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1. Introduction 

Design activities has an important whole in the product life 
cycle in order to transform the conceptual solution into a robust 
product to fulfill the design requirements and to obtain degree 
of innovation when necessary. Park et al. (1996) point out that 
the design and manufacturing areas account for 70 to 80% of 
productivity in the product life cycle. Queiroz (2011) [1] points 
out that failures occurring throughout the product design cycle 
are due to mistaken decision-making in the initial project 
activities. They are in these design phases corresponding to the 
informational and conceptual design, in which there is greater 
opportunity of interaction with the users, helping in the 
identification of the requirements and the potential restrictions 
of the product. According to the Sheldon et al. (1992) apud [1], 
the errors in the early design activities can reach a rate of the  

41% in the product design development. Robertson and 
Robertson (2006) apud [1] highlights these decision-making 
errors can reach 60% during informational phase. The main 
points are failure that occurs in the design team communication 
and during the knowledge transfer between stakeholders, and 
mainly end user and developer [2]. 

Additive manufacturing defined as one of the technological 
pillars of industry 4.0 [3] allows the materialization of a virtual 
model. The virtual model is the result of a chain of design and 
manufacturing activities, with strong interdisciplinary 
interaction of knowledge from its concept to the final product. 
The use of additive processes to the design activities allows the 
generation of progressive mock-ups until technical prototypes 
with possibility of customization or personalization of the 
product. The additive manufacturing allow the generation of 
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This paper presents a design procedure based on integration of the solution variants method and axiomatic design as choice criteria during the 
conceptual design phase. In order to evaluate the design procedure was choice a real problem related to the transmission system of a vertical twin 
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to ranking the feasible solutions. Based on weighting order, method allowed establishing multifactorial criteria, organized in a hierarchical tree. 
According this method, the conceptual design option obtained higher value was a worm screw gear for use as power transmission in case study. 
The use of axiomatic design allowed exploring the relations between functional and technical domains of the driven system. In order to measure 
the robustness of the conceptual solution obtained through this design procedure was estimated the indices of reangularity and semangularity 
from axiom of the independence whose value were 0.838 and 0.500. 
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complex geometries, design process time reducing and to 
optimize the material use. However, the manufacturing time is 
higher, there is need for post-processing, the price and the 
maintenance cost of the equipment for additive manufacturing 
are high [4]. The market segment of desktop 3D printers has 
gained much importance in recent years, with an average sales 
growth reaching 88.6% from 2012 to 2015. Desktop, low end 
or personal are the terms generally used to define additive 
manufacturing (AM) printers sold by less than $5000 [4].  

According to Kumke et al. (2016) [5] despite significant 
technological advances in basic and technological researches in 
additive manufacturing, there are a set of challenges related to 
guarantee control dimensional and surface quality, as well of 
the mechanical properties of the final product.   

In this context, this paper presents a design procedure based 
on integration of the solution variants evaluation and axiomatic 
design to guide the search of solution conceptual. The design 
procedure was applied to a problem related to the transmission 
system of an innovative vertical corrotational twin-screw head 
[11]; [12] applied to an experimental desktop 3D printer. 

2. Background 

2.1 Solution variants method 

According to Pahl et al. (2007) [2] the use of the solution 
variants method is related with: "to formulate evaluation 
criteria, it is necessary to identify their relative importance, i.e. 
their weight, to the overall value of the solution, so that 
irrelevant criteria can be eliminated before starting the 
evaluation itself." This weighting factor is a positive number 
between 0 and 1 based on contribution of an evaluation 
criterion.  It is important to emphasize that the sum of the 
factors of all the goals of the level of less complexity should be 
equal to 1, aiming a percentage analysis of the same ones. The 
parameters known are correlated with the evaluation criteria 
adopted in an evaluation table. Using a scale of the 0 to 10, 
values are assigned for each evaluation criterion within each 
different type of solution. Then, the weighted value of each 
evaluation criterion is determined within each variant, 
multiplying the values assigned to each variant by the 
weighting factor of the evaluation criterion. 

In this way, the determination of the global value of a 
variant is the sum of the column of the values of each variant, 
to determine the global value.   

