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Abstract: The rheological characterization of fluids using a rheometer is an essential task in food
processing, materials, healthcare or even industrial engineering; in some cases, the high cost of
a theometer and the issues related to the possibility of developing both electrorheological and
magnetorheological tests in the same instrument have to be overcome. With that in mind, this study
designed and constructed a low-cost rotational rheometer with the capacity to adapt to electro- and
magneto-rheological tests. The design team used the method of continuous improvement through
Quality Function Deployment (QFD) and risk analysis tools such as Failure Mode and Effect Analysis
(FMEA) and Finite Element Analysis (FEA). These analyses were prepared in order to meet the
customer’s needs and engineering requirements. In addition to the above, a manufacturing control
based on process sheets was used, leading to the construction of a functional rheometer with a cost of
USD $1500.

Keywords: rheometer; quality function deployment; design

1. Introduction

Rheology studies stress and deformation of matter that may flow, not only including liquids but
also soft solids and substances such as sludge, suspensions, and human body fluids, among others [1,2].
Rheology focuses on the study of fluids, with viscosity changing when the material deforms or is
submitted to certain external forces or agents, such as electric fields, magnetic fields, temperature,
pressure, light, and PH, among others. Within fluids using rheological properties for very specific
applications, we have magneto- and electro-rheological fluids [1,3]. Magneto-rheological fluids are
smarts fluid containing particles that orient themselves and form chains in the presence of a magnetic
field. In turn, electrorheological fluids are suspensions that do not conduct electricity; these fluids
are known as dielectric, and when an electric stimulus is applied to these materials, some of their
mechanical properties may be controlled [1-4]. A basic instrument for the study of rheological properties
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is the theometer. A rheometer is capable of measuring the viscosity and elasticity of Newtonian
and non-Newtonian materials in a wide range of conditions. Some of the properties that may be
measured with a rheometer are viscoelasticity, elasticity limit, thixotropy, and extensional viscosity [1,5].
Rheology has wide applications in industry, in research, and in the development of products—for
example, in the evaluation of paints, creams, and plasters; in healthcare; and in aeronautical and
automotive applications [6—13]. A particular application in automobiles is in rheological dampers
found in suspension systems that allow the adjustment of the mechanism of operation in accordance
with the vehicle’s needs [13,14]. In order to make the necessary operation adjustments, modern
automobiles have sensors which enable the detection of road conditions, measuring the power of
rebounds experienced in the suspension. Among the advantages of using suspensions based on
rheological dampers is their low energy requirement. In addition, the system is reliable, and there
is dynamic control of the whole automobile [15]. This last application is part of the motivation for
this work, since having a rheometer would greatly help the characterization of rheological fluids.
Currently, there are rheometers of varying kinds and prices [16], but most of them have a high cost
and may only be used for very specific tests, and do not allow, for example, electrorheological and
magnetorheological tests to be carried out on the same rheometer. This study presents the design
and development of a low-cost rotational rheometer with the capacity to couple to any necessary
instruments in order to carry out electro- and magneto-rheological tests. The proposed methodology
considers continuous improvement processes in the design of new products widely used in the
industrial and development sector—specifically, the use of the Quality Function Deployment (QFD)
tool based on customer satisfaction and cost reduction [17-29], supported with Failure Mode and Effect
Analysis (FMEA) risk detection tools [30-34], Finite Element Analysis (FEA) engineering analyses,
and manufacturing processes. With the methodological process used, the design and construction of a
functional rheometer was possible with a cost of USD $1500 with the capacity to adapt for electro- and
magnetorheological tests.

2. Methodology

The methodological process for the design and manufacturing of the rheometer is shown in the
following Figure 1.
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Steps within the methodology consider the initial phase with the QFD development and the HoQ
(House of Quality), where the customer requirements and the technical specifications are taken as
baselines in order to design the rheometer. With the above in mind, an initial design for the rheometer
is proposed to pass afterwards for a risk analysis using the FMEA technique and the analysis of finite
elements (FEA). The purpose is to provide feedback on the proposed design to generate an updated
final design. The last phase deals with the assurance of the manufacturing process (MP), where a tool
called the process sheet was used to control activities related to the manufacturing process and finally
to obtain the rheometer prototype.

2.1. Quality Function Deployment (QFD) and House of Quality (HoQ)

QFD is a method to transform users” qualitative demands into quantitative parameters, thus
achieving design quality in subsystems and pieces and ultimately in the specific elements of the
manufacturing process. The method was developed in 1966 in Japan and represented the impulse
for the continuous improvement of products seeking optimization and rationalization in the design
of its products and processes [17]. QFD is a systematic methodology with a priority of interpreting
and meeting the customer’s requirements during the design and manufacturing processes, promoting
the interaction of the design actors (engineers, technicians, users, sellers, etc.) since the QFD is a
group methodology [25,27]. The QFD approach is based on the deployment of users” expectations (the
“What’s”) in terms of the design and parameters related to the production (the “How’s”) of the new
product. This process is represented by a succession of double entry or matrix tables of “What/How”,
allowing correlations between the entries to be identified and prioritized [27]. A crucial step during
QFD is the translation of the customer’ needs into engineering characteristics [18].

