analogy based on the cyclomatic number to determine the
complexity of a program (computer) by counting the number of paths. The cyclomatic
number is defined by the following equation:

Fig. 2. Representation of a product instance by a graph G (C, L)
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M ¼ E�Nþ 2P ð2Þ

with
M: cyclomatic complexity
E: the number of edges of the graph
N: the number of nodes of the graph
P: the number of connected nodes of the graph

In software engineering, a simple code with a low cyclomatic number is theoreti-
cally considered as easier to read, test and maintain.

It is in this same logic that fits our approach to define a product modularity with the
same equation:

M ¼ E�Nþ 2P ð3Þ

where
M: Modularity of the product
E: the number of links between components of the product
N: the number of components of the product
P: the number of connected components of the product

For that we will take into account two graphs representing two instances of
products, then will determine the most modular between these 2 products. If we
consider a first graph G (C, L) in Fig. 3, the connected components of the graph G are:
{X1}, {X2}, {X3}.

Then, consider a second graph G′ = (C′, L′) whose connected components: {X1,
X2, X3}.

GraphG C; Lð Þ : X1f g; X2f g; X3f g
GraphG0 C0;L0ð Þ : X1;X2;X3f g

Modularity M

M ¼ E�Nþ 2P ð4Þ

Fig. 3. Graphs (G (C, L)−G′ (C′, L′))
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• For the graph G we will have:

• M = 3 – 3 + 2*3
M = 6

• For the graph G’ we will have:

• M’ = 3 – 3 + 2*1
M’ = 2

M′ < M so the solution M′ is theoretically more modular
In the next section, we discuss about the influence of the different parameters

involved in the modularity expression.

4 Discussion and Contradictions in Design for Modularity

To improve the modularity it is necessary that the value of M is the smallest possible.
When is the best modularity for a product reached? If we take the example above, it
should be said that M’ of the graph G’ is more modular since it is less than M of the
graph G. However if we come to find that the value of M is equal to 1 (M = 1), but we
will have a monobloc product. On the other hand, if we increase the value of M by
acting on its parameters (e.g.: M = N), we will arrive at a product that is too frag-
mented. In addition to what should we tend to have an optimum value of M in terms of
modularity and it is in this sense that we will talk about the notion of contradiction in
the inventive design. The optimal value of M would be a solution that would optimize
the modularity. So would be a way to look for a solution of a product not too compact
or too exploded.

Thus we can act on the variables of the equation (M = E - N + 2P) to make a
product more modular. We have three variables in our equation. Indeed, let’s try to
enlarge or minimize the modularity according to these parameters.

• For P: the number of related components
• P is minimized if P = 1
• P is maximized if P = N therefore P: the number of connected components is the

largest possible,
• We will have: M = E - N + 2 N so M = E + N

• For E: the number of links:
• E is minimized if E = N-1 (allowing to traverse all the components of the

product)
• E is maximized if E > = N (E greater than or equal to N making it possible to

cycle or even multi-instance links).
• For P = N and E = N

• Then M = 2 N (aberration)
• For N: the number of components:
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• N must be different from zero (0), N 6¼ 0
• If N = 1 then M = 0-1 + 2 (1) => M = 1

5 Innovative Design for Modularity

Modularity remains one of the best ways to facilitate the maintainability of products
once designed. The evaluation of the modularity in the above shows us that for n
product we will be able to choose the most modular and therefore the most easily
maintainable. However, the modularity must respect a certain threshold in order to
reach a compromise with other behavior of the product. Because a product can be
modular and less reliable or less ergonomic. It is in the sense that the resolution of
technical contradictions takes into account all the functional characteristics and the
behavioral performances. In our case, it would be important to act on the modularity by
playing on the parameters of the equation of modularity.

Therefore, we will propose a case of illustration allowing implementing our solu-
tion of research of optimum modularity. For this, we will take the example of an
electric wheelchair that allows people with reduced mobility to move.

6 Illustration Example

As an example, we will consider two wheelchairs (Instance I1 and Instance I2). Indeed
these are manufactured with a mechatronic device to roll without help. The first chair
Fig. 4. (Instance I1) comprises eight (8) components as illustrated in Fig. 5.

Fig. 4. Wheelchair (Instance I1)
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By applying the procedure proposed above to the instance I1 of Fig. 4, we will
evaluate its modular. Thus for the chair we will take into account the components
shown in Fig. 5.

If we consider the first instance I1 in Fig. 4 the matrix of the following transitive
closure is obtained:

1 
2

M1 = 3.a 
3.b
4
5
6
7
8

1 2 3.a 3.b 4 5 6 7 8
1 1 1 0 0 0 1 0 0
1 1 0 1 0 0 1 0 0
1 0 1 1 1 0 0 0 0
0 1 1 1 1 0 0 0 1
0 0 1 1 1 1 1 1 1
0 0 0 0 1 1 0 0 0
1 1 0 0 1 0 1 1 0
0 0 0 0 1 0 1 1 0
0 0 0 1 1 0 0 0 1

The related components of I1 are: {1}, {2}, {3.a}, {3.b}, {4}, {5}, {6}, {7}, {8}.
Let’s not forget that for instance I1 component 3 (3. Arm + support) is multiplied by
two (3.a, 3.b).

However, we will consider a second instance I2 having almost the same charac-
teristics as the first but with a detail, the grouping of the component 3 of Fig. 5. (3.
Arm + support) in one module. In this sense, we will act on the parameters of equation
M to arrive at a more modular product.

After evaluation of the second, instance I2 in Fig. 6 wewill have the following related

Fig. 5. Wheelchair components
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components: {1}, {2}, {3}, {4}, {5}, {6}, {7}, {8} as shown in the following matrix

1   2   3   4 5  6  7  8
1   1  1  1  0 0  0 1 0
2   1  1  0  1 0  0 1 0

M2 = 3   1  0  1  1 1  0 0 0
4   0  1  1  1 1  0 0 0 
5   0  0  1  1 1  1 1 1
6   0  0  0  0 1  1 0 0 
7   1  1  0  0 1  0 1 1
8   0  0  0  0 1  0 1 1

.

• For instance, M1 we have:

• M1 = 26 – 9 + 2*9

M1 = 35 

• For instance, M2 we have:M2\M1 so the solution I2 is more modular than I1

Fig. 6. Wheelchair (Instance I2)

• M2 = 24 – 8 + 2*8

M2 = 32
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Thus, we clearly see that Instance I2;M2ð Þ is more modular than Instance I1;M1ð Þ,
with fewer components because some are grouped into modules (3. Arm + support)
and facilitate assembly and disassembly, hence the interest of maintainability.

7 Conclusions and Perspectives

The manufacture of innovative and modular products is a. good way to facilitate its
maintainability, including the replacement of a defective part. Indeed, evaluating their
behavior in the early stages of their design could help to improve the implementation of
innovative products. Thus, these products will meet several requirements of the user
before manufacture. This work will facilitate the use, maneuverability and especially
the repair of future products. In our future work, we plan to carry out an ergonomic
study of the products in order to alleviate the difficulty of use related to certain tools of
work but also to solve the technical contradictions to get innovating products with
respect to different behaviors.
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