2.2 Axiomatic design: concepts 

Suh (1990) [8] proposed two axioms that define an 
appropriate engineering design. The first was called "Axiom of 
Independence," which states that the independence of 
functional requirements should always be maintained. The 
second called "Information Axiom" states that a good project 
has a minimal amount of information. Therefore, Suh (1990) 
defined that axiomatic design is based on these two axioms: 
Axiom 1 - Axiom of Independence, with the objective of 
maintaining the independence of functional requirements 
(FRs); Axiom 2 - The Information Axiom, which minimizes 
the information content of the engineering design. 

Kulak et al [6] presented four approaches to axiomatic 
design: type of axiom, area of application, method and type of 
evaluation. In the research, the authors indicated the use of 

axiomatic design concepts in product areas (42%), software 
design (23%) and modular design of high complexity (19%). 

Two axioms were identified by examining the common 
elements technical feasible design. The first is the 
Independence Axiom, which states that the independence of 
functional requirements must be maintained. The second is the 
Information Axiom and states that among the design to satisfy 
the Axiom of Independence, the design has the lowest 
information content will be more feasible design [7-8].  

The Independence Axiom establish that there are a certain 
number of Design Parameters (DPs) that can be meet the 
Functional Requirements set (FRs) in order to maintain their 
independence [8-9]. According to Wang et al. (2017), the main 
concern of the Independence Axiom is the relationships 
between FRs and DPs. These relationships can be expressed by 
equation 1: the vector of the functional requirements {FR} are 
those that define the design objectives, whereas the vector 
{DP} of the design parameters are the elements that satisfy 
each functional requirement. 

{ } [ ] { }DPAFR ×=  (1) 

The relationships between {FR} and {DP} is the design matrix 
[A], which can be written as equation (2): 
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According to the characteristics of the design matrix [A], 
three design cases are shown in the Table 2. 

Table 1 - Relationships between FRs and DPs. Adapted: [9].
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There are three results: Ideal matrix (main diagonal are 
null); Decoupled and coupled. The functional independence 
calculation is associated with the relationship between the 
coordinates {FR} - {DP}, presented for the two-dimensional 
case in Figure 1. 

Ideal design Decoupled 
design 

Coupled design 

Figure 1. Schematic representation of the design equations - two-
dimensional examples. 

The Figure 1 demonstrates, according to [1], that FRs and 
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DPs must be orthogonal to do no disrespect the Independence 
Axiom. The DPs must be parallel to the respective axes of the 
FRs and the coefficients in the design equations are associated 

with the angles 1α , 2α  andθ . Based on it, were suggested two 

scales to measure the degree of functional independence: 
Reangularity (R) and Semangularity (S). The first metric 
(measure of Interdependence) that measures the degree of 
orthogonality between the design parameters is given by 
equation (3): 
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According to Queiroz (2011), the measure R is not enough 
to fully represent the degree of functional independence. The 
measure of semangularity is an auxiliary criterion that 
measures the angular relationship between the corresponding 
axes of design parameters and functional requirements. It is 
defined by equation (4): 
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Therefore, the closer to 1 are the R and S measures, the 
greater the functional independence. The Information Axiom 
states that the design with the highest probability of success is 

the best. The content of information 
iI  for a given functional 

requirement (
iFR ) is defined in terms of the probability 

iP  of 

satisfying 
iFR  explained by equation (5): 
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The information is given in units of bits. The logarithmic 
function is chosen so that the information content is additive 
when there are many functional requirements that must be 
satisfied simultaneously. In the case of m  functional 
requirements, the information content for the complete system 

sysI  is given by equation 6, being 
mP  the probability that all 

m  functional requirements are satisfied by expression (6): 

msys PI 2log−= (6) 

When all the functional requirements are statistically 

independent, as is the case of a decoupled design, { }mP  is 

given by the product operator of equation (7), and 
sysI  can be 

expressed by equation (8): 
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When no functional requirements are statistically 
independent, as is the case of a decoupled design, we have 
equation (9): 
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Being 
}{| jiP  the conditional probability of satisfying the 

functional requirement 
iFR  since all the other relevant 

1,...,1}{ −= ijFRj  are also satisfied. In this case, 
sysI  can be 

expressed by equation (10): 
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Summarizing, the Reangularity is the orthogonality 
between design parameters [8], but according to [1], it is not 
enough to present the degree of functional independence. The 
Semangularity is an auxiliary criterion that measures the 
angular relationship between the axes of design parameters and 
functional requirements.  The Information Axiom states that 
the design with the highest probability of success is the best. 
The content of information 

iI  for a given functional 

requirement (
iFR ) is defined in terms of the probability 

iP  of 

satisfying 
iFR  explained by equation (5). 