2.1.1. Customer Requirements

Requirements are customers’ declared and undeclared needs, demands, or wishes. Identifying
customer requirements is considered critical to achieving effective and successful processes in product
development at the design stage [35]. In some works, requirements are reported within the preliminary
design stage as the formulation or decomposition of requirements [35,36]. The design and development
department faces the problem of identifying the requirements in order to obtain a list of needs that will
lead to the success of the design project development [37]. Customer, user, or market demands are
captured in different ways: direct discussion or interviews with potential customers, surveys, focus
groups, customer specifications, observation, warranty data, field reports, etc. [24]. One way to obtain
simple information is through an interview, applying the method of the Five W1H (Who, What, Why,
How, Where, When). The respondents can be a small number of people or even individuals among
current customers, competing customers, and direct users in the same market segment [38].

2.1.2. House of Quality (HoQ)

QFD implies the construction of a matrix or a set of interconnected matrices known as “quality
tables”. The first matrix is called “House of Quality” (HoQ) and has two main parts: the horizontal part,
containing information relevant for the customer, and the vertical part, containing the corresponding
technical translation of their needs. In addition, there are the “What/Which” correlations, which allow
the integration of elements related to the analysis of product competence and the identification of
contradictions between different product characteristics [25]. Thus, this matrix offers the double
advantage of facilitating the transition between the user world and the designer, in order to combine
in one document all the data for decision making in relation to the development of the product.
Commonly, the design teams have to base their estimations on their own experience, intuition, and
determination [18].

Figure 2 presents the components of the HoQ, which are: customer requirements, technical
parameters, relationship matrix, engineering importance, numerical values of the parameters,
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correlation matrix between the technical parameters, customer benchmarking, technical benchmarking,
and technical importance [24].
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Figure 2. House of Quality (HoQ) and components.

The results expected after applying QDF through the House of Quality are the following [24]:

1. Document the environment in which the product is used (needs).

2. Classify needs in a logical order and evaluate the relative importance therof.

3.  Understand customer’s needs as summarized in the planning of the product, matrices, or House
of Quality.

4.  Identify the technical requirements directly influencing satisfaction needs in order to formulate
complete technical specifications.

Commonly, the QFD is supported by several methods to improve its effectiveness, such as the
TRIZ (the Russian acronym of the Theory of Inventive Problem Solving) [39,40], FMEA (Failure Mode,
Effect, and Analysis), FTA (Failure Tree Analysis) [41], and diffuse theory, among others [21,28].

2.2. Failure Mode Effect Analysis (FMEA) and Finite Element Analysis (FEA)

FMEA is an analytic technique used to identify, reduce, or eliminate negative effects of the failure
methods of a product, design, service, or process and its relevant causes before they are produced [22].
The technique functions by means of the identification of a concrete cause of failure mode within a
system, such that the logical sequence of this condition is traced through the system up to the final
effects [25]. Risk assessment is based on the occurrence, severity, and detection of a possible failure;
therefore, it focuses on potential failures and not on the failures produced, as the objective is to prevent
failures from occurring. The main idea is to generate a risk priority number (RPN) for each failure
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mode; the higher the risk number, the greater the potential risk and importance of addressing this
failure mode [30].

FMEA improves the operational performance of production cycles and reduces the risk level.
When using the FMEA, the risk is calculated in relation to three coefficients: the seriousness of
the non-conformity (S), the non-conformity occurrence frequency (O), and the detectability of the
non-conformity (D). Each coefficient is assigned a value ranging from 1 to 10, and the relative risk
index is calculated (R) as shown in the following equation [30]:

RPN =DxO0OXxS. (€))]

The values of parameters O, S, and D are taken from the tables provided by the method and are
shown below in Table 1.

Table 1. D, O, and S evaluation criteria.

D Value Detection O value Occurrence S Value Severity
1 Almost certain 1 Extremely Unlikely 1 None
2 Very High 2 Unlikely 2 Very Slight
3 High 3 Minimal 3 Minimal
4 Moderately high 4 Very Slight Probability 4 Minor
5 Moderate 5 Slight Probability 5 Moderate
6 Low 6 Low Probability 6 Significant
7 Very low 7 Medium Probability 7 Serious
8 Remote 8 Moderately High Probability 8 Very Serious
9 Very remote 9 High Probability 9 Extremely Serious
10 Absolute uncertainty 10 Extremely High Probability 10 Hazardous

A scale proposed to quantify the severity of a failure using the RPN is presented below in Table 2.

