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Context and Original Assignment
This graduation project was carried out within the 
Understanding Product Engineering (UPE) course 
at TU Delft. In this course, first-year students are 
introduced to material properties and their role in 
design decisions. While theoretical knowledge is 
well-covered, students rarely get the chance to 
test or interact with materials physically. This issue 
is only growing, as educators face increasing group 
sizes and shrinking budgets, making hands-on 
teaching harder to organise, especially in light of 
recent government funding cuts. As a result, key 
concepts like stiffness often remain abstract and 
hard to apply in practice.

The original brief focused on developing low-tech 
tools to help students identify unknown materials 
through sensory-based testing. The aim was to 
support material intuition and bridge the gap 
between theory and hands-on experience. This 
project builds on that idea but shifts the focus 
toward a solution that allows students to engage 
with materials independently and in small groups, 
without requiring constant supervision or lab 
infrastructure.

Redefining the Brief
Early analysis of the course structure, combined 
with feedback from user tests, revealed a 
deeper issue. Students didn’t just struggle to 
name materials, they struggled to reason about 
material behaviour in a structured way. Concepts 
like stiffness and deformation were introduced in 
lectures but never reinforced through measurement 
or experimentation.

One key insight was that scientific measurement 
itself was missing from the course. Students had 
no experience dealing with real data, uncertainty, 
or variability, all essential aspects of engineering 
reasoning. As a result, the brief was redefined to 
focus on helping students not just explore materials 
but analyse them. The new goal became to support 
the development of both intuitive understanding 
and structured interpretation of material stiffness.

Final Setup
The final result is a single setup with two sides, each 
designed to support a different stage of learning. 
On one side, students interact with a set of intuitive 
tools that let them explore basic material properties 
such as hardness, density, and magnetism 
through hands-on trial. These tools are intended 
to trigger curiosity, encourage early reasoning, and 
help students confront their assumptions about 
materials.

On the other side, the structured component 
invites students to dive deeper. Using a compact 
three-point bending setup, they measure force 
and deflection, calculate an effective modulus, and 
discover that theory alone doesn’t always match 
what materials do in practice. The numbers seen in 
theory assignments or exams don’t always hold up 
when real materials introduce variation, uncertainty, 
or unexpected behaviour, and that experience is 
central to the learning goal.

The setup is built from a combination of laser-
cut wooden parts, 3D-printed components, and 
affordable off-the-shelf electronics. All parts are 
easy to produce and assemble, making the design 
scalable for classroom use without specialised 
equipment or supervision.

Executive Summary

Intuitive Tools



Why It Works
The setup was tested in two classroom workshops 
designed around the Productive Failure approach. 
In the first session, students explored materials 
informally using the intuitive tools. In the second, 
they worked with the structured bending setup to 
measure and calculate stiffness. This sequence 
encouraged students to confront their assumptions, 
make early observations, and later connect those to 
theoretical concepts through data and analysis. This 
setup gave students the opportunity to engage with 
measurement in a way that theory alone doesn’t 
offer. During the workshops, they were confronted 
with questions like when to take a reading, how 
much force to apply, and how to interpret variation 
in the. This shift from open-ended exploration to 
measured analysis aligns with the course’s intention 
to build both intuitive and structured understanding 
of material behaviour.’

Mechanically, the setup performs reliably. A full 
uncertainty calculation based on measurement 
variation placed the total error margin at ±11.3%. To 
verify this, a series of repeated tests was performed 
using four different materials. The standard deviation 
across trials was approximately 6%, confirming that 
the setup produces consistent and usable results 
under realistic classroom conditions.

Looking Ahead
The setup is ready for implementation in the UPE 
course. Small improvements to instructional clarity 
and sensor mounting are recommended before 
full rollout. There is interest to test the setup in the 
official course structure, and there is potential for 
broader use in other educational contexts where 
hands-on material testing is relevant.

Intuitive Tools

Structured Device
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1.1 Introduction
 
In design education, it’s important that students 
understand how material properties affect things 
like performance, durability, and safety. This is 
especially true in early courses like Understanding 
Product Engineering (UPE) at the Industrial Design 
Engineering (IDE) faculty at the TU Delft, where 
students first get exposed to material behaviour, 
physics, and production techniques.

A lot of that is taught through lectures or tools 
like Granta EduPack, a materials database (Ansys 
Inc., 2023), but actual hands-on experience with 
materials is pretty limited. That’s partly because of 
safety and staff limitations, but also just the reality of 
how education is shifting in the Netherlands. Budget 
cuts (Universiteit Leiden, 2025; DutchNews.nl, 2025) 
and more students per educator (OECD, 2023) make 
it harder to offer lab-heavy teaching, which means 
students often miss the chance to actually test or 
explore real materials during their studies.

Course coordinator, sBas Flipsen, sees this as a 
gap. There’s a clear need for something low-cost 
and practical, a setup students can use on their 
own, to get a feel for how materials behave, without 
needing full lab access or constant supervision.

My Own experience

From my own time in the course, I noticed how 
abstract this stuff can feel. I’ve seen people struggle 
to understand the difference between stiffness and 
hardness, or how to read a force–deflection curve 
if they’ve never actually felt a material bend. It’s not 
that we don’t care, we just haven’t seen it in action.
Meanwhile, tools like 3D printers or laser cutters are 
used all the time. That’s partly because they’re easy 
to use, but also because you immediately see what 
happens. If we want students to build the same kind 
of confidence with material properties, the testing 
setup needs to offer the same kind of direct, hands-
on feedback. That’s what this project is trying to 
improve.

1. Project Introduction

Figure 1. IDE Faculty, from TU Delft website
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1.2.2 Research Questions
To guide the direction of the project and clarify 
what the setup needed to achieve, three research 
questions were used:

1.	 How do different types of hands-on testing 
experiences support student learning about 
materials? It’s important to understand what 
kind of interaction helps students not just 
engage with materials but also develop useful 
and accurate mental models of material 
behaviour.

2.	 How well does the current UPE course align 
theory, practice, and assessment in material 
education? Identifying gaps between what 
students are taught, what they do, and what 
they’re tested on helps ensure that the setup 
contributes meaningfully to the course.

3.	 What practical and educational constraints 
shape the design of a classroom-ready testing 
setup?  To be realistically implemented, the 
setup must fit within real classroom conditions 
including safety, budget, group size, and 
supervision limits.

1.2.3 Goal of the Assignment
The goal of this project is to design and validate a 
classroom-ready testing setup that helps students 
build a deeper understanding of material properties 
through hands-on experience. The aim is to show 
how different forms of material testing can be 
combined into a setup that supports learning, 
works within course constraints, and scales 
beyond a single prototype. The final result will be 
a validated setup, tested with students, and ready 
for integration into the UPE course, with potential 
application in other design education contexts.

1.2 Assignment
This project focusses on the UPE course at TU Delft 
and focuses on improving how students engage 
with and understand material properties. While 
the theory is well-covered, physical interaction 
with materials is limited, leaving a gap between 
what students learn and what they experience. 
This project explores how that gap can be closed 
through practical, scalable testing tools.

1.2.1 Background
The original assignment (Appendix A) aimed to help 
students identify unknown materials using multiple 
low-tech tests, supported by Granta EduPack. This 
was meant to build material intuition through hands-
on interaction.

However, early research and curriculum analysis 
revealed a deeper issue: students weren’t just 
struggling to name materials, they were struggling 
to understand what those materials actually do. 
The brief was therefore refined to focus not on 
identification, but on helping students interpret and 
reason about material behaviour.
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1.3 Method and Approach
The project followed a research-through-design 
approach, developed through an iterative process 
(Figure 2) and inspired by the Double Diamond 
model (Figure 3), alternating between open 
exploration and focused refinement. The method 
was mainly shaped by what the context and design 
process required at each stage. The structure of this 
report reflects the development of the solution step 
by step, from early analysis to final validation.

1.3.1 Analysis Phase (Discover)
The process started with a broad technical 
exploration: investigating which material properties 
could be tested safely and meaningfully in an 
educational setting, and what kind of test methods 
might support that. This included looking at 
properties like stiffness, hardness, magnetism, and 
conductivity. After that, the focus shifted toward a 
more contextual analysis of the UPE course itself: 
what the learning goals were, how materials were 
currently being taught, and where theory, practice, 
and assessment weren’t lining up. Together, these 
two perspectives helped refine the original design 
brief (Appendix A) and define what the setup 
needed to do.

1.3.2 Concept Development 
(Define to early Develop)
From the combined analysis, two learning tracks 
emerged: one focused on intuitive, hands-on 
exploration, and one focused on structured, 
measurable testing. Although both were explored 
in parallel, the structured track became the focus 
of the design work. It aligned most closely with the 
gaps identified in the course, especially the need 
for repeatable, analytical reasoning around material 
properties. The intuitive track was developed in the 
background, following the same iterative process, 
but required less technical development, being 
based on current curriculum activities. It would 
return in the final design as part of a combined 
setup.

Figure 2. Iterative Process Model (Radiant Digital, n.d.)



Page 11

1.3.3 Prototype Testing (Develop)
A working prototype of the structured setup was 
built and tested with students. The goal was to see 
if it actually helped them understand stiffness and 
material behaviour, and whether the measurements 
were consistent enough for classroom use. 
Alongside user testing, some basic mechanical 
evaluation was done to assess force stability, 
repeatability, and ease of use. Feedback from 
students and technical results were used to guide 
the next phase.

1.3.4 Iteration Phase (Develop to 
Deliver)
Based on the feedback, the design was refined 
and rebuilt. The goal here was to make sure the 
setup could be used independently by students 
in the classroom, while still working reliably both 
mechanically and educationally. Improvements 
were made to the force input, measurement 
feedback, and sample alignment, and small details 
were added to support correct usage without 
supervision.

1.3.5 Final Design Integration 
(Deliver)
After the design iteration, the final version of the 
structured setup was completed. At this point, 
the intuitive tools were brought back in and 
integrated into a full two-part classroom setup. A 
supporting workshop format was designed around 
the structured setup, using a Productive Failure 
approach: students first explore and try to solve 
a task on their own, before theory is introduced 
to help make sense of what they experienced. 
This helped structure the role of the tool within 
the course and ensured that it supported both 
exploration and reflection.

1.3.6 Validation and 
Implementation
To validate the final setup, two workshops were 
run with students. One focused on open material 
exploration, the other on stiffness testing and load 
prediction using the device. Observations and 
student feedback showed that the setup helped 
students shift from vague assumptions to more 
structured reasoning. In parallel, mechanical tests 
confirmed that the setup could deliver repeatable 
data within acceptable uncertainty for educational 
use. Both sides of validation pointed toward 
successful integration in the UPE course.

Figure 3. Double Diamond Model (Delft University of Technology, n.d.)
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2.1 Technical 
Exploration
The project began on the assumption that students 
could learn more about material properties by 
identifying unknown materials through direct, 
hands-on testing. This assumption introduced 
a general question into different materials, their 
properties, and how a person could test them in an 
educational setting.

2.1.1 Material Selection
The goal of the material selection was to create 
a shortlist that would reflect real-world product 
applications and offer meaningful differences in 
behaviour and properties for students to experience. 
Three criteria were used:

1.	 Relevance to Product Design: Materials had 
to represent those commonly encountered in 
industrial design applications.

2.	 Accessibility and Safety: Materials had to be 
safe to handle and readily available in usable 
quantities for use in class.

3.	 Diversity: A range of different material types 
was considered to expose students to varying 
mechanical and physical behaviours.

Categories explored included polymers, metals, 
natural materials such as wood and bamboo, and 
two additional materials: a composite (Carbon Fiber 
Reinforced Plastic, CFRP) and a ceramic (soda-lime 
glass). A full overview the shortlist of materials, and 
their selection reasoning can be found in Appendix 
B1.

2. Exploratory Analysis

2.1.2 Sample Form 
Exploration
The form in which materials were tested was 
recognized as important for both educational 
value and experimental reliability. Two primary 
approaches were considered:

•	 Product pieces: Real-life pieces to emphasize 
everyday, situational relevance, even if there 
would necessarily be some variation.

•	 Standardized Material Strips: Standardized 
samples made for uniform, similar results, albeit 
possibly further from students’ experience.

Either one can be useful, so both sample forms 
were kept in mind for future inclusion, pending the 
test procedure and learning goals
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2.1.3 Property and Testing Method 
Selection
The material properties focus on safety, feasibility of 
independent testing by students and their relevance 
to engineering decisions. The properties that were 
considered included (full list with considerations in 
Appendix B2):
 
•	 Density
•	 Hardness
•	 Fracture Toughness
•	 Young’s Modulus
•	 Electrical resistivity
•	 Magnetism.

Hands-on methods were chosen to help students 
connect theory with practice, avoiding “black box” 
tools that hide what’s going on. The tests included 
familiar techniques like the Archimedes density 
test, Scratch and Vickers hardness tests, 3-point 
bending, magnetic checks, and basic resistivity 
measurements. 

Each method was labelled as destructive (Figure 
4) or non-destructive (Figure 5), meaning if the test 
permanently damages the tested sample (Beitz, 
Küttner, & Heisel, 2010), balancing learning value 
with safety, reuse, and how complex the setup was. 
The full list with considerations can be found in 
Appendix B3.

2.2 Course 
Coordinator Input
Early conversations with the course coordinator 
highlighted several practical challenges within the 
project. One major issue was setup time. Existing 
equipment often takes too long to set up and clean 
up, which cuts into valuable workshop hours and 
frustrates instructors. Portability and storage were 
also raised as significant concerns. Moving a bulky 
setup between classrooms is difficult, and limited 
storage space means any new setup must be 
compact and easy to pack away. 
Safety emerged as another key priority. The device 
needs to be safe enough for students to use 
independently, without constant supervision. Lastly, 
cost and ease of construction were named. Given 
the size of the course and budget constraints, the 
setup must be affordable, straightforward to build, 
and maintainable without specialized tools or 
complicated assembly.

Figure 4. Destructive Testing - Tensile Test, Source: 
MFE Inspection Solutions (2024)

Figure 5. Non-Destructive Testing - Ultrasonic 
Testing. Source: Format NDT (n.d.)
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2.2.1 Safety Considerations
The IDE Faculty’s Low-End Tensile Tester (LETT) 
project (Figure 6) showed that with the right design 
choices, like adding enclosures or limiting how 
much force is used, it’s possible to build a safe, 
self-contained setup. But previous experience with 
projects in this course highlighted the importance 
of addressing safety early on. An earlier thesis 
project for the UPE course (Taen, 2024) was unable 
to be implemented due to safety certification 
issues, underscoring the need for a proper safety 
approach. A structured approach was developed 
by logically considering three levels: materials, 
properties, and methods. This framework helped 
guide the exploration of potential risks and informed 
subsequent design choices.
•	 Materials: only materials that are safe to 

handle and unlikely to shatter dangerously 
were selected. Materials with toxic, reactive, or 
flammable properties were excluded entirely.