3. Case study  

The main technical and research opportunities of the case 
study 3D printer head based on twin-screw include the use of 
powder as raw material in small quantities (around 200 g) [9] 
for exploration of 4D printing through formulating of 
compounds and polymer blends, as well filament generation.  
To be compact due small work envelope (head volume is 33.2 
x 35.4 x 156 mm, and the twin screws has a length of 111 mm); 
provide to access to fast assembly, disassembly, and 
maintenance (due to its modularity). The position of the center 
of mass is very important due to weight considering a support 
structure (Santos, 2017) [10]. Two kinds of material raw were 
considered for preliminary studies pure ABS and ABS + 5-wt% 
alumina [12]. From choice of the material raw, the torque was 
estimated by analytical method and fitted with data obtained by 
a torque rheometer. From these estimates, the requirement 
torque was next to 15 N.m [11-12]. 

Figure 2. Support structure and interchangeable head 3D 
printer based on corrotational twin-screw [10-12]. 

In a pre-sizing carried out in showed by Figure 2, without  
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application of a design conceptual method, the authors 
opted for helical-tooth cylindrical gears in two stages. From the 
required gear ratio (1:37.5) and motor power were made fitting 
and verifications related to mechanical strength of the gears: 
the pressure contact (1815.8 MPa) exceeded the allowable 
pinion value whose allowable material stress is 700 MPa [10]. 

4. Design procedure proposed 

The main constraints are small gap between screws and 
screw-barrel where the theoretical value is 0.2 mm.  In addition, 
the twin screws must not have relative speed between them 
[12]. The Figure 3 presents a technical drawing of the 3D 
printer head. 

Material-Energy-Information diagram (MEI) was 
elaborated in order to obtain a semantic structure for study 
application of solution variants method and axiomatic design. 

 The choice of gears and configurations was guide by 
consulting technical literature related machine elements [13]; 
[14]; [15] in which there are some previous recommendations 
for the applications.  

Figure 3. Technical drawing of 3D printer head (case study). 
Unit: millimeters. [11]. 

The Figure 4 shows the flowchart of the design procedure 
proposed. 

Figure 4. Flowchart for design procedure proposed. 

This preliminary survey based on vantage and advantage 

was elaborated considering: gears with spur gears, helical-tooth 
cylindrical gears, bevel spur gears, bevel helical-tooth gears, 
crown and worm screw, planetary gearbox and harmonic drive 
gearbox. The same process was developed considering the 
mechanism to provide motion timing described by: belt 
connecting the two shafts, inner gear in worm gear, two motors 
and synchronizing gear connecting the two shafts.  

In order to generate solution variants method weighting 
were listed the main technical characteristics (considering the 
design team composed by four engineers and graduate
students): I - Compact configuration: the gear unit volume 
should be less than 106 mm3; II - Low weight: the gear unit 
mass shall be between 2.0 kg and 2.8 kg; III - Ease of 
maintenance: it should be ease of assembly, disassembly and 
lubrication; IV - Low manufacturing cost; V - Be self-locking: 
the gear unit must prevent rotation in the direction opposite to 
that which is designed, as this movement is detrimental to the 
processing; VI - The speed the gear unit must deliver to the 
spindles must be between 8 and 16 rpm. Similarly, the 
requirements to the synchrony mechanism are I - Compact 
configuration; II - Low weight; III - The relative speed of 
rotation between both shafts must be zero; IV - The
synchronization mechanism should be ease of assembly and 
disassembly; V - Low manufacturing cost. The table 1 presents 
the first level of solution variants. 

Table 2 - Design objectives for power system (3D printer head).

5. Results 

The worm gear system was the configuration highlighted 
from all other solutions. Firstly, by allow, through a pair of 
crown and screw, a reduction of up to 1:100 (even with losses, 
the design torque has low value), also because worm shaft can 
be designed to be self-locking. The same procedure was used 
to choose the synchrony mechanism. From the selected 
evaluation criteria, the non-slip permission, the stability in the 
operation and the fact of sustaining the design gaps correspond 
to 60% of the weight of all the criteria. So, the solution with the 
synchronizing gear was selected with the sum of the weighted 
values of 7.55. Applying the solution variants method it was 
possible to select feasible transmission configuration for 
required torque of 15 N.m considering the user requirement and 
design constraints.  