Table 2. Risk priority number (RPN) criteria.

RPN Severity Description
. This mode of failure can be detected by the company; it means a simple change in
RPN < 50 Minor the design, unless the mode of failure is included in the standard.
50 < RPN < 100 Significant The Priority Risk Nun'nber of this failure r,nocle can be; decreased after an
adjustment to the design in the company’s laboratories.
Verv Serious or This mode of failure must be reduced or eliminated through the various
RPN > 100 Y laboratory tests that are performed, or if necessary we must change the design

H o\ N
azardous concept. If it is not diminished, the product cannot be sold to the market.

FMEA is focused on predicting a possible product failure in advance in order to avoid reworking
in the subsequent fabrication process, thus greatly reducing the cost of the product, shortening the
cycle, and improving the manufacturing efficiency [21].

2.3. Finite Element Analysis (FEA)

Finite Element Analysis (FEA) is a numerical method for approximating the solutions to differential
equations widely used in diverse problems—mainly for the modelling and simulation of engineering
problems. FEA can be applied in stress analyses on structures or complicated machines, dynamic
responses, or in thermal or electromagnetic analyses. FEA applications have also been extended to
materials in science, biomedical engineering, geophysics, and many other fields [42,43].

2.4. Manufacturing Process (MP)

The planning process has an essential role in the manufacturing and industrial processes of
home appliance and tool manufacturing and chemical processing plants. Planning a manufacturing
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process is transforming a portion of the design into specifications from the drawing plans in the
operation instructions needed for manufacturing [44]. The planning of a manufacturing process may
be defined as the systematic determination of the detailed methods with which components or parts
may be economically manufactured from the initial stage to the end stage. Geometric characteristics;
dimensions; tolerances; materials; and, finally, the sequence of operations, machinery, tools, and work
stations are analyzed to obtain the desired final product. The first task of the planning process implies a
series of steps: design data interpretation (CAD); understanding the functions, conditions, and product
specifications; and carefully analyzing any assembly operations that are to be performed [44,45]. All the
above may be found on a manufacturing process sheet.

Process Sheet

Process planning is a pre-manufacturing step which determines the sequence of operations or
processes necessary to produce a part or a set. This is the most important step in workshops where
unique products are manufactured or where the same product is manufactured infrequently. The result
of this step is the process sheet, which considers the route and operations data [44,45]. A process sheet
is a document listing the exact sequence of operations needed to complete the job. The route sheets are
useful in manufacturing and production planning. An example of a process sheet is found in Table 3.

Table 3. Typical process sheet.

Process Capacity ~ Approved Part No. Application Entered by: Date:
Sheet by: Part Name: Number of Parts Line:
Basic Time Tool Change i
Step Name Machine 5 Processing Remarks
Manual Auto  Completion Change Time Capacity/Shift

3. Results

For the QDF development, we had the criteria of 12 participants, among whom were laboratory
technicians, researchers, vendors, and designers who have used a rheometer at some time or have been
connected to rheological tests. The process of acquiring the requirements consisted of the participation
of the working group in discussions and interviews and the analysis of direct specifications for the
rheometer design by a research group on intelligent fluids. In addition to the above, an extensive
search of patents and scientific articles was carried out in order to explore the data reported on
operation issues, components, and requirements, and, in turn, it was complemented by a market
study on commercial rheometers. The criteria analyzed were the overall features, operation, aesthetics,
ergonomics, measurement schemes, man-machine environments, and costs, among others. With
the information found, the determination of the customer’s needs and requirements was possible,
as shown in Table 4. For each of the requirements considered, a quantified weight is assigned in order
to prioritize them and define which ones will be of priority in the design stage. The scales to qualify the
weight of requirements vary according to each author; in this case, significance values were proposed
from 5, 3, and 1, where 5 is for the highest significance and 1 for the lowest significance [30].

Table 4. Customer requirements and their importance.

Customer Requirements Importance or Weights Customer Requirements Importance or Weights
Easy to use 5 Minimum error margin 5
Display results on an LCD display 5 Use with any fluid—electro and magnet 3
Economic 3 Store data 3
Aesthetic 3 Automatic calculations 5
Small size 3 Easy to manufacture 5
Strong and lightweight 1 Secure 5
Portable 5 Easy maintenance 5
Detachable-interchangeable tips 3




Processes 2020, 8, 935 7 of 20

3.1. Technical Requirements

In this section, the work team translates the customer’s needs into an engineering language that is
direct and easy to interpret; this is done in order that the designers may have clearly defined, in the
design stage, clearly defined parameters and properties to be included in the modeling stage. Figure 3
shows the technical requirements translated into engineering language. In addition, the right side
of the figure shows the relationships between the technical requirements and what will be taken as
criteria for the design team’s decision making.