•	 Properties: tests requiring hazardous 
procedures, such as melting point or corrosion 
resistance, were excluded from the testing 
programme.

•	 Methods: testing setups were chosen or 
adapted to reduce risks. (e.g. by limiting the 
applied forces and adding enclosures where 
necessary. Clear user instructions were 
developed to support safe, independent use by 
students.

2.2.2 Portability and Setup Time
Portability and storage constraints require the setup 
to be flexible enough to move between classrooms 
and compact enough for limited storage 
spaces, especially as tools are shared. Three key 
requirements emerged from discussions: the setup 
must be quick to setup, flexible and portable.

2.2.3 Ease of construction and 
accessibility
The setup also needed to be easy to build and use. 
This requirement emerged from discussions with 
the course coordinator and a review of existing 
educational tools. It was designed to be constructed 
from common parts and simple tools to ensure it 
could be assembled not only at TU Delft but also 
in schools and maker spaces. The goal was to keep 
the design affordable, sturdy, and straightforward 
without requiring specialized skills. At the same 
time, there needed to be a balance between 
portability and maintaining stability and safety 
during use.

2.2.4 Cost
Given the size of the UPE course (approximately 300 
students), discussions with the course coordinator 
led to the decision to divide the workshops into two 
timeslots, with students sharing a single setup. This 
approach reduces the number of required units 
to about 75. To ensure feasibility within the course 
budget, a target production cost of €50 per setup 
was established.

Figure 6. The TU Delft LETT, A low-cost, safe, and 
self-contained device designed for independent 
student use in material testing education. The setup 
demonstrates tensile behaviour in materials but is 
limited by availability and automation of force input 
and deflection measurement.
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2.3 Stakeholders
This project involves multiple stakeholders. The 
setup is designed primarily for students but must 
also work within the needs and constraints of 
teaching staff and faculty-level goals.

Primary Stakeholders

•	 Students: Students are the main users of the 
setup, so it needs to feel clear and hands-on. 
If the tools are easy to work with and show 
material behaviour in a direct way, it becomes 
much easier to connect theory to what’s actually 
happening in practice. The goal is to support 
independent learning without making things 
overly complicated.

•	 UPE Course Coordinator: The coordinator 
deals with big groups and limited time. A 
setup that requires minimal explanation, 
support and supervision cuts down on how 
much supervision is needed. That helps keep 
workshops running smoothly while still meeting 
the course’s learning goals.

•	 Faculty of Industrial Design Engineering (IDE): 
The faculty benefits from tools that can be 
reused across different courses and teaching 
styles. If the setup is scalable and flexible, it 
fits with IDE’s broader aim to blend theory with 
applied, practical learning.

Secondary Stakeholders

•	 Other Faculties: Departments like Mechanical 
or Civil Engineering may adopt similar setups for 
material education, especially where hands-on 
learning is needed without full lab facilities.

•	 TU Delft: At the institutional level, the project 
supports TU Delft’s ambition to innovate 
education and promote independent learning, 
especially when scalable, affordable tools can 
be reused across disciplines.

•	 Other Educational Institutions: Because the 
setup is low-cost, safe, and independent, it 
could also be applied in secondary schools, 
technical colleges, or other universities looking 
to make material behaviour more accessible to 
students.

Figure 7 Stakeholder Map

Primairy 
Stakeholders

Secondary 
Stakeholders

UPE Course 
Coordinators

Students IDE 
Faculty

Other
Faculties 

TU 
Delft Other

Educational
Institutions
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2.4 Educational 
Exploration
This project builds partly on prior research carried 
out by Robin Taen (2024), which explored the 
challenges faced by students within the Faculty 
of Industrial Design Engineering at TU Delft, 
particularly in the UPE course. His research focused 
on how engineering concepts such as material 
behaviour, manufacturing processes, and abstract 
topics like Normal and Vertical Moment (NVM) lines 
were understood and applied by students.

The findings highlighted the importance of 
experiential learning to improve conceptual 
understanding and retention. However, they also 
pointed out that simply providing hands-on activities 
was not enough: students often needed structured 
feedback and guidance to correctly interpret what 
they experienced.

His research also created insights into other setups 
at the faculty. One example is the Low-End Tensile 
Tester (LETT). It works well in terms of safety and 
independence, but student feedback showed a 
few problems. The setup wasn’t always easy to use, 
and in group settings, usually just one person did 
the testing while the others watched. That made it 
harder to keep everyone involved.
The main insights drawn from this prior research 
and experience are:

•	 Barriers to Hands-On Learning: Setups need 
to be easily accessible and intuitive. Otherwise, 
students tend to avoid them in favour of simpler 
tools like 3D printers or laser cutters.

•	 Importance of Experiential Learning: Active 
engagement helps students better understand 
material behaviour, but structured feedback is 
crucial to avoid misinterpretations.

•	 Role of Accessibility and Context: Setups 
must be easy to use, portable, and available 
without heavy supervision to promote genuine 
independent learning.

•	 Challenges in Group Work: Group-based 
setups often lead to passive participation, 
reducing the effectiveness of experiential 
learning activities.

•	 Mismatch Between Learning Objectives and 
Teaching Activities: The research showed gaps 
between the desired learning outcomes and the 
actual activities and assessments, highlighting 
the need for better alignment.

•	 Potential Scalability: If designed with flexibility 
in mind, a modular setup could be used 
beyond UPE. Courses like Product Engineering 
(PE), Materials & Manufacturing (M&M), and 
Advanced Prototyping (AP) could also benefit, 
though each would need slightly different tools 
or levels of depth.

A key theme that stood out was the gap between 
how students explored materials through instinct 
and how they were expected to evaluate them in 
a more structured, analytical way. Hands-on tools 
were clearly valued, students engaged with them, 
and they helped make abstract properties feel more 
real. But at the same time, those tools don’t always 
support the kind of consistent, measurable analysis 
needed for engineering tasks.
These findings helped shape the early setup. The 
goal was to find a balance, keeping things hands-
on and intuitive, while still making sure the tests 
supported proper analysis and clear structured 
interpretation.
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2.5 User Testing 
To explore this value of intuitive versus structured 
testing, eleven IDE students tested two methods 
for assessing material hardness: a simple scratch 
test and a more structured simplified Vickers 
test. Each participant performed both tests using 
the same material samples, followed by a short 
reflection. The goal was to compare how these 
approaches supported student understanding, 
and how preferences, confidence, and learning 
outcomes differed between them. The full test 
setup, anonymised respOnses and the full study can 
be found in Appendix C

Conclusions

The test highlighted a clear trade-off between ease 
of use and reliability. Students generally found the 
intuitive test easier and more engaging, but the 
structured method led to better performance and 
more meaningful reflection. There are a few key 
takeaways:
•	 Ease vs. effectiveness: The scratch test was 

easier to understand and quicker to perform, 
but fewer students identified materials correctly 
with it. The structured Vickers test, though 
slower and more technical, gave more accurate 
results.

•	 Performance difference: 6 out of 11 students 
correctly identified all materials using the 
Vickers test, compared to 3 out of 11 with the 
scratch test.

•	 Student preference split: While most enjoyed 
the simplicity of the scratch test, 7 out of 11 
students still recommended the Vickers test to 
others for its clarity and structure.

•	 Knowledge gaps: Several students struggled 
with basic concepts like magnetism or material 
behaviour, suggesting that neither test alone is 
enough to fully support deeper understanding.

Overall, the results confirmed that intuitive methods 
offer an engaging starting point, but that structured 
testing is more effective for developing accurate 
material reasoning. 

2.6 Conclusions
The exploratory analysis helped shape the technical 
and educational direction of the project. Different 
materials, properties and testing methods were 
explored, always with safety, simplicity, and 
classroom practicality in mind.

The small user test comparing a scratch test and a 
simplified hardness method revealed more than just 
a preference. While students liked the intuitive, feel-
based approach, the structured test gave clearer 
results and helped them understand the property 
better. That difference wasn’t expected to stand out 
so clearly, but it did.

It brought up a bigger question: What kind of 
learning should the setup actually support? 
Engagement and exploration are clearly valuable, 
but they don’t guarantee understanding. Just giving 
students hands-on tools isn’t enough if they can’t 
interpret what they’re doing.

To move forward, the project needed a closer look 
at the UPE curriculum. What are students expected 
to learn, and how is that currently taught and 
assessed? These questions shaped the next phase: 
a contextual analysis to make sure future design 
decisions are aligned with actual learning goals.

Figure 9. User Test 1 - Intuitive Part

Figure 8. User Test 1 - Structured Part
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Following the earlier exploratory analysis of 
materials, testing methods, educational practices, 
and initial user testing, it became clear that a 
deeper understanding of the curriculum structure 
was needed. This chapter builds on those findings 
by examining how constructive alignment and 
experiential learning principles related to material 
education within the UPE course.

This chapter identifies how the project could 
better support meaningful student learning by 
analysing learning objectives, teaching activities and 
assessment methods. Based on these insights, the 
project’s design brief was refined, shifting the focus 
from material identification toward teaching material 
properties and scientific measurement skills.

Note: After the update to the design brief, the goal of 
the setup shifted from material identification toward 
understanding material behaviour. As a result, no fixed 
shortlist of materials or methods was defined at this stage. 
Instead, the tables in this appendix show a wide range 
of possible materials, properties, and testing methods 
that were explored in the early technical analysis. These 
lists served as references for feasibility, relevance, and 
educational value throughout the project.

3.1 Constructive alignment 
Constructive alignment (Figure 9) is about making 
sure students aren’t just learning theory for the sake 
of it but are actually doing the kinds of things they’re 
expected to understand (Radboud University, n.d.). 
That means the learning goals, how things are 
taught, and how students are assessed all need to 
line up. In the UPE course, students are supposed 
to understand material properties and apply that 
knowledge to design decisions. But right now, most 
of that happens through lectures and theory. There’s 
not much room to actually test or experience how 
materials behave.

Right now, there’s a clear gap between what 
students are expected to understand and what 
they actually get to experience. The course asks 
them to apply material knowledge in design and 
engineering decisions, but most of that knowledge 
is taught through theory. Without the chance to 
physically test or observe how materials behave, 
it’s hard for students to connect those concepts to 
real-world situations. This disconnect makes the 
learning feel abstract, and it limits their ability to 
build practical understanding.

3.2 Learning 
Objectives
The course works with learning objectives; specific, 
measurable statements that define what learnings 
should be able to know or do after completing the 
coures. There are two learning objectives in the UPE 
course  that relate to material aspects:

•	 LO 1.2: Analyse existing products with respect to 
materials and production techniques.

•	 LO 1.4: Understand and apply basic material 
properties in product design.

These learning objectives’ goal is to teach students 
to evaluate materials based on mechanical 
properties (e.g., strength, flexibility) as well as 
environmental factors such as sustainability.
Tools like Granta Edupack are used systematically 
to explore opportunities and limitations of different 
materials. Students practise this by analysing real 
product components during workshops, assessing 
materials for performance, production feasibility, 
and sustainability. This approach supports students 
in making informed material choices in future 
design challenges.

3. Contextual Analysis

Figure 9. Constructive Alignment
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3.4 Assessment
Assessment of material determination knowledge in 
the UPE course takes place primarily through a final 
exam, an example question can be seen in Figure 
10. The exam tests both theoretical understanding 
and practical application by presenting students 
with data from different testing methods:

•	 Visual inspection
•	 Fluid column testing
•	 Tensile strength measurements
•	 Weight and volume analysis.

Students are required to analyse these test results 
and determine the most likely material using Granta 
Edupack. The exam focuses not only on arriving at 
the correct answer but also on explaining reasoning 
and justifying choices, so students demonstrate 
scientific thinking rather than relying solely on 
intuition.

This assessment approach mirrors real-world 
engineering challenges, where incomplete data and 
the need for analytical reasoning are common.

3.3 Learning
Activities
Material education in the UPE course combines 
lectures, practical workshops, and self-directed 
study.

Lectures introduce key concepts, including material 
properties and manufacturing processes.
•	 Workshops allow students to analyse real-

world product components, applying theoretical 
knowledge to practical examples.

•	 Self-study assignments and tutorials support 
skills in using tools like Granta Edupack, guiding 
students through case studies and analysis 
exercises.

This combination of lectures, workshops, and 
guided self-study is meant to help students 
develop the ability to select and evaluate materials 
independently in design contexts.

An important practical skill expected in the UPE 
course is the ability to accurately measure material 
dimensions using callipers. However, according to 
the course coordinator, student performance in this 
area has shown consistent challenges, affecting the 
reliability of material testing and analysis. To address 
this gap, the hands-on setup should include tasks 
where students measure dimensions directly using 
callipers or similar tools. 

Figure 10. Exam Question Example



Page 20

3.5 Productive 
Failures
The workshop part of the course uses Productive 
Failure (PF) as a core teaching method (Figure 
11). Students are first asked to tackle unfamiliar 
problems without much instruction. This often leads 
to incomplete or incorrect solutions, and that’s 
exactly the point. The struggle helps them realise 
what they don’t yet understand. After all, there are 
more ways to get something wrong than there are 
to get something right. When theory is introduced 
afterward, they’re more likely to engage with it 
meaningfully.

During discussions with the course coordinator and 
Stefan Persaud, PF was described as a key part 
of how the course is set up. It follows a deliberate 
cycle: students try things, get stuck, and only then 
receive the tools or theory to make sense of what 
happened. This mirrors the development model 
outlined by Persaud and Flipsen (2023). Rather than 
starting with explanation, UPE encourages students 
to first explore, mess up, and then connect the dots, 
which gives the learning more impact.

3.6 Experiential Learning
Experiential learning is a teaching approach where 
students actively engage with materials and 
reflect on their experiences to develop deeper 
understanding. According to the Experiential 
Learning Institute (n.d.), experiential learning 
promotes meaningful connections between theory 
and practice through active participation, reflection, 
and continuous improvement.

The UPE course already incorporates elements of 
experiential learning, particularly through workshops 
that involve material sorting and analysis exercises. 
These activities encourage students to connect 
their observations with broader concepts like 
durability, performance, and sustainability.

However, opportunities for deeper material 
exploration, particularly regarding mechanical 
properties and scientific measurement, remain 
limited. The focus currently leans more toward 
qualitative assessment rather than structured, 
quantitative testing of material behaviour.

This project aimed to build on the experiential 
learning framework already in place by offering 
students direct, structured interaction with material 
properties. By doing so, it intended to further 
support the development of engineering reasoning 
skills alongside intuitive material engagement.