The results of the most appropriate design from the
evaluation of the solution variants were verified according to 
the Axiomatic Design metrics. For this, the axioms foreseen in 
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the methodology proposed by Suh (1990) [8] were applied to 
the best projects evaluated by the previous method. For this, it 
is necessary to map the functional requirements and translate 
them into design parameters. Thus, Figure 5 and Figure 6 
respectively present the functional requirements and design 
parameters of the studied transmission system. 

Figure 5. Functional requirements tree for power system. 

Figure 6. Design parameters tree for power system. 

After mapping the FRs and DPs, it is possible to apply the 
independence axiom by assembling the design matrix. Figure 7 
shows the design matrix for the transmission system of the 3D 
printer in question. 

Figure 7. Axiomatic matrix for 3D printer power system. 

Through the design matrix represented by the Figure 8, it is 
possible to conclude that the adopted transmission system 

presents a feasible design option. From independence axiom, 
since there are only 7 elements different of zero above the main 
diagonal and only 2 elements different of zero below the main 
diagonal. Therefore, the matrix indicates proposed solutions for 
the conceptual design almost reaches the dissociation of the 
design parameters in relation to the functional requirements. 

From the structuring shown in Figure 5 and Figure 6, FR3 
has been studied in more detail regarding the axioms of the 
axiomatic design methodology because it is the functional 
requirement of the speed reducer itself. 

Thus, the two best designs resulting from application of 
solution variants method were mapped into functional 
requirements and design parameters for the subsequent 
application of the independence axiom in the design matrix. 
The results are shown from Figure 8 to Figure 13. 

Figure 8. Functional requirements tree for helical-tooth option 
design. 

Figure 9. Design parameters tree for helical-tooth option design.

Figure 10. Axiomatic matrix for 3D printer power system 
helical tooth option. 

Figure 11.  Functional requirements tree for worm gear option 
design. 
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Figure 12.Design parameters for tree for worm gear option 
design. 

Figure 13. Axiomatic matrix for 3D printer power system 
worm gear option.

Given the matrices assembled in Figure 11 and Figure 14, 
it is necessary to quantify the degree of independence of each 
solution studied, since the matrix format is very similar, 
disregarding its orders, since the first is 5x5 and the second 3x3. 
For this, the analysis of reangularity (R) and Semangularity (S) 
indicated the values 0.838 and 0.500, respectively, for the 
worm gear option, which indicates the robustness of the 
conceptual solution chosen for the case study, compared to 
previously proposed solution without application of systematic 
design method. 

6. Conclusions 

The systematic application of the two design techniques to 
refine and to guide conceptual solutions to a real technical 
problem that allowed learning to the design team. 

In this work, the use of semantic/functional approach to 
support the application of variant solution method promoted 
the technical discussion by personal experiences but also 
search in technical literature. This design process applied to 
innovative 3D printer head promoted to think about optional 
configurations design from traditional gears and flexible 
transmissions. The use of systematic design methods promoted 
a design team synergy in order to find and study feasible 
solutions. By application of the solution variants, as screening 
method in design procedure proposed, was obtained the choice 
of worm gear pair to drive system (higher value obtained from 
evaluation solution variant) of the 7.58. Considering the 
synchronization mechanism to shafts (corrotational twin 
screws) it was select by evaluation solution variant a system 
which there is a synchronizing gear connecting the two 
extruders, which presented the sum of the weighted values 
equal to 7.55. The results were complemented by the indexes 
of reangularity and semangularity that provided the values 
0.838 and 0.500, respectively, confirming the choice of worm 
gear pair as drive system with high degree of design 
independence.  

These values indicated the robustness of the conceptual 
solution chosen for the case study, compared to previously 
proposed solution without application of design technique 
criteria [9]. After the conceptual selection of the worm screw 
system, a pre–dimensioning was carried out using a program 

based on Juvinall and Marshek (2006) [15] and the result 
indicates that the working stresses and the thermal verification 
present satisfactory margins of safety. The basic values found 
for the gear unit with worm screw design are crown with 75 
teeth; angle of advance: 4.48 degrees; pressure angle: 30°; 
pitch: 3.18 mm (0.125 in). 

Finally, the design procedure presented was important due 
to potential failure of the solution based on cylindrical gears, as 
option to driven system and the gap constraint between barrel-
screw shafts and own shaft screws. It was required a detailed 
configuration study of the driven system and synchronization 
mechanism, since the 3D printer head can be defined as “on-
demand” product. 
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