Equations and calculations in one program What's relationship

— Strong= ++
Moderate = +
- Weak = -

8 line by 16-character display-LCD

[+ [mewa]

Electric power supply 110V

Black pigment- LCD

Size : 20 x 25 x 40 cm

Materials: Nylamid , Acrylic, Aluminium and Steel

12V Rechargeable Battery (electronic accessories)

Structure with a minimum of components (approximately 11 parts)

e Rl Improvement direction

Six digits of accuracy —+ Maximise =

Target= °

o) | oot oeoee

Minimise= |

Parallel plate type

Figure 3. Technical or engineering requirements.

After the customers’ requirements and technical requirements had been identified, the design
team proposed the following correlations for the “What”/“How” between each of the customer’s needs
and each engineering characteristic, where 5 is a strong correlation, 3 is a moderate correlation, and
1 is a weak correlation. After this, estimations were compared among them. Once the significance
values and the correlation values were defined, the absolute significance value is calculated (B) as
the sum of the customer evaluation product multiplied by the weight corresponding to the degree of
dependence [20].

B=Y (I xR). ©)

The result is provided at the bottom of the column and shows the significance of the
requirement—that is, the priority quality characteristics for a customer.

3.2. Competitive and Technical Comparison Evaluation (Customer benchmarking-Technical benchmarking)

The QFD tool through the House of Quality allows direct comparison of how its design or
product ranks against the competition in fulfilling customer requirements. This analysis is very
important in making decisions related to design, considering that a certain type of scale is essential to
describe the excellence level of these products and our product, in order to find the route to achieve
customer satisfaction. The design team, with the contribution of all its members, identifies a series
of existing products to be compared—usually the proposed product and two or three of the relevant
competitors [23,27]. One of the purposes of this stage is to know how the competitors’ products compare
to the customers’ requirements compared to the product proposed by the design team. In order to carry
out the competitive evaluation, four commercial rheometers were taken into consideration: HAAKE
RheoStress 6000, HAAKE MARS Rheometer, ARES-G2 Rheometer, and Kinexus lab+ rheometer.
Once the competitors are identified, a table is generated with the customer’s requirements met by
each of the competitors and the design team’s proposal using a five-level scale where 1 = very low
satisfaction and 5 = very high satisfaction [23]. Once the above points are obtained, the House of
Quality is obtained for the design of the rheometer proposed by the design team. The House of Quality
is shown in the Figure 4.
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Figure 4. House of Quality (HoQ)—low cost rheometer.

In the last QFD analysis section, the importance of all the customer requirements and the
contribution of each technical requirement to meeting said requirements are analyzed. This final
analysis is crucial for design, as this is where the information obtained in the evaluations of the other
matrices is gathered and the result of each technical requirement is evaluated and finally reordered,
before proceeding to the design. From the House of Quality results, especially the results of absolute
technical importance (B) and priority, it is clear that some requirements are of greater importance than
others. This is closely related to the methodology, but in spite of its score, all the requirements are
met and included in the design generated by the work team. From the technical importance results,
the following can be concluded:

(1)  The technical requirement of minimal parts obtained a high importance index of 193 and a priority
order of 1. This means that the proposed design must meet the minimal necessary elements for
rheometer operation; this requirement also impacts the ease of maintenance required during
its lifecycle.

(2) The technical requirement of parallel plates obtained a high importance index of 174 and a priority
order of 2. This technical requirement depends on how the rheological tests are carried out and
the condition of the rheometer’s accessories.

(3) The technical requirement for the use of an 8-line display obtained a high importance index of
166 and a priority order of 3. This technical requirement mainly affects how the rheometer user
will interact with the variables that must be measured during the rheological tests.

Finally, we would obtain the remaining features, where the feature with the lowest priority is
the use of dark pigments for display data, among others. The competitive and technical evaluation
had the purpose of analyzing similar products which were already on the market in order to produce
a rheometer with qualities not lower than those of competitors. As may be observed regarding
quality in the competitive and technical evaluation section, the designing team proposal was always
within a margin superior to the competition in most aspects. This shows that our product will
be superior to or will keep customers much more satisfied than products existing on the market,
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since the proposed rheometer has a better score than the competition regarding the engineering and
customers’ requirements.