Figure 11. Productive Failures Workflow Figure 12. Experiential Learning Workflow
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3.7 Conclusions
The Contextual Analysis shows that while the 
UPE course already provides a foundation for 
experiential learning, there is significant potential 
to strengthen the connection between practical 
activities and intended learning outcomes.

Existing workshops offer valuable qualitative 
experiences, but hands-on activities targeting 
structured scientific understanding, such as 
measuring properties like hardness, stiffness, and 
density, are less developed. The exam structure 
clearly demands that students be able to reason 
analytically about material behaviour, not just 
recognise materials intuitively.

As a result, the original design brief, which focused 
on building a set of test setups for determining a 
shortlist of materials, required revision.
The new design focus became supporting the 
teaching of material properties and scientific 
measurement skills, helping students build both 
intuitive engagement and structured analytical 
capabilities.

This also reinforces the importance of Productive 
Failure within the course. By letting students first try, 
fail, and reflect before introducing formal theory, 
the setup doesn’t just teach them what to think, 
it supports learning how to think. That principle 
helped shape the workshop structure and ultimately 
informed the requirements for both intuitive and 
structured testing.

Both previously identified concept directions offer 
strengths that align with this goal:

•	 Product pieces (PP) encourage intuitive 
understanding and contextual relevance.

•	 Standardised Material Pieces (SMP) provide 
clarity, structure, and reproducibility in scientific 
measurement.

Given the complementary nature of these two 
approaches, the final concept combines elements 
of both directions.

By integrating intuitive and structured experiences, 
the project supports both active engagement and 
the development of reliable engineering skills, 
aligning fully with the UPE course’s educational 
objectives.
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Table X on the next page presents the key findings 
from the research, which have been translated 
into clear requirements. These findings highlight 
important needs, challenges, and opportunities 
identified during the study. Converting them into 
requirements helps guide the development process 
and ensures that the final solution addresses what 
really matters to users and stakeholders. 

All requirements have been categorized under the 
Feasibility, Viability, and Desirability framework, 
which is commonly used in design thinking to 
evaluate whether a solution can be built (feasibility), 
is sustainable (viability), and meets user needs 
(desirability). A detailed assessment is provided in 
Chapter 9.3.

To steer the concept development and evaluation, a 
set of six Main Drivers was created by clustering the 
detailed requirements into core design goals. These 
drivers reflect the key insights identified earlier and 
cover both educational and practical priorities.

The challenge is to develop a setup that:

1.	 Gets students physically involved with materials 
so they can build an intuitive sense of how 
materials behave through touch, observation, and 
simple interaction (R1, R2, R13, R14, R26).

2.	 Helps students understand and measure material 
properties in a clear and structured way, using 
repeatable tests and accurate tools (R7, R12, R19, 
R26).

3.	 Uses materials and test setups that feel realistic 
and relevant, similar to what students might see in 
actual products (R8, R1).

4.	 Gives results that are consistent and easy 
to understand, so students can draw clear 
conclusions and connect theory with practice (R2, 
R12, R18, R19).

5.	 Is practical to use in the classroom: quick to 
set up, easy to build, and made from standard, 
accessible parts (R4, R5, R6, R23, R24).

6.	 Can be used safely without supervision, with no 
sharp edges or destructive tests, and only low-
tech components that are fully enclosed (R3, R10, 
R15, R25).

4. Key Findings & 
Main Drivers Table 1. Key Findings into Requirements Table

Requirements Table
Key Insight # Requirement Category Explanation

Students need to understand material behaviour, not just 
name materials 

R1 The setup must support the teaching of material properties 
and scientific measurement.

Desirability The updated design brief focuses on helping students understand 
material behaviour, not just identify materials.

Combining structured and intuitive methods improves 
understanding

R2 The setup should combine intuitive and structured testing 
methods.

Desirability Combining intuitive and structured approaches improves student 
engagement and supports analytical skill development.

Setup must be safe for unsupervised student use R3 The setup must be safe for independent student use. Feasibility Prior issues with unsupervised setups highlighted the need for a 
safe, certification-friendly design.

Setup must be portable across classrooms and workshops R4 The setup must be portable and easy to move between 
classrooms.

Feasibility Flexibility across classrooms requires portable and easily movable 
setups.

Fast setup is essential to fit class time constraints R5 Setup time should not exceed 5 minutes. Viability Minimising setup time ensures workshop flow remains efficient and 
maximises learning time.

Hands-on setups must be low-cost to scale across large 
student groups

R6 The setup must be easy to construct using accessible 
tools and materials.

Feasibility Simplified construction methods allow broader replication beyond 
TU Delft environments.

Setup must be usable in group settings without passive 
roles

R7 The setup must allow for structured, reproducible 
measurement of at least one key material property.

Desirability Supports the critical learning outcomes assessed in UPE’s final 
exams.

Students need to practice structured measurement 
methods

R8 Materials used must be feasible to fabricate, affordable, 
and suitable for educational use.

Feasibility Ensures that material selection for the setup aligns with cost, 
fabrication, and educational constraints.

Devices must be robust enough for repeated classroom 
use

R9 The setup must be durable and reusable across multiple 
student groups.

Feasibility Durability ensures setups remain functional through repeated 
classroom use without significant maintenance.

Setup must be reproducible using standard tools and 
components

R10 Students should be able to run the setup without 
supervision.

Feasibility Safe independent operation reduces instructor workload and 
increases session flexibility.

Students struggle with calliper use; setup must teach 
measurement

R11 The setup should not overly rely on technology, but limited 
sensor or screen usage is acceptable.

Feasibility Limited technology use prevents dependency while allowing 
appropriate feedback mechanisms like simple displays.

Students must be able to interpret results on their own R12 Feedback from the test must be visible and 
understandable.

Desirability Immediate, clear feedback reinforces learning during hands-on 
testing activities.

Setup must allow safe handling of all materials R13 The setup must support small group learning (max. 2 
students) and active participation.

Desirability Encourages active group work while avoiding large group 
dynamics that lead to passive participants.

Testing process should reinforce visual and tactile 
recognition

R14 Each student must be able to interact physically with the 
setup.

Desirability Physical interaction enhances experiential learning and 
engagement.

Devices must be storable and movable without damage R15 The setup must not require expensive consumables for 
repeated use.

Viability Keeps operational costs low and avoids consumables that would 
limit session scalability.

Setup must support independent exploration by students R16 The setup must be easy to maintain by staff and built to 
last across multiple course cycles.

Viability Simplified maintenance allows course staff to repair or replace 
components easily between sessions.

Material selection must expose differences in physical 
behaviour

R17 The setup should use intuitive use cues to guide students 
independently.

Feasibility Use cues such as form, colour, or labels guide students intuitively 
through the testing process.

Device feedback must be clear without needing 
supervision

R18 The setup must visually link physical actions to observed 
results.

Desirability Physically visible effects reinforce theoretical learning through 
practical observation.

Setup must avoid high forces or risky components R19 The setup must be affordable to produce at scale, 
targeting approximately €50 per unit for 75 setups.

Viability Controlling per-unit cost enables feasible implementation across 
the full UPE cohort. Cost considerations influenced material 
selection, construction methods, and design simplicity.

Setup must include a range of testable properties R20 The setup must have minimal loose parts to avoid loss or 
confusion.

Feasibility Reducing the number of loose parts simplifies setup, improves 
maintenance, and ensures clarity during workshops.

Scientific measurement skills should be embedded in 
testing

R21 The setup must use non-destructive testing methods to 
ensure materials are not damaged during testing.

Desirability Using non-destructive testing methods enables repeated use of 
material samples and reduces classroom waste.

Practical constraints from course structure must guide 
design

R22 The setup must allow students to practice and improve 
their ability to measure material dimensions accurately 
using callipers or similar tools.

Desirability Integrating dimensional measurement tasks addresses known 
student difficulties with calliper use, reinforcing critical engineering 
measurement skills.

The UPE course relies on Productive Failure in workshops. 
The setup must fit this teaching model.

R23 The setup must be suitable for integration into the existing 
UPE curriculum and teaching model.

Viability The UPE course uses Productive Failure as its core instructional 
approach in workshops. The setup must support this structure.
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Table 1. Key Findings into Requirements Table

Requirements Table
Key Insight # Requirement Category Explanation

Students need to understand material behaviour, not just 
name materials 

R1 The setup must support the teaching of material properties 
and scientific measurement.

Desirability The updated design brief focuses on helping students understand 
material behaviour, not just identify materials.

Combining structured and intuitive methods improves 
understanding

R2 The setup should combine intuitive and structured testing 
methods.

Desirability Combining intuitive and structured approaches improves student 
engagement and supports analytical skill development.

Setup must be safe for unsupervised student use R3 The setup must be safe for independent student use. Feasibility Prior issues with unsupervised setups highlighted the need for a 
safe, certification-friendly design.

Setup must be portable across classrooms and workshops R4 The setup must be portable and easy to move between 
classrooms.

Feasibility Flexibility across classrooms requires portable and easily movable 
setups.

Fast setup is essential to fit class time constraints R5 Setup time should not exceed 5 minutes. Viability Minimising setup time ensures workshop flow remains efficient and 
maximises learning time.

Hands-on setups must be low-cost to scale across large 
student groups

R6 The setup must be easy to construct using accessible 
tools and materials.

Feasibility Simplified construction methods allow broader replication beyond 
TU Delft environments.

Setup must be usable in group settings without passive 
roles

R7 The setup must allow for structured, reproducible 
measurement of at least one key material property.

Desirability Supports the critical learning outcomes assessed in UPE’s final 
exams.

Students need to practice structured measurement 
methods

R8 Materials used must be feasible to fabricate, affordable, 
and suitable for educational use.

Feasibility Ensures that material selection for the setup aligns with cost, 
fabrication, and educational constraints.

Devices must be robust enough for repeated classroom 
use

R9 The setup must be durable and reusable across multiple 
student groups.

Feasibility Durability ensures setups remain functional through repeated 
classroom use without significant maintenance.

Setup must be reproducible using standard tools and 
components

R10 Students should be able to run the setup without 
supervision.

Feasibility Safe independent operation reduces instructor workload and 
increases session flexibility.

Students struggle with calliper use; setup must teach 
measurement

R11 The setup should not overly rely on technology, but limited 
sensor or screen usage is acceptable.

Feasibility Limited technology use prevents dependency while allowing 
appropriate feedback mechanisms like simple displays.

Students must be able to interpret results on their own R12 Feedback from the test must be visible and 
understandable.

Desirability Immediate, clear feedback reinforces learning during hands-on 
testing activities.

Setup must allow safe handling of all materials R13 The setup must support small group learning (max. 2 
students) and active participation.

Desirability Encourages active group work while avoiding large group 
dynamics that lead to passive participants.

Testing process should reinforce visual and tactile 
recognition

R14 Each student must be able to interact physically with the 
setup.

Desirability Physical interaction enhances experiential learning and 
engagement.

Devices must be storable and movable without damage R15 The setup must not require expensive consumables for 
repeated use.

Viability Keeps operational costs low and avoids consumables that would 
limit session scalability.

Setup must support independent exploration by students R16 The setup must be easy to maintain by staff and built to 
last across multiple course cycles.

Viability Simplified maintenance allows course staff to repair or replace 
components easily between sessions.

Material selection must expose differences in physical 
behaviour

R17 The setup should use intuitive use cues to guide students 
independently.

Feasibility Use cues such as form, colour, or labels guide students intuitively 
through the testing process.

Device feedback must be clear without needing 
supervision

R18 The setup must visually link physical actions to observed 
results.

Desirability Physically visible effects reinforce theoretical learning through 
practical observation.

Setup must avoid high forces or risky components R19 The setup must be affordable to produce at scale, 
targeting approximately €50 per unit for 75 setups.

Viability Controlling per-unit cost enables feasible implementation across 
the full UPE cohort. Cost considerations influenced material 
selection, construction methods, and design simplicity.

Setup must include a range of testable properties R20 The setup must have minimal loose parts to avoid loss or 
confusion.

Feasibility Reducing the number of loose parts simplifies setup, improves 
maintenance, and ensures clarity during workshops.

Scientific measurement skills should be embedded in 
testing

R21 The setup must use non-destructive testing methods to 
ensure materials are not damaged during testing.

Desirability Using non-destructive testing methods enables repeated use of 
material samples and reduces classroom waste.

Practical constraints from course structure must guide 
design

R22 The setup must allow students to practice and improve 
their ability to measure material dimensions accurately 
using callipers or similar tools.

Desirability Integrating dimensional measurement tasks addresses known 
student difficulties with calliper use, reinforcing critical engineering 
measurement skills.

The UPE course relies on Productive Failure in workshops. 
The setup must fit this teaching model.

R23 The setup must be suitable for integration into the existing 
UPE curriculum and teaching model.

Viability The UPE course uses Productive Failure as its core instructional 
approach in workshops. The setup must support this structure.
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Early in the project, two promising directions 
emerged from the exploratory phase. Both aimed 
to address the gap between theoretical knowledge 
and hands-on understanding of materials, but they 
did so in different ways. Each with its own focus, 
strengths, and limitations.

•	 Product Pieces (PP): This direction focused on 
using fragments from real-world products to 
spark intuitive engagement. It allowed students 
to interact directly with materials, scratching, 
tapping, comparing, and to begin forming 
mental models of properties like hardness, 
conductivity, or density. The emphasis was 
on reasoning and reflection through physical 
experience.

•	 Standardised Material Pieces (SMP): This track 
used clean, controlled samples to enable 
structured, measurable testing. These samples 
were better suited for exploring concepts 
like stiffness through repeatable methods 
and aligned more directly with engineering 
reasoning and learning objectives.

What initially appeared to be a question of sample 
format eventually revealed itself as a deeper 
educational split: one track supported intuitive, 
exploratory learning, while the other focused on 
structured reasoning and scientific analysis. Both 
approaches held value, but the curriculum analysis 
showed that the structured track responded most 
directly to unmet needs in the course, specifically, 
the lack of repeatable, data-driven testing that 
aligns with learning objectives and final assessment 
formats.

The Structured Track also presented more 
opportunity for meaningful design development. 
Building a setup that supports measurement, 
accuracy, and repeatability required a deeper 
design process, from initial concept generation 
through prototyping, mechanical refinement, and 
user testing. In addition, it offered a more complex 
design challenge, which made it a more fitting focus 
within the scope of this thesis.

The Intuitive Track, in contrast, builds on activities 
already present in the UPE course, such as informal 
material sorting and recognition tasks. Its purpose 
is to lower the entry barrier for students and spark 
engagement at an early stage, through hands-on, 
sensory interaction and reasoning. While it plays 
a valuable role in the combined setup, it required 
less redesign and fewer iterations and was thus 
condensed in this report.

For these reasons, the main chapters of this report 
focus on the Structured Track. It is the part of the 
setup that required the most extensive design 
work and most directly addresses the educational 
gaps identified in the analysis. The Intuitive Track 
remains part of the final combined setup and is 
described further in Chapter 8 (Final Design). Its full 
development process, including ideation, iterations, 
and user testing, is included in Appendix D.

5. Concept Direction
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This chapter outlines the development of the 
structured material property testing setup. The goal 
was to design a hands-on tool that allows students 
to explore and measure a specific material property 
in a controlled, repeatable way. The process began 
by defining the educational goal, followed by an 
exploration of potential testing methods. These 
were narrowed down through evaluation against 
six core design drivers, leading to the selection and 
refinement of the final concept.

6.1 Goals
The structured sesting Track was set up to help 
students understand a specific material property 
through a measurable, repeatable test. Unlike the 
intuitive tools, this part needed to focus on accuracy 
and reproducibility.

Rather than developing several underdeveloped 
tools, the choice was made to focus on one 
clear, accurate, and educational setup. Based 
on earlier exploration of testing methods (see 
Exploratory Analysis), stiffness was chosen as the 
focus, specifically measured through Young’s 
modulus. Several alternative testing methods 
were considered based on prior research but were 
ultimately excluded due to concerns over safety, 
complexity, or limited relevance. A summary of 
these rejected methods can be found in Appendix 
E1.1.  

Three-point bending was selected as the final 
method because it offers a safe, low-force, and 
material-efficient way to evaluate stiffness using 
simple components, making it ideal for classroom 
prototyping and exploration. 

An illustration of a three-point bending test setup 
can be found in Figure 13. Its formula (ASTM, 2017; 
ISO, 2019)  to calculate Young’s modulus is as 
follows:

 E  = Young’s modulus, in MPa (megapascals) 
 F  = Applied force at midspan, in N (newtons) 
 L  = Support span (distance between supports), in       	
        mm 
 δ  = Midpoint deflection (vertical displacement), 
       in mm 
 I  = Second moment of area (moment of inertia), in                         	
       mm⁴

Where:

 w  = Width of the sample (horizontal dimension), 
        in mm 
 h  = Height (thickness) of the sample (vertical 
        dimension), in mm 

Young’s modulus is a key property in engineering 
but often misunderstood. During earlier user testing, 
students frequently confused stiffness with strength, 
revealing a gap in understanding. It is defined as 
the slope of the linear portion of the stress–strain 
curve in the elastic region (Callister & Rethwisch, 
2020). In bending tests, it can be described as the 
ratio of stress to strain in the initial, linear part of the 
force-deflection curve (Beer et al., 2012). Typically, 
this is measured in the very small deflection range 
of about 0.1 to 0.5 mm, where the material behaves 
elastically.

Measuring Young’s modulus precisely in this initial 
elastic range is challenging within the scope of this 
project due to constraints such as low cost, quick 
build time, and simplicity. Therefore, the project 
settles for an effective modulus, calculated from a 
slightly larger, more stable portion of the deflection 
curve. While this is not the exact Young’s modulus, it 
provides consistent, repeatable results suitable for 
classroom use. A more detailed explanation of the 
effective modulus is provided in Appendix X.1.

6. Conceptualization

Figure 13. 3-point bending illustration
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6.2 Ideation
The Young’s modulus formula clearly shows that 
both the applied force (F) and the deflection (δ) are 
critical variables in calculating material stiffness. 
This means that accurate measurement of these 
quantities is essential to obtain meaningful results. 

To address this, the system was divided into 
key subsystems: the force input (responsible for 
applying F), force transmission (which ensures F 
is properly conveyed through the setup), force 
measurement (which quantifies the actual force 
applied), and deflection measurement (which 
records δ, the material’s deflection). These 
components formed the basis of a morphological 
chart (Figure 14) during ideation. 

6.3 Concepts
After mapping out different subsystem options in 
the morphological chart (Figure 14), three full con-
cept directions were developed. Each one builds on 
the basic 3-point bending setup but takes a different 
approach to how force is applied, how deflection 
is measured, and how feedback is given to the 
student. The aim wasn’t to find the most high-tech 
solution, the focus was on exploring different trade-
offs between simplicity, clarity, and precision, while 
keeping things realistic to build.

Figure 14. Morphological Chart
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Concept 1: Screw-Driven Indenter with Load Cell
 
This concept uses a hand-turned M8 screw to apply 
force. The screw moves a nut inside an indenter 
which can only move up or down, which then 
presses down on the sample. A scale underneath 
one of the supports measures the applied force. 
Deflection can be observed using a ruler or visual 
marker next to the sample.

•	 The screw gives consistent, controlled input.
•	 The load cell allows for accurate measurement.
•	 3D printed parts keep the design compact and 

replicable.
Figure 15. Concept 1

Figure 16. Concept 2

Figure 17. Concept 3

Concept 2: Spring Plunger with Visual Indicator

In this setup, the student presses down on a plunger 
that compresses a spring. A printed colour band 
or scale shows how far the spring is compressed, 
which can be used to calculate the force put on the 
indenter. While it doesn’t give precise force values, it 
offers a way to compare applied force visually. The 
sample rests on fixed supports, and deflection is 
shown using a small scale or marker.

•	 It resets automatically and doesn’t require 
electronics.

•	 The spring provides resistance and some 
repeatability.

•	 Less accurate, but easy and quick to use.

Concept 3: Weighted Lever with Deflection Stops

This concept has a small lever arm that applies 
force onto the sample. Students place weights at 
different points along the arm to vary the load. De-
flection is measured by a ruler.

•	 Known weights give a consistent input force.
•	 Setup is fully mechanical and visual.
•	 Takes more space and slightly more setup time.
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6.4 Evaluation
The three developed concepts were evaluated 
using the six Main Drivers defined earlier in the 
project. A simplified overview of the evaluation is 
shown in table 2. The full matrix with justifications is 
included in Appendix E3.
 

Concept 1 was chosen for further development. It 
gave the clearest, most measurable results, while 
still being compact and easy to replicate. While 
the load cell and wiring added some complexity 
during assembly, it was the only option that offered 
real force values, which made it much better suited 
for teaching students how force, deflection, and 
stiffness are connected.

Table 2. Evaluation Matrix

Concept 2 was more intuitive and easier to use, but 
the lack of precise feedback made it less useful 
for understanding the theory behind the test. It 
also relied heavily on the consistency of the spring, 
which could vary between setups.

Concept 3 stood out for its visual clarity, but 
had issues with repeatability, safety, and space 
requirements. Moving weights around introduced 
some risk, and while the lever principle could easily 
generate sufficient force with a long enough arm, 
the setup wasn’t as compact or straightforward to 
use in a busy classroom setting.
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This chapter documents the first complete 
design iteration of the structured testing setup. 
The main objective was to develop a version 
that is mechanically reliable and educationally 
effective, with an initial focus on measuring material 
stiffness at relatively low force levels. Prototyping 
was employed as an iterative learning process, 
allowing each version to reveal new challenges, 
requirements, and opportunities for improvement. 
The aim was to validate core mechanisms and 
usability before scaling the system to accommodate 
higher forces and a wider range of materials in later 
iterations.

The chapter is split into two parts. Section 7.1 
describes how the setup evolved across several 
prototypes, focusing on changes to the force input, 
measurement stability, and user interaction. Section 
7.2 covers the first round of testing. This includes 
both user testing, to assess whether the setup 
helped students understand material stiffness, and 
mechanical evaluation, to check consistency and 
identify weak points. The insights gained from both 
parts fed directly into the final design described 
in Chapter 8 and contributed to the validation in 
Chapter 10.

7.1 Prototype 
Evolution
All detailed information and documentation related 
to the development of the prototypes described in 
this chapter can be found in Appendix E4.

Prototype 1 – Proof of Principle

This initial prototype tested whether an M8 bolt 
could apply enough controlled force to visibly 
bend an aluminium strip. It was 3D-printed in two 
parts with a captive nut to keep the bolt aligned 
while rotating. M8 was chosen for its balance of 
speed and control, and compatibility with standard 
hardware. The aluminium strip bent as expected, 
confirming the concept (Figure 18).

7. First Iteration

Prototype 2a – First Integrated Version

The bolt was fixed in a 3D-printed housing, driving 
a printed indenter that moved vertically while being 
prevented from rotating. A 3D-printed support 
with two flat anvils held the sample for three-
point bending. Cantilever tabs on the indenter 
and support allowed calliper-based deflection 
measurement without interfering with the sample. 
Force was initially measured using a precise kitchen 
scale (max 200 g), and the bolt was turned with a 
wrench (Figure 19).

Figure 18. Prototype 1 - Proof of Principle

Figure 19. Prototype 2a - First Integrated Version
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Prototype 2c – Finishing Touches

The kitchen scale was replaced by a 5 kg button 
load cell bolted to the support for more consistent 
force readings. To avoid errors from anvil flex, 
deflection was measured between the indenter tab 
and support, isolating the sample’s deformation. The 
indenter and support were modified with contact 
points for the calliper to improve accuracy without 
added complexity. An 8-digit display was added to 
show load readings, though electronics were still 
external (Figures 21 and 22).

Prototype 2b – Functional Refinement

A 3D-printed knob replaced the wrench for 
smoother, more intuitive operation. Backlash was 
reduced by redesigning the indenter with two nuts 
preloaded to eliminate play. The deflection setup 
was improved by adding a slot in the housing 
for a calliper, allowing direct and repeatable 
measurement of the indenter’s deflection tab 
(Figure 20).

Figure 20. Prototype 2b - Functional Refinement

Figure 21. Prototype 2c - Finishing Touches

Figure 22. Prototype 2c in use
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7.2 Evaluation

7.2.1 User Testing
To explore whether combining theory and hands-
on testing helped clarify abstract concepts like 
stiffness, and whether the setup supported that 
process effectively, a user study was conducted. 
Eight first-year IDE students completed both a 
theoretical Young’s Modulus calculation and a 
physical 3-point bending test using the prototype. 
Before, during, and after the session, they answered 
reflection questions about their understanding, 
confidence, and learning preferences. The full user 
test study can be found in Appendix G.

Conclusions

The structured testing setup helped students move 
from abstract understanding to practical insight. 
Most began with vague or partial ideas about 
Young’s Modulus, typically linking it to stiffness or 
bending. After calculating the modulus and then 
performing the physical test, their understanding 
became more grounded and specific. The main 
takeaways of the user test can be found on the right.

•	 Increased confidence and understanding: 
All students reported a clearer understanding 
after completing the hands-on test. Confidence 
scores generally rose from 2–3 (before) to 4–5 
(after).

•	 Misconceptions addressed: Several students 
confused stiffness with hardness or assumed 
linear material behaviour. The test helped clarify 
these ideas through direct observation.

•	 Preference for physical-first learning: All 
students said they would teach the topic 
starting with the physical test. It helped them 
“see what the theory is actually about” and gave 
context for the formulas.

•	 Measurement challenges: Difficulties with 
unit conversions, material placement, and 
deciding when to take readings reinforced the 
importance of repeatability and precision in real-
world testing.

•	 Setup feedback: Despite finding the experience 
valuable, students noted some issues:

	 - The beam was hard to position 
	 consistently.
	 - The force reading fluctuated after turning, 
	 making it unclear when to measure.
	 - Instructions could be clearer, several 
	 asked for a checklist or visual guide.
	 Setup moves around easily on the table.
	 - Rotating the knob feels rough, no 
	 feedback on when you hit material.
	 - Rotating knob can interfere with callipers
	 when measuring.

Even with these points of friction, students 
described the test as valuable and engaging. It 
helped bridge the gap between calculation and 
comprehension, fulfilling the educational aim of the 
structured track.Figure 23. First Iteration User Testing

Figure 24. First Iteration User Testing
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7.2.2 Mechanical Evaluation
This mechanical evaluation focused on identifying 
early issues that could affect measurement 
reliability or ease of use. Tests (Appendix E6) 
were performed in a short timeframe and often 
informally, which means the results should be seen 
as indicative, not conclusive. However, several clear 
mechanical limitations emerged that helped steer 
the next design iteration.

•	 Deflection readings lacked consistency. The 
callipers pressed directly onto the indenter 
(Figure 26), which transferred force through 
the load cell. Because the button cell can tilt 
slightly, this introduced vertical play, causing 
deflection values to shift by up to 1 mm under 
higher loads (Appendix E6.1).

•	 Force adjustments were imprecise. The M8 
screw mechanism had high rotational friction, 
making it hard to apply small, steady changes. 
This was worsened by the tensioned nut in the 
indenter, which removed backlash but added 
too much resistance.

•	 The load cell showed drift and sensitivity 
to placement. A small test showed a 4-5% 
deviation when the load was applied 10mm off-
centre (Appendix E6.2). While not critical, it adds 
noise to the results and depends heavily on the 
sensor’s internal stability.

•	 Beam alignment was unreliable. Students had 
difficulty placing the strip consistently, which 
affected load symmetry and output values. This 
confirmed the need for mechanical guidance or 
clear visual alignment cues (Figure 25.)

In short: the prototype worked, but not reliably 
enough. The mechanical issues identified here led 
to changes in the next iteration, including improved 
alignment, reduced friction, and a new sensor 
approach.

Figure 25. First Iteration Mechanical Evaluation - 
Off-axis load cell test

Figure 26. First Iteration Mechanical Evaluation - 

Weight
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7.3 Conclusion 
This first design iteration showed that the setup 
works in principle. Students were able to measure 
material stiffness, connect it to theory, and build a 
clearer understanding of Young’s modulus. The core 
mechanisms functioned, and the overall approach 
proved valuable in practice. 
 
At the same time, several issues came to light. The 
high friction in the screw mechanism made it hard 
to apply force gradually. The load cell was sensitive 
to placement, sometimes drifted and tilted when 
the calliper was applied, influencing deflection 
readings. Students also struggled to position the 
beam consistently and had trouble deciding when 
to take measurements. 
 
Despite this, the setup delivered useful results. 
The test helped correct misconceptions and made 
stiffness feel less abstract. Feedback confirmed 
the concept, but also made it clear where 
improvements were needed. 
 
The next version should focus on: 

•	 Smoother force input
•	 Better sample alignment
•	 More stable deflection readings
•	 A more reliable sensor setup
•	 Small changes to improve ease of use.
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8.1 Final Design 
(Structured Track)
The final setup is a compact, self-contained version 
of a classic three-point bending test (Figure 27). It 
was designed to give students hands-on insight into 
elastic deformation and material stiffness, without 
requiring lab infrastructure or supervision.