3.3. Preliminary Design

Once the House of Quality evaluation is complete, we proceed to the section on preliminary
prototype design according to the House of Quality—QFD requirements. The design concept proposal
has been established in a simple, intuitive approach based on the design team’s experience, with
the following stages: (i) the identification of the problems associated with satisfying customer
requirements; (ii) the identification of the associated problems and the satisfaction of technical or
engineering requirements; (iii) the acquisition of knowledge and foundations for the proposal of
solutions; (iv) the proposal of design solutions; (v) the proposal of critical elements of operation,
structure, and materials; (vi) the proposal of a measurement and control environment; (vii) the
evaluation of the design proposal in terms of the functionality and the requirements to be met; and,
finally, (viii) the preliminary rheometer design. The Figure 5 shows the exploded CAD model of the
rheometer designed by the work team.

Figure 5. Design of the proposed rheometer and components. (a) LCD display; (b) sheet metal casing;
(c) steel plates; (d) ball bearing hinge; (e) container box (the motor and electronic accessories); (f) acrylic
protective cover; (g) motor; (h) steel rods; (i) galvanized sheet; (j) shaft, tip, and sample container
assembly; (k) Nylamid couple, inertia flywheel, Nylamid bearing holder, and bearing assembly;
(1) threaded rod; and (m) adjustable leg leveler.

Tables 5 and 6 show the complete FMEA format carried out in accordance with the procedure
specified in the methodology section with the objective of analyzing the designed rheometer components,
broken down into the parts considered critical. In accordance with the FMEA, each part of the rheometer
is related to its possible potential failures. This will facilitate the identification and reinforcement of
those areas where failures may occur, along with their correction, before creating the prototype. It will
also provide its possible effects to provide design controls, as foreseen by the work team as a whole.
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Table 5. Failure Mode and Effect Analysis (FMEA)—low-cost theometer: mechanical components.
Item Potential Failure Mode Potential Effects S Potential Causes of Failure o Curr;r;‘t“f_:;l:it:;(:lls for D RPN Recommended Actions
Damage to the motor armature Component failures Motor overload Proper malntenaqce and allow
for cooling
Bearing damage Deterioration of the elements 10 Excessive load, poor lubrication Inspection and preventive 6 480 Allow cooling and lubrication
Motor L. Probability of damage to the Contact with water, contact maintenance Protect from moisture, check
Short circuit - .
other components between wires connections
Motor misalignment Destruction of the components Sudden movements Avoid sudden movements
L Plate friction, overloading the Check multi-directional leveling
Plate misalignment Wrong results . . ,
Rotor (shaft 5 motor ) Preventive maintenance and 8 80 (bull’s eye level)
and tip) adjustment of components Preventive maintenance and
Gear wear Do not rotate the shaft Wear due to lack of lubricant A
lubrication
Plat Misleveled plates Measurement error 5 Not having a bubble leveler Preventive maintenance, 5 5 Check multi-directional leveling
ates L .
Loosening Test point parallelism problems Poor installation of components lubricating, and checking levels Checking component adjustment
ftﬂ:;i ZZZ Fracture of the plates Measurement error 5 Fracture due to misuse 2 Replace component 5 50 Replace the part
S: Severity, O: Ocurrency, D: Detectability.
Table 6. FMEA—Ilow-cost rheometer: electrical and electronic components.
Item Potential Failure Mode Potential Effects S Potential Causes of Failure o Current Con?rols D RPN Recommended Actions
for Prevention
Bad installation Lack of speed control Installation mistakes Install components Verify correct installation
Potentiometer 7 2 tly, all 7 98
Heating Damaged or burnt components Risk of short circuit corree Zﬂi] i?:: proper Turn off rheometer and allow cooling
Error in the speed indicated on the - . .
, Burn LCD display Short circuit Protect it from falls and Only connect at the time of testing
LCD display Break Does not turn on the LCD display 6 Falls, blows, misuse 4 water contact 1 24 Avoid hitting the LCD display
Short circuit Does not turn on the LCD display Electric shock, overheating Protect against humidity
Electrical discharge Noel No electric power Use properly, protect Check electrical connection
o electric power i
Battery holder Incorrect Electrical Wiring P 8 Poorly connected wires 5 from th; }}umldlty 5 200 Check wiring and connection
and clean
Short circuit The other components are put at risk overheating, contact with water Protecting it from ::emldlty and proper
Installation mistakes Dlscor.mected UsB Verify correct installation
USB port Data is not saved 4 Bad connection of the USB ports 2 Replacing components 6 48
Problem with the interface Data is not saved Remove and reinsert it
Installation mistakes lack of control over functions Not installing the component correctly Control panel for Verify correct installation
Control Panel 7 5 70

Component failure

Difficulty in pressing buttons

Poor installation, disconnected wires

rheometer control

Verify correct installation

S: Severity; O: Occurrence; D: Detectability.
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The results from the FMEA and the relevant scores for the parameters S, O, and D were established
to find the RPN of each rheometer component and its characteristic failure modes. The risk assessment
was performed on both the mechanical parts and the electrical or electronic components. With the
FMEA, it was discovered that the high RPN of 400 corresponds to the electric motor that transmits the
torque and rotational movement to the shaft, suggesting that preventive maintenance during operation
should be considered a high priority. Another element with a high RPN is the battery case, with a value
of 200, which feeds electrical energy to some electronic components, and therefore should be protected
from vibrations, falls, or contact with liquid. According to Table 2, these two RPN values classify the
failures of these elements as serious or dangerous. With RPN values of 98, 80, and 70, the potentiometer,
rotor, and panel or display failure modes are classified as significant failures. The other failure modes
fall into the minor category.