The device measures 108×116×40 mm, with a few 
minor protrusions along the width. The construction 
includes a fixed span of 40 mm, supported by two 
anvils, and a central indenter connected to a hand-
turned knob. As the knob is rotated, the indenter 
presses downward onto the sample, see Figure 35 
for the internal mechanism. A standardized sample 
size of 60x15x1,5mm was introduced.

Deflection is measured manually using callipers, 
which presses directly against the moving indenter 
(Figure 30).  A vernier scale on the dial provides a 
coarse visual indication to help students understand 
how far the system has been turned (Figure 31), but 
the actual measurement is done via the calliper.

8. Final Design

Figure 27. Final Design - Overview Image

Force is measured using a straight bar load cell 
(TAL220, 10 kg) mounted under one of the supports. 
The load cell is connected to a microcontroller 
(Seeeduino Xiao), which calculates the weight and 
displays it on a small OLED screen embedded in 
the housing (Figure 32).

The frame is made from 5 mm laser-cut poplar 
wood, with 3D-printed parts in PLA for the indenter 
mechanism (Figure 34), supports, and internal 
structure. Instructional engravings are included on 
both sides of the device:
•	 The right-hand side (Figure 28) shows the 

formula for calculating Young’s Modulus in a 
three-point bend test, along with parameter 
explanation.

•	 The left-hand side (Figure 29) includes clear 
usage instructions to support independent 
operation.

The setup allows students to explore the concept 
of stiffness through direct interaction, scientific 
measurement and calculation, while keeping the 
setup safe, portable, and easy to reproduce in other 
educational contexts.

Knob

Vernier Scale

Guiding Part

Indenter

Anvils

Screen

Calliper Measuring Part

Indenter Measuring Part

Anvil Measuring Part

Housing with Engravings
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Figure 28. Final Design - Left Side Figure 29. Final Design - Right Side

Figure 30. Final Design - Calliper Measurement Figure 31. Final Design - Knob with Vernier Scale

Figure 32. Final Design - OLED Screen Figure 33. Final Design - Indenter Guidance 
Mechanism

Figure 34. Final Design - Indenter Internal Mechanism Figure 35. Final Design - in action
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8.2 Iteration 
Summary
Following the mechanical evaluation (Chapter 7.2.2), 
the setup was fully redesigned to improve accuracy, 
build quality, and mechanical stability. Rather than 
refining the initial prototype, a new version was built 
from the ground up, incorporating a new housing 
approach, a new load cell and better mechanical 
guiding. The updates in Table 3 summarize the key 
changes made during this phase. Full technical 
documentation, sketches and justifications for 
updates can be found in Appendix E7–E8.

Table 3 Iteration Summary

Update Purpose
Laser-cut housing Replaced the 3D-printed frame with 5 mm poplar panels to improve rigidity, alignment 

and production speed.

Bar-type load cell Upgraded from a 5 kg button cell to a 10 kg straight bar (TAL220) for more stable and 
higher force readings.

Dual-bearing bolt 
mount

Added two 608zz bearings to reduce friction and improve control when applying load.

Set screw 
alignment

Introduced four countersunk set screws to eliminate play in the indenter’s vertical move-
ment.

Vernier dial Redesigned the main knob with a 25-division vernier scale to give students a sense of 
indenter movement during use.

Electronics Embedded a Seeeduino Xiao and HX711 amplifier in a sealed compartment with OLED 
display for live force output.

Geometry updates Adapted the span and indenter shape using ISO 178 and ASTM D790 guidelines to im-
prove reliability across materials.
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This stage isn’t about accuracy. It’s about awareness. 
The tools help students confront assumptions, 
notice differences, and start forming ideas they can 
later test. The Intuitive Track acts as a warm-up, not 
in importance, but in level of complexity. The final 
set includes five tools:

•	 Scratch Test – Surface hardness, felt directly
•	 Magnetism Test – A basic probe to check for 

magnetic behaviour
•	 Conductivity Test – USB-powered LED circuit 

that lights up on contact
•	 Thermal Conductivity Test – USB-powered 

element to compare thermal transfer
•	 Density Test – A submersion setup that links 

weight to volume

Each tool is low-tech, robust, and safe to use 
without supervision. Together, they create a tactile 
entry point into material behaviour which supports 
engagement before precision. A container was 
also made to store the smaller parts. The full 
development process, including user feedback and 
design rationale, is documented in Appendix D.

8.3 Intuitive track 
Reintroduction
As introduced in Chapter 5, the Intuitive Track 
was developed alongside the main setup but 
deliberately left out of the core design chapters. 
This is where it returns. Not as an add-on, but as a 
foundational part of the full learning experience.

The tools in this track (Figure 36) form the basis of 
a short preparatory workshop. Their aim is simple: 
get students to physically interact with materials 
before diving into measurement and theory. Each 
tool targets a specific property (e.g. hardness, 
magnetism, conductivity) and invites students to 
explore through touch, observation, comparison 
and reasoning. Chapter 9.1.1 shows figures of all tests 
in use.

Figure 36. Intuitive Tests - Overview
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8.4 Combined Setup 
Overview
The final setup combines two parts: a set of intuitive 
tools and a structured testing device (Figure 37). 
Each has a different role in the learning process, 
but they are used together as part of a two-part 
workshop format. Most likely, each setup will be 
used in its own session.

The intuitive tools are used first. These are low-
tech, hands-on tests that let students explore 
material properties through observation and 
direct interaction. The goal is to get students 
thinking about differences between materials 
without needing prior knowledge. It’s mainly about 
recognition, comparison, and triggering questions.
After that, the structured setup is introduced. 

This part focuses on one property, stiffness, and 
asks students to measure, calculate, and interpret. 
It connects to theoretical knowledge but also 
highlights things that theory often skips. How hard 
it is to get accurate data, what measurement error 
looks like, and how real material behaviour can be 
messy.

By using both tracks in sequence, students move 
from open exploration to structured reasoning. 
The aim is to support both curiosity and technical 
understanding, especially the shift from “what is 
this material?” to “how does this material actually 
behave, and how do I measure that?”.

Figure 37. Combined Setup
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8.5 Bill of Materials
A full Bill of Materials (BOM) is included in Appendix 
G2. It covers all parts needed to build one complete 
setup, including both the intuitive and structured 
track tools. Most components are standard (things 
like 3D-printed parts, off-the-shelf electronics, and 
basic hardware) chosen to be cheap and easy to 
source.

The total material cost for a single, one-off build 
comes out to €87.91. When scaled to 75 units (as 
required for full course rollout), the price drops to 
€39.43 per unit. That big price difference is mostly 
due to parts used in the intuitive tools , especially 
small electronic components that can only be 
ordered in bulk. The structured device is cheaper 
and scales better: €31.86 for one, €19.70 in bulk.

Labour and production costs aren’t included. For 
now, it’s assumed the setups are made using 
university machines. Assembly time is estimated at 
1 to 1.5 hours per device. Labour isn’t included in the 
cost, but it would make a noticeable difference. That 
said, if setups are assembled in batches, like a mini 
production line, the time and cost per unit would 
drop significantly.

A stacked bar graph in Figure 38 shows how much 
each part of the setup contributes to the total cost, 
both for a single unit and in bulk. It gives a clear 
picture of where the money goes and why bulk 
pricing makes such a difference.

Figure 38. BoM Stacked Bar Graph

Table 4. BoM Table
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8.6 Manufacturing and 
Assembly

This section outlines how the final setup is 
constructed, which manufacturing methods were 
used, and how the assemblies fit together (Figure 
39). The design was made with future replication 
and educational reuse in mind and an Instructables 
page is currently in development. In the meantime, 
the documentation and figures in this section 
provide a clear overview of the internal structure 
and assembly. 

8.6..1 Manufacturing Methods

The setup consists of a mix of laser-cut and 
3D-printed parts.

•	 All white parts in the figures are 3D-printed from 
PLA using FDM printing.

•	 All wood-coloured parts were laser-cut from 5 
mm poplar plywood. 

The outer housing is constructed from laser-cut 
side panels and three connection plates. These 
plates house press-fit M3 nuts, which allow the 
outer plates to be slotted on and fastened using M3 
bolts. This system keeps the housing rigid, modular, 
and easy to disassemble. 
 
Mechanical components such as the indenter, 
guides, and mounting elements were 3D-printed 
in-house. Electronics, screws, bearings and other 
standard components were sourced externally. An 
overview of all parts can be found in Appendix G2.

8.6.2 Assembly Overview
 
The setup is made up of two functional assemblies 
sandwiched between the housing plates: the 
Indenter Assembly and the Electronics Assembly. 

Indenter Assembly 
At the core of the indenter assembly (Figure 40) 
is an M8 bolt, which runs vertically through the 
system. A knob is mounted on top, and directly 
beneath it is a vernier scale for indicative movement. 
The bolt passes through two ball bearings, which 
are clamped into the housing for alignment and 
stability.

Figure 39. Exploded View

Indenter Assembly Electronics Assembly
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Lower down, the bolt passes through a 3D-printed 
indenter part. This part contains two M8 nuts, which 
are placed under slight tension by the geometry of 
the indenter itself, they are held apart just enough to 
stay preloaded and locked in place. 
 
On either side of the indenter are 3D-printed 
guiding rails. These are slotted into the plates that 
also mount the bearing housing. The heads of four 
m3 countersunk set screws, that are screwed into 
the indenter part, slide through the housing. This 
construction ensures the indenter can only move 
vertically, with minimal play on other axes. 

 
Electronics Assembly
The electronics are mounted in two electronic 
housing parts (Figure 41). This assembly also 
includes a pair of anvil components that interact 
with the load cell and test samples. 
 
The internal electronics are:
•	 A Seeed Studio Xiao, snap-fitted into a printed 

bracket.
•	 An HX711 amplifier, screwed onto two printed 

standoffs.
•	 An OLED display, which is clamped between 

two housing plates, with no fasteners required. 

 
7.3 Replication and Reuse
 
The setup was designed to be reproducible using 
commonly (makerspace) available tools like a laser 
cutter and 3D printer. All parts were intentionally 
kept low-cost and widely available. While a 
detailed step-by-step build guide is still in progress 
(instructables). Once finalized, the Instructables 
page will provide further guidance, including 
additional photos and build steps.

Figure 40. Indenter Assembly Section View

Figure 41. Electronics Assembly Exploded View
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This chapter looks at whether the final setup meets 
the project’s requirements. Validation is split into 
three parts. First, a workshop was run with IDE 
students to see if the device supports the kind 
of reasoning and learning the UPE course aims 
for. Second, the setup was tested mechanically 
to check if it delivers consistent and useful 
measurements. These two parts form the basis 
for the third and final section: an evaluation of how 
well the design scores on feasibility, viability, and 
desirability.

9.1 Educational Validation
To validate whether the setup meets the project 
requirements related to the educational goals of 
the UPE course, two workshops were developed 
together with feedback from the course coordinator 
and tested with students. These workshops 
were not intended to showcase the tools, but 
to assess whether they effectively support the 
kind of reasoning and engagement the course 
aims for. This includes requirements concerning 
intuitive exploration, structured understanding, 
and independent learning. The workshop structure 
follows the Productive Failure model used in UPE. 
The goal was to test whether the setup supports 
that learning cycle in practice.

Each workshop targets a different aspect of 
material reasoning. Workshop 1 focuses on material 
identification using only sensory input and simple 
physical property tests (e.g. magnetism, hardness, 
density), to assess whether students can shift 
from intuition to informed classification. Workshop 
2 asks students to estimate how much load a 
wooden bench can support, using a scaled model 
and a bending test device , challenging them to 
observe, measure, and discover patterns before 
being introduced to stiffness theory. Together, the 
workshops validate both the intuitive and structured 
aspects of the setup. The full workshops can be 
found in Appendix H2.

9.1.1 Validation
To evaluate the effectiveness of the workshops, a 
short user test was conducted with three student 
groups (five first year IDE students in total: one 
working solo, two pairs). All participants completed 
both workshops in full. Observations focused on 
reasoning development, behaviour, and interaction 
with the physical tools. An overview of all tests 
in use can be seen in Figures 42 through 47 and 
further details are documented in a full user study in 
Appendix H.

In Workshop 1, students first sorted unknown 
materials based on intuition, then refined their 
reasoning using five physical property tests: 
magnetism, scratch resistance, conductivity, 
thermal feel, and density. The density test stood 
out as a consistent turning point in how students 
justified their classifications.

In Workshop 2, students estimated how many 
people a bench could support, using a scale 
model and 3-point bending test setup before 
being introduced to the theoretical formula. Most 
participants used the model not just to collect data, 
but to explore patterns, challenge assumptions, 
and recognise the relationship between force, 
deflection, and geometry.

While prior knowledge influenced some behaviour, 
the workshops still produced clear realisation 
moments, where students shifted from guesswork 
to structured reasoning. The physical setups 
functioned as intended: they didn’t just demonstrate 
a principle but actively supported conceptual 
understanding. Overall, the tools and structure 
proved effective in prompting the kind of reasoning 
the workshops aimed to support.

9. Validation
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Figure 46. Workshops Timeline Figure 47. Workshop 2: 3-Point Bend Test

Figure 44. Workshop 1: Thermal Conductivity Test Figure 45. Workshop 1: Magnet Test

Figure 42. Workshop 1: Density Test Figure 43. Workshop 1: Electrical Conductivity Test
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9.2 Mechanical Validation
Having validated the setup’s educational 
effectiveness, this part of the validation focuses 
on whether the final setup can provide reliable, 
interpretable data to support structured material 
testing in a classroom context. The goal here 
isn’t lab-grade precision, but dependable and 
repeatable performance that helps students 
understand stiffness through hands-on 
experimentation. Supporting data, calculations, and 
setup details can be found in Appendix I.

9.2.1 What Is Being Measured
Like discussed before in Chapter 6, the device 
calculates an effective modulus, based on the 
slope between 1 mm and 2 mm of deflection. 
This skips the early, unstable part of the force–
deflection curve, a region that’s especially unreliable 
in materials like polymers due to surface effects 
and viscoelastic behaviour (Roylance, 2003). The 
result isn’t a true material constant, but it’s stable 
and repeatable enough to support comparison and 
structured reasoning, which is the actual goal in an 
educational setting. More background is included in 
Appendix I1.

9.2.2 Deflection Measurement
Deflection was measured manually using standard 
analogue callipers. Tests showed that small 
variations in placement or technique caused some 
fluctuation, but on average the repeatability error 
was around ±0.03 mm. Factoring in the resolution 
of the tool itself, the total uncertainty per reading 
comes out to roughly ±0.06 mm.

Since the effective modulus is based on the 
difference between two deflection points, this 
uncertainty directly affects the final calculation. Still, 
under typical classroom use, this level of accuracy is 
acceptable. The full setup and data are included in 
Appendix I2.

9.2.3 Force Measurement
To measure force, a 10 kg straight bar load cell 
(TAL220) was placed under one support and 
connected to an HX711 amplifier. The readings were 
checked using calibrated weights. Results were 
accurate across most of the range, with a typical 
uncertainty of about ±0.05 kg, or roughly ±0.49 N. 
The readings also showed occasional single-frame 
spikes in output, a known issue with the HX711 when 
unshielded. These were easy to spot and filtered out 
during data collection. More on this can be found in 
Appendix I3.

Figure 49. Force Measurement Test

Figure 48. Load Cell Deflection Test
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9.2.4 Combined Measurement 
Uncertainty
To see how these errors add up, an uncertainty 
propagation was done based on the two main 
sources:

•	 ±0.06 mm on each deflection reading
•	 ±0.05 kg (~±0.49 N) on the force reading
•	 ±7.5% on the moment of inertia (based on 

sample geometry measurement using calliper)

The deflection interval (∆d) used in the modulus 
calculation ends up with a combined uncertainty 
of ±0.085 mm, which leads to about 8.5% error 
in the slope itself. When everything’s combined, 
the overall uncertainty in the effective modulus is 
estimated at ±11.3%. This margin is reasonable for 
the educational goals of the setup. Full calculation 
steps are in Appendix I4.

9.2.5 Other Mechanical Factors
Some additional effects were considered, but don’t 
affect the result. The mechanical vernier scale for 
instance, was never used in the final data collection. 
It includes deformation from the housing and load 
cell, which makes it useful for general movement 
reference but not for accurate measurement. 
Similarly, load cell deflection (Figure 48),of around 
0.1 mm per kg, only impacts readings if deflection 
is measured with the vernier scale which isn’t used 
in any measurements for the calculations. These 
effects are described in more detail in Appendix I5 
and I6.

9.2.6 Sample Testing and 
Repeatability
To test performance under real use, four different 
materials (PMMA, PETG, PVC and PS) were 
measured with six repeated trials each (Figure 
50). Deflection was recorded at 1 mm and 2 mm 
as usual. The results were also compared with 
the TU Delft Low-End Tensile Tester (LETT) as a 
benchmark.

The student-built setup achieved a standard 
deviation of 6.03%, which is well within acceptable 
limits (based on the LETT) and noticeably lower 
than the 9.57% measured using the LETT. This 
suggests that the setup performs well enough 
for educational purposes when operated within 
the controlled range. See Appendix I7 for the full 
dataset and comparison.

9.2.7 Summary
The mechanical validation confirms that the setup 
is accurate and reliable enough for its intended 
context. Deflection and force readings fall within a 
consistent range, and the combined uncertainty in 
the modulus calculation remains below ±12% with 
the tested standard deviation being around ±6%.. 

Compared to an existing classroom tool (LETT), the 
setup shows even better repeatability over the 1 and 
2 mm slope, meaning the device meets educational 
requirements . It also avoids the typical risks 
associated with student-operated tools: it’s stable, 
compact, and straightforward to use. Based on this, 
the setup meets the technical requirements related 
to measurement accuracy and repeatability.

Figure 50. Workshops Timeline
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9.3 Assessment on 
Feasibility, Viability and 
Desirability
A good design to be feasible, viable, and desirable. 
This framework, often visualised as the intersection 
of three overlapping domains (Figure 51), is a core 
principle in design thinking. Feasibility addresses 
technical and practical constraints, viability looks at 
long-term use, cost, and scalability and desirability 
relates to user needs and learning value. This 
section evaluates the final setup using those three 
lenses. Each requirement defined earlier in the 
project (Chapter 4) is addressed here, based on 
evidence gathered during the final design phase, 
educational implementation, and mechanical 
validation. The goal is to determine if the design 
works and makes sense in its intended educational 
context.

9.3.1 Feasibility 
The final device is compact, low-tech, and made 
from standard components. The frame is laser-cut, 
internal parts are 3D printed, and all electronics are 
off-the-shelf (R8, R6). Portability and assembly were 
confirmed during the implementation phase (R4). 
 
Students were able to use the device during 
the workshop, but some struggled with sample 
alignment, calliper placement, or interpreting 
the force display. This suggests that while R10 is 
partially met, better instructions or built-in guidance 
could improve independent usability. Safety was 
maintained: the force input is manually limited, 
and the electronics are enclosed (R3). No safety 
incidents or damage were observed. 
 
Mechanical validation showed that the setup works 
reliably across test runs. Measurements were 
repeatable, and no parts failed during testing. The 
materials used can be reused across sessions, 
and construction is modular (R9). The structured 
setup included visual aids and placement icons, 
partly addressing intuitive use (R17), though several 
students still missed placement cues or made 
measurement mistakes. This suggests R17 is not 
fully met. 
 
The setup uses minimal loose parts and is operated 
via a single rotating knob, fulfilling R20. It also avoids 
complex technology and depends only on basic 
digital feedback, aligning with R11. Components 
were assembled using accessible tools, and no 
specialist skills were needed, supporting R6. 
Maintenance and repairs are straightforward, 
meeting core aspects of R16.

9.3.2 Viability
Cost analysis shows the setup can be built for 
€87.91 as a one-off and €39.43 in batches of 75 
units, as required for course integration (R19). The 
device itself costs even less in bulk and remains 
affordable as a standalone tool. 
 
Setup time during testing consistently remained 
under five minutes per device, satisfying R5 and 
supporting efficient workshop flow. No expensive 
consumables were used, and the test can be 
repeated without significant material cost, meeting 
R15. The number of loose or failure-prone parts is 
limited, supporting ease of maintenance and use 
(R20). 

Figure 51. F/V/D framework (Vinney, 2023)
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Though initial results are positive, long-term 
durability remains uncertain. During testing, the 
load cell showed signs of flex under repeated 
load, which could affect reusability over time. 
This suggests R16 is only partially met and that 
reinforcement may be needed in future versions.
 
The setup fits well with the structure and learning 
goals of the UPE course. It was tested in a full 
workshop format and supported the type of 
reasoning the curriculum aims to develop. The 
course coordinator has expressed to start testing in 
the course. There are also plans to introduce a new 
learning objective around scientific measurement, 
directly influenced by this project. R23 is therefore 
considered met: the setup is clearly suitable for 
integration.

On top of meeting the requiremets regarding 
viability Dr. Calvin Rans (Aerospace Engineering, TU 
Delft Teaching Lab) expressed strong support for 
the educational value of the combined intuitive–
structured setup. He encouraged engagement 
with PRIMEC (PRactices In MEChanics) education, 
a cross-faculty teaching community focused on 
mechanics education. 

Presenting the setup at PRIMEC could attract 
valuable feedback, institutional interest, and support 
for broader scaling. If adopted more widely through 
this network, the setup could transition from a 
course-specific solution to a reusable platform for 
hands-on material education across TU Delft and 
beyond, 

9.3.3 Desirability 
The final setup supports structured learning 
about material stiffness while allowing hands-
on exploration. Students reported increased 
understanding of concepts like deflection and 
stiffness after using the tool. They could connect the 
experience to the theory introduced later, meeting 
R1. 
 
The combination of intuitive and structured testing 
methods gave students a clear pathway from 
trial to explanation (R2). Immediate feedback was 
available through the digital display, fulfilling R12, 
though some students were unsure when to take 
measurements, suggesting R18 was only partially 
met. The structured device also enabled structured, 
reproducible measurement of a clear material 
property (stiffness via effective modulus) fulfilling R7. 

The workshop format supported small group use 
and active participation (R13). Students interacted 
directly with the hardware, satisfying R14. The 
setup followed a Productive Failure structure, 
where students explored first and then formalised 
understanding, fulfilling R23. Callipers were used to 
measure deflection, helping students practice a key 
engineering skill (R22). Tests were designed to be 
non-destructive, in line with R21, although some soft 
materials did deform under repeated use. 
 

9.3.4 Partially Met Requirements
While most requirements were met by the final 
setup, a few were only partially achieved. These 
areas are summarised below, including potential 
improvements for future iterations.

•	 R7 – Student operation without supervision: 
Students were able to use the device, but 
sometimes required help with alignment, 
reading the display, or knowing when to 
measure. This suggests that the current setup 
is close to usable independently but would 
benefit from clearer instructions or a guided 
checklist.

•	 R16 – Long-term durability and maintenance: 
The modular build supports repair, and 
components are accessible. However, during 
mechanical testing, the load cell showed signs 
of bending under load. This raises concerns 
about long-term durability and suggests that 
reinforced or replaceable parts may be needed 
in future versions.

•	 R17 – Intuitive guidance through cues: The 
setup includes some engraved instructions and 
small icons for placement, but several students 
still made mistakes during measurement. 
Current visual cues help but aren’t yet strong 
enough to fully support intuitive use.

•	 R18 – Clarity of action–result relationship: 
Students understood that force caused 
deflection, but several were unsure when 
to record a measurement. Improving visual 
or tactile feedback at key points could help 
reinforce this link more clearly.

•	 R21 – Non-destructive testing: The test itself 
is non-destructive in principle, but softer 
materials did show permanent deformation after 
repeated use. Future versions could specify 
material guidelines or limit loading conditions to 
preserve reusability.
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10.1 Conclusions
This project set out to design and validate a 
classroom-ready material testing setup that 
supports engineering students in developing 
a deeper understanding of material stiffness 
through hands-on learning. The context was the 
Understanding Product Engineering (UPE) course 
at TU Delft, where current material education is 
largely theoretical, and opportunities for physical 
interaction with materials are limited.

Initially, the assignment focused on helping 
students identify unknown materials. However, early 
analysis of the curriculum, assessment formats, 
and stakeholder feedback revealed that students 
struggled less with recognition and more with 
interpreting material behaviour. As a result, the 
goal was refined to focus on supporting structured 
reasoning about material properties, particularly 
stiffness.

A dual-track approach was developed: an intuitive 
track to prompt exploration and engagement, and a 
structured track to guide students toward accurate 
measurement and analysis. These tracks were 
later combined into a single setup and tested in a 
workshop setting. The workshop was built around 
the Productive Failure model used in UPE, where 
students first explore a problem through trial and 
error before being introduced to relevant theory.

Educational outcomes

User testing showed that the final setup effectively 
helped students move from intuition to structured 
reasoning. Students became more confident 
in their understanding of stiffness and Young’s 
Modulus and could link physical observations to 
theoretical concepts. The intuitive and structured 
parts of the workshop played different but 
complementary roles: the former triggered 
engagement and comparison, while the latter 
deepened understanding through measurement 
and reflection.

Mechanical outcomes

Mechanical testing showed that the structured 
setup produces repeatable and interpretable 
measurements. Though the device does not 
produce textbook material constants, the use of an 
effective modulus allowed students to compare 
material behaviour in a controlled, classroom-safe 
context. The total uncertainty in the calculated 
modulus was estimated at ±11.3%, with testing of the 
device coming down to around ±6.3%. The device 
showed better repeatability over the 1 to 2 mm 
slope than the LETT, which is promising for meeting 
educational requirements that have to be defined if 
the setup is implemented into the course.

Design evaluation

A final assessment using the Feasibility–Viability–
Desirability (FVD) framework confirmed that the 
setup is:

•	 Feasible: It is compact, safe, easy to build, and 
reproducible with standard tools and parts.

•	 Viable: The per-unit cost in bulk production is 
below €40, and the setup is serviceable and 
modular.

•	 Desirable: Students showed increased 
understanding, and their feedback confirmed 
that the setup made abstract concepts feel real 
and accessible.

At the same time, some aspects were only partially 
met. Students still had some difficulty using the 
device and the load cell showed signs of bending 
under repeated use, raising questions about long-
term durability.

10. Conclusions & 
Recommendations 
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10.2 Recommendations
The final setup works well and meets the key 
requirements, but like any design, there’s still room 
to improve. Based on workshop feedback, technical 
testing, and a few things that showed up during use, 
several follow-up steps are recommended.

1. Improve the Workshop and Educational 
Materials

The workshop showed that the setup supports 
learning in the way UPE aims for, but the structure 
itself can be refined. Some students weren’t exactly 
sure when and how to take a measurement, which 
suggests that the instructions need work. A short 
checklist and a visual guide would go a long way 
here.

To make the workshop easier to scale up, it would 
help to finalise the full kit. This includes defining 
which materials should be included, preparing a 
standard set of test samples, and creating a basic 
handout or guide for instructors. Right now, it works, 
but it still feels like a first draft.

2. Refine the Intuitive Track

The intuitive track got less design attention 
during the project but deserves a closer look. 
One example: the conductivity test only tells you 
whether a material conducts electricity or not. It 
could be more useful if it gave rough levels like low, 
medium, or high conductivity.

Other tests, like scratch resistance or thermal feel, 
could also be improved. Even simple changes, like 
adding a reference scale or improving the layout, 
might make them more informative and engaging.

3. Strengthen Technical Reliability

On the technical side, there are a few clear 
improvements to make. First, the load cell mount 
needs to be sturdier. During mechanical testing, it 
has permanently been deformed, which causes the 
load cell to sit at an angle. It didn’t break anything, 
but it does affect consistency.

There are also the glitches in the force readings. 
This is likely due to the load cell amplifier and could 
probably be fixed with a small capacitor or bit of 
shielding. It’s a simple change but would make 
the output more reliable. Finally, while the device 
worked fine in short-term use, there hasn’t been any 
real durability testing over time. It’s not yet clear how 
well it will hold up after multiple runs with different 
student groups. That’s something future testing 
should address.

4. More Testing and Keep Stakeholders Involved

The workshops were tested with a small group of 
first year IDE students, most of whom already knew 
a bit about the theory. To get a better sense of how 
effective the setup really is, it should also be tested 
with students who haven’t seen this material yet. 
That would give a clearer picture of how much the 
setup teaches, not just reinforces.

A formal safety review is also recommended. No 
problems came up during use, and safety has been 
taken into account while designing the setup, but it 
should still be properly tested and documented.

Presenting this project at a PRIMEC session is highly 
recommended. The community brings together 
educators from across TU Delft who focus on 
teaching mechanics, making it an ideal platform 
to showcase the testing setup and its educational 
potential. A short demonstration could generate 
valuable feedback, highlight opportunities for cross-
faculty adoption, and potentially lead to broader 
implementation or support. Engaging with PRIMEC 
would also strengthen the project’s alignment 
with institutional goals for scalable, hands-on 
engineering education.
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This project didn’t always go smoothly. I went through a difficult period personally, 
and that definitely affected my planning and focus. It was hard to give myself 
permission to take more time, even when my supervisors told me it was okay. I 
had this feeling that I had to keep going and deliver on schedule. But eventually, I 
let that go, and I’m glad I did. 
 