3.4. Finite Element Analysis (FEA)

This section describes the Finite Element Analysis carried out on the parts that comprise the
rheometer, with the objective of verifying if they meet the various established design parameters
established and detecting possible improvements to the proposed design. It is worth noting that
only a vibration analysis was carried out, as this is a phenomenon that greatly affects the rheometer
performance through high-magnitude resonant vibrations [46]. Modal vibration analysis generates the
fundamental vibration frequencies of the elements and the magnitude of their deformation.

The ANSYS Workbench software was used for the modal analysis of the rheometer components.
The 3D models of the rheometer elements were built in a computer-aided design (SolidWorks) system
and imported into the ANSYS Workbench preprocessing platform. The main materials used for the
component analysis were structural steel and Nylamid. Steel was assigned a density property of
7850 kg/m3, a Young’s modulus of 200 GPa, and a Poisson’s ratio of 0.3; for Nylamid, it was assigned
a density of 7850 kg/m3, a Young’s modulus of 2353 Mpa, and a Poisson’s ratio of 0.21. Once the
materials were defined, each of the elements analyzed underwent the meshing or discretization
process. The finite element SOLID185 was used for the meshing, defined by eight nodes with three
degrees of freedom in each node (UX, UY, and UX) [47]. This type of finite element is suitable for
modeling general 3D solid structures, allowing prismatic and tetrahedral degenerations. SOLID185
is appropriate for modal analysis, with an adequate ratio of convergence time and computational
resource consumption [48]. The mesh convergence test was performed to determine the optimal mesh
size using the first modal frequency as a reference. The boundary conditions and speed loads were
applied specifically for each case. Modal analysis was limited to the earliest vibration modes, those
closest to the rheometer operating speed.

A simulation was carried out on the full rotor (shaft, flywheel, and tip) and the coupling to the
driving motor. Figure 6 shows both the meshed geometry and the shape rotor vibration that occurs at
the fundamental vibration frequency of 1689.3 Hz. Vibration resonance exists when the frequency of
an excitation source coincides with the fundamental frequency of a body or element—an undesirable
condition which generates the greatest number of deformations and displacement in bodies. Figure 6
indicates that if there were resonance, the maximum displacements would be at the tip of the shaft
where the probe is placed and would be 152.55 mm. The analysis only returns this as a point of design
improvement. It is important to mention that the tip is what comes into contact with the sample
container, and it would not be appropriate to have those types of vibrations in rheological tests.

Figure 7 shows the result of the analysis of the inertia flywheel, where a fundamental vibrational
frequency of 10,026 Hz was obtained. The shape of resonance vibration and its magnitudes do not
represent conditions that require improvement.
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Modal

Total Deformation
Type: Total deformation
Frequency: 1689.3 Hz
Unit:mm

152.55 Max
135.6

118.65
101.7

84.749
67.799
50.849
33.899
16.95
0 Min

All the nodes on the face fixed

(UX=UY=UZ=0)

Figure 6. Total deformation of the rotor.

Modal

Total Deformation
Type: Total deformation
Frequency: 10026 Hz
Unit:mm

108.86 Max
96.761
84.666
75.571
60.476
4838
36.285
2419
12.095

0 Min

All the nodes /

on the face

fixed(UX=UY=

Figure 7. Total deformation of the inertia flywheel.

The tip is the part that is attached to the rotor and is what comes into contact with the fluid.
Figure 8 shows the vibration analysis of the shaft and of the tip with the fundamental frequencies of
3928.2 and 28,188 Hz, respectively.

As can be seen by the shapes of the vibration, the tip of the shaft is again in a state of high
vibration movements, which is consistent with the rotor analysis findings and is therefore taken into
account when making design improvements. Finally, an analysis was carried out on the complete
structure, as shown in Figure 9. The fundamental frequency was 331.6 Hz, and resonant displacements
of 378.8 mm were found in the upper rear part of the structure, which indicates that improvements
must be made to that section to avoid future performance failures in the rheometer.

With the results from the FMEA and the FEA, the following improvement actions were taken to
update the proposed design:

(1) A minimal part or element analysis was performed on the rheometer design. This led to the
elimination of some nonessential accessories, helping to meet the requirement of easy maintenance.