One of the biggest challenges was figuring out what the real problem actually 
was. I kept circling around it, trying to define something concrete, but it never felt 
quite right. At my midterm, I was still unsure. What helped was simply sitting down 
and sketching. It gave me a starting point. From there, the project started to open 
up. I had something to hold onto. The conversations I had with my supervisors 
were also a turning point. They helped me zoom out, find perspective, and move 
forward when I couldn’t see the way myself. 
 
In earlier projects, I never had time to improve things after the first real version. 
There was always a deadline closing in. This time, I made room for a proper 
second iteration. And I used it. After building the first version, I realised it just 
wasn’t good enough yet. I saw what needed to change, and for once, I actually 
had the time to do it. So I went back to the start and redesigned it. Completely. 
That process gave me a strange kind of calm. It made everything click into place. 
I wasn’t just pushing something over the finish line, I was building something I 
believed in. 
 
But that momentum also came with a downside. After the second iteration, I found 
it hard to stop. I just wanted to keep going, keep improving, tweaking, rebuilding. It 
was exciting to finally have the space to iterate properly, and I got caught up in it. 
Sometimes, that meant I lost track of other things. I kept working, kept adjusting, 
even when the gains got smaller. That’s something I’ve learned about myself too: 
knowing when to stop is just as important as knowing how to push forward. 
 
I also surprised myself with how quickly I could pick things up when I needed to. 
For example, I’d never dealt with measurement uncertainty before. But I dug into 
it, figured it out in an evening, and applied it to my own setup. And I made it work. 
That kind of learning gave me confidence, not just in the outcome, but in myself. 
 
Even though the final design feels complete, I know it’s not the full answer. It’s 
a strong first stepbut the problem space is bigger, and there’s so much more 
potential left to explore. Still, this result is something I’m proud of. Not just because 
it works, but because I know what led to it. I know the choices behind it. I know the 
struggle it came from. And I know, without a doubt, that it’s mine.

11. Reflection
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Appendix B - Materials, Material Properties and Testing 
Methods

B1 - Materials Shortlist
Table B1. aterials Shortlist. Source - Data compiled from Callister & Rethwisch (2014), 
Ashby et al. (2009), CAMPUS (n.d.), and WayKen Rapid Manufacturing (2023).
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B2 Material Properties Shortlist

Table B2. Material Properties Shortlist - Source: Data compiled from Callister & Rethwisch (2014), 
Ashby et al. (2009), CAMPUS (n.d.), WayKen Rapid Manufacturing (2023), and Ansys Inc. (2023).
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B3 - Testing Methods Shortlist

Table B3. Testing Methods Shortlist - Source: Compiled from GUNT (n.d.), ZwickRoell 
(n.d.), and APR Composites (n.d.).
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Appendix C - Intuitive v Structured (IvS) User Test
C1 - IvS Full Study

C1.1 Introduction
Following the early technical exploration, two preliminary concept directions were identified:

•	 Product Pieces (PP): focusing on intuitive, real-world engagement.
•	 Standardised Material Pieces (SMP): focusing on structured, reproducible testing.
•	
At the same time, prior research, including the work of Robin Taen, had highlighted a gap in how students 
learn about material properties. While hands-on “feel”-based methods promoted engagement and intuitive 
understanding, they often lacked the reproducibility and analytical rigour required for engineering education. 
This gap between intuitive and structured learning had not yet been fully explored.

To investigate both the potential of the two concept directions and to address this identified gap, a user test 
was conducted. It compared two different methods for learning about material hardness:

•	 A Scratch Test, representing an intuitive, hands-on approach aligned with the Product pieces direction. 
•	 A Simplified Vickers Test, representing a structured, analytical approach aligned with the Standardised 

Material Pieces direction.

The aim was to understand which method students found more effective, which they preferred, and how 
each method influenced their understanding of material properties. The results of this test would help inform 
the concept development and shape the balance between intuitive and structured elements in the final 
setup.

C1.2 Method

Eleven participants took part in the study, including nine first-year and two second-year IDE students. A short 
questionnaire was developed to assess their understanding of materials before and after the tests.
The procedure was as follows:

1.	 Pre-test questionnaire: Students answered questions about their knowledge of material properties, 
including hardness and magnetism.

2.	 Scratch Test: This involved students scratching material samples using a steel nail and visually judging 
the material’s resistance to scratching. This test was chosen to represent an intuitive, hands-on method 
requiring minimal equipment and relying on direct sensory feedback.

3.	 Simplified Vickers Test: This involved students using a centre punch to create small indentations in 
the material samples. Students then measured the size of the marks to estimate hardness values. This 
method introduced a more structured, measurable approach aligned with scientific testing practices.

4.	 Post-test questionnaire: Students reflected on what they had learned, which test they preferred, and how 
their understanding of material properties had changed.

C1.3 Results

Performance in the Tests:

•	 Scratch Test: 3 out of 11 participants correctly identified all materials.
•	 Simplified Vickers Test: 6 out of 11 participants correctly identified all materials.

While the Scratch Test felt easier and more intuitive for participants, the Simplified Vickers Test produced 
more accurate and reliable results. This highlighted a clear trade-off between ease of use and scientific 
precision.

Ease of Understanding and Use:

•	 Ease of understanding: The Scratch Test received a mean score of 5.0 (very easy to understand); the 
Vickers Test scored 3.54.
•	 Ease of use: The Scratch Test scored 4.91; the Vickers Test scored 3.64.



Page 65

Participants found the Scratch Test quicker and more straightforward to perform, while the Vickers Test 
required more careful handling and interpretation.

Understanding of Magnetic Properties: 
Students also showed knowledge gaps beyond hardness. Only three participants correctly identified steel 
as a magnetic material, and only one recognised that not all types of steel are magnetic. This suggested a 
broader issue in understanding fundamental material properties, not limited to hardness alone.

Student Preferences: 
While most participants preferred the simplicity of the Scratch Test, 63.6% (7 out of 11 students) 
recommended the Simplified Vickers Test to fellow students. The reasons cited included its greater reliability, 
structured nature, and clearer link to scientific measurement practices.

C1.4 Strengths and Limitations

•	 Clear differences were observed between intuitive and structured approaches.
•	 The small sample size (n=11) limits the generalisability of the findings.
•	 The group was mainly composed of first-year students, who may have less developed technical 
understanding compared to more senior students.
•	 Self-reported learning might not fully reflect deeper comprehension.
•	 Comparing two fundamentally different learning approaches (intuitive vs structured) introduced 
some unavoidable complexity into interpretation.

C1.5 Discussion

The results of this user test suggest that:

•	 Intuitive testing methods, like the Scratch Test, offer a valuable entry point for engaging students and 
building early material intuition.
•	 Structured testing methods, like the Simplified Vickers Test, support more accurate, reproducible 
scientific learning, although they may be less immediately intuitive.
•	 Students recognised the value of structured approaches even if they found intuitive methods easier 
or more enjoyable.
•	 Knowledge gaps in basic material properties, such as magnetism, were still present despite hands-
on activities.

These findings provided important insights into how students interact with different types of testing setups 
and highlighted the strengths and limitations of intuitive and structured approaches to experiential learning.

C1.6 Conclusions

The exploratory phase helped shape the technical and educational direction of the project. Different 
materials, properties and testing methods were explored, always with safety, simplicity, and classroom 
practicality in mind.

The small user test comparing a Scratch Test and a simplified hardness method revealed more than just a 
preference. While students liked the intuitive, feel-based approach, the structured test gave clearer results 
and helped them understand the property better. That difference wasn’t expected to stand out so clearly, but 
it did.

It brought up a bigger question: what kind of learning should the setup actually support? Engagement and 
exploration are clearly valuable, but they don’t guarantee understanding. Just giving students hands-on tools 
isn’t enough if they can’t interpret what they’re doing.
To move forward, the project needed a closer look at the UPE curriculum. What are students expected to 
learn, and how is that currently taught and assessed? These questions shaped the next phase: a contextual 
analysis to make sure future design decisions are aligned with actual learning goals.
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C2 - IvS Questions and Instructions
Welke vraag wil ik beantwoorden:
“Hoe ervaren studenten het verschil in leerproces, begrip en betrokkenheid tussen een analytische, kwanti-
tatieve en reproduceerbare test en een meer intuïtieve, kwalitatieve benadering?” 

Introductie:

Bedankt dat je meedoet aan deze hands-on activiteit! Vandaag gaan we twee tests uitvoeren om de hard-
heid van materialen te bepalen: een krastest en een vereenvoudigde versie van de Vickers Hardheids test. 
Deze tests worden vaak gebruikt in de techniek om materiaaleigenschappen te begrijpen, wat essentieel is 
voor productontwerp.
Het doel is om te vergelijken hoe je deze twee tests ervaart. Ik zal je een paar vragen stellen voor en na de 
tests om je gedachten te verzamelen over de tests, hoe ze werken en wat je ervan hebt geleerd. Er zijn geen 
goede of foute antwoorden—ik ben vooral geïnteresseerd in jouw ervaringen en mening. Ook wil ik je vragen 
om tijdens het uitvoeren van de tests, je gedachtes hardop uit te spreken!

Vragen vooraf: 

1 “Kun je uitleggen wat je denkt dat ‘hardheid’ betekent in de context van materialen?”
(Korte open vraag om te zien wat ze begrijpen.)

2 “Heb je al eens eerder een test gedaan om de hardheid van een materiaal te bepalen? Zo ja, Hoe vaak?”
	 Nee nog nooit
	 1-2 keer
	 3-4 keer
	 Vaker dan 4 keer

3 “Wat verwacht je te leren van een test zoals de krastest of de Vickers-test?”
(Open vraag om een basis te leggen voor post-test vergelijking.)

4 “Denk je dat een test op basis van observatie (zoals de krastest) makkelijker of moeilijker is dan een test 
waarbij je berekeningen moet maken (zoals de Vickers-test)? Waarom?”
(Om hun verwachtingen en voorkeuren te begrijpen.) 

5 “Kun je bedenken waarom het binnen Industrieel Ontwerpen nuttig is om de harheid van een materiaal te 
weten?”

Test A Krasproef 
Doel: Observeer de hardheid van materialen door samples te krassen. 

Stappen:
1. Neem de spijker en kras stevig over elk materiaalmonster met dezelfde druk.
2. Observeer de krasmarkeringen en vergelijk welk materiaal het meest gekrast wordt.
3. Noteer je bevindingen: Welk materiaal was het moeilijkst om te krassen en welk materiaal was het makke-
lijkst?

Test B  Vereenvoudigde Vickers-test 
Doel: Meet de hardheid op basis van de grootte van de indrukking.  

Stappen:
1. Plaats het sample op een vlakke ondergrond.
2. Zet de centerpons op het sample, en druk er stevig op totdat je een slag voelt.
3. Verwijder de centerpons en meet de diameter van de indrukking met de schuifmaat en het vergrootglas.
4. Bereken de hardhead van het material met de volgende formule: 

Hardheid = Kracht / Indrukkingsoppervlak
	 (ik moet nog even bepalen wat de Kracht van een centerpons is)
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5. Noteer je bevindingen voor elk sample en vergelijk.

Vragen achteraf 

6 “Hoe goed begreep je de krastest?” Schaal 1-5: 1 = Helemaal niet begrepen 5 = Volledig begrepen
7 “Hoe goed begreep je de Vickers-test?” Schaal 1-5: 1 = Helemaal niet begrepen 5 = Volledig begrepen

Gebruiksgemak:
8 “Hoe gemakkelijk vond je de krastest om uit te voeren?” Schaal 1-5
9 “Hoe gemakkelijk vond je de Vickers-test?” Schaal 1-5

10 “Welke test gaf je een beter inzicht in het concept van hardheid? Waarom?”
(Open vraag om hun leerervaring te beoordelen.)

11 “Vond je het werken met de krastest (intuïtief) makkelijker of moeilijker dan de Vickers-test (analytisch)? 
Waarom?”

12 “Kun je nu uitleggen wat ‘hardheid’ betekent in de context van materialen?”
(Dit Antwoord kan worden vergeleken met de het Antwoord wat ze voor de rest gaven)

13 “Kun je je nu nog meer redenen bedenken waarom het voor Industrieel Ontwerpers handig is om de hard-
heid van het materiaal te weten?” (toevoeging op vraag vooraf)

14 “Als je maar één test zou mogen aanbevelen aan een medestudent, welke zou je kiezen: de krastest of de 
Vickers-test? Waarom?”
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C3 - IvS Participant Responses
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C4 - IvS Consent Form
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Appendix D - Intuitive Track (IT)
D1 Intuitive Track Process
D1.1 Goals
The Intuitive Testing Track was developed to support the early stages of learning about materials, especially 
for students with limited prior knowledge or hands-on experience. The setup needed to:

•	 Help students recognise and compare basic material behaviours (e.g. conductivity, hardness, density) 
through direct interaction.
•	 Lower the barrier to engagement, using simple tools that require little to no explanation.
•	 Encourage curiosity and discussion by making the differences between materials physically 
noticeable.
•	 Be safe, robust, and easy to use independently, so it could fit into existing workshops without extra 
supervision.
•	 Avoid overwhelming students with numbers or abstract concepts — the goal was awareness first, not 
calculation.

D1.2 Ideation

Most test ideas emerged gradually  during early research. The focus was always on low-tech, hands-on 
interactions that felt intuitive.
As the list grew, the ideas were clustered and filtered using a simplified mind-mapping method based on the 
Delft Design Guide (van Boeijen, Daalhuizen, Zijlstra, & van der Schoor, 2020). This helped remove overlap 
and compare options against the six Main Drivers. Concepts that were too complex, fragile, or hard to explain 
were dropped.
The remaining ideas shared a few traits: physically clear, safe to use, and likely to trigger reflection. These 
formed the shortlist for further evaluation. The full selection process and some sketches are included in 
Appendix D2.1.

D1.3 Evaluation

The concepts in the intuitive track were assessed using only the drivers relevant to that track: sensory 
engagement, real-world link, practicality in short sessions, and safety. These criteria reflect the goal of 
creating low-barrier, hands-on tools that build material intuition through direct interaction. Scientific precision 
and formal reproducibility, while important elsewhere, were not used as selection criteria here. 
•	 LED conductivity test
•	 Scratch test
•	 Sound Resonance
•	 Heating pad test
•	 Archimedes density test
The complete evaluation matrix with individual justifications is included in Appendix D2.2.
Table 1 Intuive Track Evaluation Table
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D1.4 Prototyping

The Intuitive Track prototypes were built to support quick, feel-based testing, not precise measurement. 
The goal at this stage wasn’t to develop polished tools, but to check whether each interaction was 
understandable, safe, and meaningful in a classroom context. Each of these prototypes was made to be 
used in upcoming user sessions. The idea is to test whether the interaction makes sense, whether students 
get the right kind of feedback, and whether the tests actually support the kind of learning this track aims to 
offer.