(2) Small marks were made on the plates and laminates to increase the stiffness and prevent
susceptibility to excessive vibrations and loosening.
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The rotation shaft section was modified at the base, where the test probe is placed, to avoid
excessive movements due to vibration based on the results obtained in the FMEA and FEA.

The section of the upper rear part of the structure was modified to avoid movements due to
vibration and possible failures caused by mechanical fatigue.

The space devoted to the battery holder for the sensor power source was improved.
Improvements to the electrical components were taken into account in the instrumentation section.

Modal

Total Deformation
Type: Total deformation
Frequency: 3928.2 Hz
Unit:mm

245.59 Max
2183
191.02
163.73
136.44
109.15
81.864
54.576
27.288

0 Min

All the nodes on the face
fixed (UX=UY=UZ=0)

a)

Modal

Total Deformation
Type: Total deformation
Frequency: 28188 Hz
Unit:-mm

377.83 Max

All the nodes on the face
fixed(UX=UY=UZ=0)

251.89
20991
167.92
125.94
83.962
41.981
0 Min

Figure 8. Total deformation—(a) shaft and (b) tip.

Modal

Total Deformation
Type: Total deformation
Frequency: 331.6 Hz
Unit:mm

378.8 Max
336.71
249.62
25253
210,44
168.35
126.27
84.177
42.088
0 Min

The three translational DOFs are fixed

Figure 9. Total deformation—structure of steel plates and rods.

Figure 10 shows the final rheometer design drawn up in CAD as a result of the improvement points.
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Figure 10. Final rheometer design.

3.5. Rheometer Manufacturing Process

Once the final design was finished in CAD, and based on the results from the QFD, FMEA,
and FEA, the rheometer was manufactured with materials such as steel, acrylic, aluminum, laminated
steel, Nylamid, and stainless steel. The manufacturing planning process and the sequence of features
or processes was performed using the process sheet tool with the exact sequence of features necessary
to complete the work. A process sheet was completed for each rheometer component. Table 7 shows
the process sheet for the sheet metal casing of the rheometer.

Table 7. Sheet process—metal casing.

Control

Manufacturi Sheet Process Part: 9
anufacturing “Sheet Metal P ;
Processes (CMP). Sheet Metal Casing' Sheet: 9
Title 3]36'1;21:;01::; Estimated Time
Sheet Metal Casing Material Galvanized Sheet 160 X 80 mm 1 h 30 min.

Op. Description Tools and Equipment Working Conditions Estimated Operation Time
1 Trace the dimensions on the cardboard sheets =~ Tape measure and square Manual 20 min.
5 Using the cardboard, mark the exact Square and marker Manual 10 min.

measurements on the galvanized Sheet

Cut the galvanized sheet according to the

3 Sheet metal scissors Manual 10 min.
proposed measurements
4 Drill holes in the galvanized sheet Drill and bit set Manual 15 min.
5 Bend the galvam'zed shget to the proposed Hydraulic bending press Manual 10 min.
dimensions
6 Weld the indicated flaps of the galvanized sheet ~ Automatic spot welder Manual 15 min.
7 Sand the galvanized sheet Sponge gandmg pads Manual 10 min.
and ultra fine sand paper
8 Painting galvanized sheet Air paint gun Manual 20 min.

Comments: The dimensions indicated on the cardboard sheet are drawn first, so that there are no errors in the lines. Once the dimensions have been completed
exactly, they are transferred to the sheet to avoid waste or possible errors.

Figure 11 shows some elements of the manufactured rheometer.
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iy

L&
*

Figure 11. (a) and (b) Steel plates, (c) container box (the motor and electronic accessories), (d) sheet

h

metal casing, (e) acrylic protective cover, (f) inertia flywheel, (g) threaded rod, (h) rotor (shaft ant tip),
(i) adjustable leg leveler.

With the components manufactured, the structure assembly process is developed, as shown in
Figure 12.

Figure 12. Structure assembly process.

The internal part of the rheometer is composed of the motor (12V DC—RPM: 1000RPM) and its
accessories. Figure 13 shows the complete assembly, which is composed of the rotor, couplings, bearings,
and inertia flywheel. This assembly is particularly important for the rheological testing process.

Motor

Nylgmid cpuple

Inertia flywheel
Nylamid Bearing |

bearing holder

L= v

Shaft and Tip

| E—

b) [_—|_| samplé container

Figure 13. (a) Motor and inertia flywheel assembly, (b) electrical arrangement for electromechanical tests.
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The Nylamid elements were included to isolate the motor and the electrical and electronic
components from the energy used for the electro-rheological tests (Figure 13b).

3.6. Instrumentation and Implementation

To meet customer requirements regarding the environment or user interaction with the rheometer,
it was decided to use the Arduino platform to manage the sensors, button panel, display, automatic
software calculations, and storage of the test data. Some devices used in the instrumentation of the
rheometer include the following:

(@) Open platform Arduino UNO boards, which facilitate microcontroller programming.

(b) A DHT11 digital temperature and humidity sensor, which uses a capacitive humidity sensor and
a thermistor to measure the surrounding air and only one pin to read the data.

(c) An FC-03 Infrared Sensor Encoder, a device responsible for converting angular movement into
electrical pulses which can be interpreted by the system controller.

(d) An Arduino button panel, control element.

(e) AnH Bridge L298N, a circuit that allows controlling the direction of the rotation and speed in
DC motors.

(f) AnLCD display and an 12C Adapter for LCD displays with microcontrollers.

The separation of the parallel plates from the tip is measured from the vertical displacement bar,
and the torque is estimated based on the current and intake voltage of the driving motor.
Figure 14 shows the tests carried out on the sensors.

Figure 14. Sensor and LCD display testing.

Finally, the assembly of the rheometer is completed, as shown in Figure 15.
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3 TLCD Display

" mmEw | -

Threaded Rod
Elevation control

T Interchangeable tip

Sample container

Acrylic protective cover

Room for magnetic
devices

Figure 15. Manufactured rheometer—final version. Product specifications: power source 110V, sensor
power source 12V, variable speed operation from 0 to 1000 RPM, interchangeable test probes, ability to
incorporate attachments to perform electro- and magneto-rheological tests.

4. Discussion

The main interest of this work was accomplished by obtaining a rotational rheometer with the
required characteristics using of the methodologies set forth herein. By developing the QFD by means
of the matrices in the aforementioned House of Quality, it was possible to guide this work toward
the rheometer design and manufacturing stages. To manufacture the prototype, it was necessary to
determine the customer, technical, or engineering requirements and establish the correlation between
these. The accuracy of the customer requirements depends on the work team’s environment, in addition
to its knowledge and experience in the subject. In this regard, the work team had to overcome the lack
of contributions from more people or customers, as rheometers are not commonly used instruments
and their application is very specialized. However, with the help of research into patents and scientific
articles, the customer’s significant requirements were met to structure the House of Quality. Another
aspect detected during the QFD elaboration process was weakness or subjectivity when performing
the benchmarking, as an additional, more reliable mechanism is required to make this judgement and
achieve greater reliability and determination [23]. Rheometer performance and cost are highly valued
aspects on the market. The rheometer designed and built in this work has a material and supply cost
of $1500 USD, not including labor—a very competitive price in comparison to commercial rheometers.
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Limitations and Expected Impact

Improvements in the rheometer development process presented in this work arise from the
analysis with the following limitations:

e  The sample of participants considered for the requirements analysis and for the design process
should be improved, involving more experts in the field of rheology, equipment vendors, users,
and analysts.

e  Although the methodology used in the preliminary design stage was sufficient to fulfill the
objective of this work, more robust or systematic methods for the entire preliminary design process
need to be adopted, as suggested by some research works in the field of design [37,49].

e A weakness found during the stage is the lack of an in-depth analysis of the technical details in
the design of the proposed solution.

e It would be very convenient to update the failure mode analysis (FMEA) with field evaluations of
the experimental performance in order to continue improving and adjusting the rheometer design.

e  The verification stage of the experimental operation of the rheometer would give certainty for
industrial production and would give feedback on the entire design process.

e An ergonomic analysis of man-machine interaction would undoubtedly strengthen the
development process of the rheometer as a product.

We consider that the main impact of this work is the development of a low-cost rheometer using
technology within the reach of most people, not only in the industrial sector. The implemented
methodology is already well known, but it can be followed for the development of other equipment
or instruments. Academically, having a rheometer like the one developed in this work will impact
research in the field of rheology and will support the training of future engineering students.

5. Conclusions

The low-cost rotational rheometer developed in this study was achieved using quality control and
continuous improvement tools, such as QFD-HoQ and FMEA, in addition to the use of manufacturing
tools such as Manufacturing Process Management and engineering CAE tools such as the FEA.
The rheometer design has the capacity to adapt in order to perform both electro- and magneto-rheological
tests. During the design and construction process, the design team adhered to the customer’s
requirements and to the engineering requirements proposed, taking the advantage offered by the QFD.
In addition, improvements in the proposed rheometer design were achieved with the FMEA technique
in order to detect any possible failures and the development of an engineering analysis (FEA) to ensure
the design in the structural part and the operation with which the rheometer construction was finally
achieved. With the results obtained in this study, the possibility of designing rheometers was left open
for electro- and magneto-rheological tests in the future.
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