The tools are deliberately kept simple. That way, it’s easier to make changes based on what comes out of the 
testing phase. For now, they just need to be functional, understandable, and robust enough to be passed 
around during a workshop.
Possible versions of each test were sketched out during the concept phase. These sketch explorations 
were used to weigh options and quickly assess which direction to prototype. The sketches are included in 
appendix D2.3

The five tests used in this track are:
LED Conductivity Test
A 3D-printed housing holds two prongs, wired to an LED, resistor and battery. If a material conducts, the LED 
lights up. A strip of sandpaper is included to encourage polishing oxidised or dirty surfaces before testing.
(See Image X)

Scratch Test
A basic scratching pen with a hard tip. There’s no real design behind this, it’s a single part added to the set. 
Still, it allows for a clear and direct interaction.
(See Image X)

Sound Resonance Test
A simple spoon. There’s again no real design behind this.(See Image X)

Heating Pad Test
A 3D-printed base houses a small heating element, controlled by a boiler-style thermostat that stabilises at 
around 40°C. Cables are short and clearly routed. PLA was used for the housing, which should hold up fine at 
this temperature.
(See Image X)

Archimedes Density Test
This test builds on the 1kg scale already used in the course. A container of water is placed on the scale, and 
the Product Piece is lowered into it using a basic holding mechanism. The goal is to keep the sample fully 
submerged without adding too much extra volume, as that would affect the measurement.
For now, a simple vertical clip-on arm is used to grab the sample from the top and hold it underwater. 
This version works well enough for initial testing and student interaction. The holding mechanism will be 
optimised later to reduce displaced volume and improve accuracy.
(See Image X)

D1.5 User Testing

To evaluate how the intuitive tools supported early understanding of material properties, eight first-year 
IDE students performed five hands-on tests using a set of standard material samples. Before and after the 
session, they reflected on their confidence, expectations, and learning experience.
The goal was to see whether simple, sensory-based interactions could help students recognise and 
compare properties like conductivity, hardness, and density, and whether these experiences supported 
intuitive material reasoning. The full user test study with appendices can be found in Appendix D3.
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Conclusions

The intuitive tests successfully helped students build early awareness of material properties through direct 
interaction. Although the tools didn’t provide quantitative data, they gave students a clearer “feel” for how 
different materials behave and how those behaviours relate to design considerations.
Key takeaways:

•	 Improved confidence and engagement: Students felt more confident identifying materials after the 
session. The average confidence score increased by one point, and many commented that the tests helped 
them connect theory to sensory input.
•	 Most effective tests: The scratch test and heat conduction test were consistently identified as the 
clearest and most intuitive. They offered immediate feedback and sparked discussion.
•	 Conceptual shifts: The density test prompted students to rethink assumptions like “heavier means 
denser.” Others began to question beliefs like “all metals are hard.”
•	 Limitations of certain tools: The resonance test was harder to interpret. Many students weren’t sure 
what to listen for or how to compare the sounds, making it less reliable than other tests.
•	 Value of combined feedback: Students found that using multiple simple tests together provided a 
more accurate picture than relying on one method alone.

Overall, the tests supported the goal of the intuitive track: giving students a fast, accessible starting point for 
thinking critically about material behaviour. Their responses confirmed that low-barrier, feel-based testing can 
serve as an effective foundation for deeper learning.

D1.6 Iteration Changes – Intuitive Track

The intuitive tools needed only minor changes after user testing. Most updates focused on improving clarity, 
usability, and classroom suitability. Details of each update, including sketches, early versions, and technical 
justifications, are included in Appendix D2.4.

Key changes included:
•	 Removal of the Sound Resonance Test
Dropped due to consistent confusion during testing. The test didn’t add meaningful value and was removed 
to simplify the set.
•	 Reintroduction of the Magnet Test
Re-added after students showed persistent misconceptions about magnetism. A basic neodymium magnet 
reliably challenged these assumptions and supported material reasoning.
•	 Instruction Plates
Laser-engraved guidance plates were added to the LED and heating pad tools to support independent use.
•	 USB-C Power Supply
Both electronic tools now use USB-C, improving compatibility and removing the need for batteries.
•	 Finalised Density Tool
Precision tweezers were added to hold submerged samples with minimal displaced volume, improving 
measurement accuracy.
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D2 Intuitive Track Appendix
D2.1 – Ideation Sketches
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D2.2 - Evaluation Matrix

D2.3 - Prototyping
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D2.4 - Iteration Changes
The intuitive tools required fewer changes than the structured setup, but several small improvements were 
made to increase clarity, usability, and classroom feasibility. These updates were based on early user testing 
and informal evaluations, and were focused on removing confusion, improving consistency, and preparing 
the set for practical course use.

Removal of Sound Resonance Test
The sound resonance test was dropped entirely based on user testing. Students consistently found it unclear 
and difficult to interpret, and it didn’t contribute meaningful learning value. Removing it simplified the overall 
set and allowed more time to be spent on tools that gave clearer feedback.

Reintroduction of Magnet Test
The magnet test was added back into the final set. It had been left out during prototyping but was 
reintroduced after early testing showed that many students still misunderstand magnetism. The tool itself is 
simple, just a standard neodymium magnet, but it reliably challenges assumptions (e.g. that all metals are 
magnetic), reinforcing product-level material understanding (see Figure D.x).

Instruction Plates on Tools
Laser-engraved wooden instruction plates were added to the LED conductivity and heating pad tools, where 
a housing allowed it. These plates provide on-tool guidance, improving usability during independent student 
work without needing printed instructions or additional supervision (see Figures D.x and Figure D.x).
Tools without housings (scratch, magnet, and density tests) were not fitted with engraved plates, to maintain 
sourcing flexibility and avoid over-constraining their form.

Power Supply Update (USB-C)
Both the LED and heating pad tools were switched from battery-powered to USB-C input. This makes the 
setup easier to maintain, eliminates the need to replace or recharge batteries, and aligns better with standard 
classroom tech (e.g. charging bricks).

Finalised Density Tool with 3D-Printed Tweezers
The density test was finalised using a 3D-printed tweezer tool to hold the sample underwater. This replaces 
the earlier hook concept and was chosen to minimise displaced volume while improving grip stability. 
The kitchen scale used reads to 0.1 g, which equals 0.1 cm³ of displaced water, so reducing the tweezers’ 
submerged volume directly improves result accuracy (see Figure D.x).

D3 – Intuitive Track User Study

D3.1 – IT Full Study

D3.1.1 Introduction

This study examines how students differentiate materials using simple, sensory-based tests—without lab 
equipment or detailed theory. The focus is on intuition: weight, feel, temperature, and sound. For many 
students new to material science, these first impressions are all they have. The question is, can these intuitive 
tests lead to real understanding?

D3.1.2 Methods
Nine students from TU Delft participated in this study. Each performed a series of five qualitative tests: 
electrical conductivity, scratch resistance, sound resonance, heat transfer, and density (water displacement). 
No precise measurement tools were used; the aim was to explore materials through observation and touch.
Before testing, students shared their expectations and confidence levels. After each test, they recorded 
what they observed and whether it matched what they expected. At the end, they reflected on their learning 
experience and whether their confidence had changed. All questions, their answers and the informed 
consent form can be found in Appendices D3.2 through D3.4.
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D3.1.3 Results

Students initially relied heavily on feel, weight, and temperature to guess material properties. Confidence 
before the test was generally low to moderate (2–3 out of 5). The hands-on phase gave them a chance to test 
those assumptions, and for many, it changed their understanding.

Main takeaways:
•	 Heat transfer and scratch resistance were the clearest and easiest for students to interpret.
•	 The density (water displacement) test was the most surprising. Many expected heavier materials to 
be denser, but results challenged that idea.
•	 Resonance was often described as vague or hard to assess without more guidance.
•	 Most students reported increased confidence after the full test sequence.
•	 Several key misconceptions were corrected:
“Metals are always hard.”
“Heavy materials are always dense.”
Representative student quotes:
•	 “Lood was veel zachter dan ik had verwacht.”
•	 “Acryl leek zwaar, maar verplaatste veel water — dus toch niet zo dicht.”
•	 “Je denkt dat gewicht alles zegt, maar dat klopt echt niet altijd.”

D3.1.4 Strengths and Limitations

Strengths:
•	 Low-barrier setup encouraged active participation and open observation.
•	 The use of common materials made the activity relatable and replicable.
•	 Open-ended questions provided rich insights into student thinking and reflection.

Limitations:
•	 Small sample size (n=9) limits generalization of results.
•	 No control group (e.g. theory-only or measurement-based) for comparison.
•	 The intuitive nature of the test makes it harder to measure actual learning outcomes objectively.
•	 Peer interaction and facilitator presence may have subtly influenced observations and interpretations.

D3.1.5 Discussion

The study confirmed that intuitive testing offers valuable learning moments—especially when students 
are allowed to explore and reflect freely. Hands-on experience helped them move beyond surface-
level guesses and into more informed reasoning. Students began to see how certain tests revealed real 
differences, while others required more interpretation.
The misconception that “heavy equals dense” came up often, but the water displacement test directly 
challenged that assumption. Meanwhile, the resonance test proved difficult for most, suggesting that some 
sensory tests may need more scaffolding to be effective.
This balance of trial, feedback, and reflection supports an intuitive learning loop—one that aligns well with 
early-stage engineering education.

D3.1.6 Conclusions

The IMI user test showed that students can gain meaningful insights about materials through simple, hands-
on testing. While intuition alone isn’t always reliable, it becomes much more effective when supported by a 
variety of sensory-based comparisons.
Positives:
•	 Scratch and heat transfer tests were clear and informative.
•	 Density test revealed strong misconceptions and created valuable discussion.
•	 Confidence and understanding improved by the end of the test.

Negatives:
•	 Provide brief explanations or demonstrations before each test.
•	 Clarify how to interpret more abstract tests like resonance.
•	 Follow up intuitive testing with structured theory to reinforce correct understanding.
Overall, the study highlights the potential of hands-on, low-tech material exploration—especially when paired 
with guided reflection and a diverse set of tests.
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D3.2 IT Questions and Instructions
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D3.3 IT Participant Responses

Table D3.3 Part One -Participant Responses

Table D3.3 Part Two -Participant Responses Continued
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D3.4 - IT Consent Form
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Appendix E - Structured Track (ST)
E1 - Considerations
E1.1 - Methods
Table E1.1 Methods
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E2 - Morphological Chart
Table E2. Morphological Chart
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E3 - Evaluation Matrix

 
Table E3. Evaluation Matrix
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E4 - Prototyping
E4.1 -Prototyping Sketches

Figure E4. Some Prototypin Sketches
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E4.2 Prototyping Details

Prototype 1 – Proof of Principle

This first version was built to test the most basic function: whether an M8 bolt could apply enough force to 
visibly bend a material strip in a controlled way. The prototype was 3D-printed in two parts, with a captive nut 
sandwiched between them. This let the bolt rotate cleanly while staying aligned.

Why M8?
M8 was chosen because it strikes a good balance: the thread pitch is coarse enough to move relatively fast, 
but fine enough to allow controlled input. It’s also a standard size, easy to turn by hand, and compatible with 
cheap hardware. There was no need for ultra-precise micro-adjustments at this stage.
The material strip used in testing was aluminium, which showed visible bending under load without 
permanent deformation. This confirmed that the basic concept worked.

Prototype 2a – First Integrated Version

This version was the first step toward a more complete setup. The bolt was now fixed in the housing using a 
nut and washer system, and a second nut was embedded in a 3D-printed indenter part. As the bolt rotated, 
the nut (and therefore the indenter) moved up or down.
The indenter was blocked from rotating by being sandwiched between the housing walls, it could only move 
vertically. The support structure below the strip was also 3D printed and included two flat “anvils” for the 
material strip to rest on. These anvils matched the spacing needed for a simplified three-point bending setup.
Small cantilever tabs were added to both the indenter and support, so that a calliper could be used to 
measure the deflection. These notches were positioned to give a clean line of contact without interfering with 
the strip.
A precision scale (Max 200g) was placed under the support to get an early idea of the applied force. This 
couldn’t measure enough force for a lot of materials but is was really accurate. The bolt was rotated with a 
wrench.

Prototype 2b – Functional Refinement

Several issues from 2a were addressed here. First, a 3D-printed knob was added so the bolt could be rotated 
by hand. This made the interaction feel more deliberate and intuitive, important for use in a classroom setting.
One problem was backlash: there was some play in the bolt before the indenter started moving. To fix this, 
the indenter was redesigned to hold two nuts slightly apart, allowing the part to flex and preload the thread. 
This added tension removed the gap and made movement smoother, especially near the starting point.
The calliper system was also changed. A new part was added to the front of the housing, creating a slot for 
a standard calliper. The measuring pin could now be pushed down directly onto the cantilever tab of the 
indenter, making the measurement easier to control and more repeatable.

Prototype 2c – Measurement Stability

The kitchen scale was replaced with a 5kg button load cell, allowing for actual measurement of the applied 
force. The support part was bolted directly onto the load cell, giving a more consistent reading than just 
placing it on a scale.
In testing, it became clear that the anvil could flex slightly when under load. Even though this movement was 
small, it was enough to affect the deflection reading. 
The system adjusted so the bottom of the calliper now rests on the indenter tab, and the measuring bar 
moves down until it hits the support part. Now the deflection is measured between the indenter and the 
support part, eliminating measurement errors because of housing flex.
The housing itself stayed mostly the same, but the indenter and support were both modified to include small 
contact points for the calliper pin and measuring surface. This change improved accuracy and reliability 
without adding much complexity.
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E5 - Mechanical Evaluation
E5.1 - Deflection Readings

A static load was applied to the button load cell to observe measurement stability over time. Two recorded 
graphs show a gradual decrease in the measured weight, despite no change in the applied load. This drift 
indicates potential limitations in long-duration readings and highlights the need for recalibration or quick-read 
protocols in educational use.

Figure E5.1.1 Young’s modulus over Time

Figure E5.1.2 Load over Time
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E5.2 Off Axis loading of load cell

To assess the sensitivity of a button load cell to off-axis loading, a 2567 g weight was placed directly on the 
centre point and then moved in 1 mm increments. At 10 mm offset, the recorded weight increased to 2688 g. 
The result shows measurable deviation with off-centre loading, underlining the need for consistent axial 
placement during testing.

Figure E5.2.1 Load cell test a				         Figure E5.2.2 Load cell test b
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E6 - Iteration Changes
Following user testing and the mechanical evaluation, the structured track was fully redesigned to improve accuracy, 
usability, and buildability. This iteration represents a shift from early-stage prototyping to a classroom-ready setup, built 
around clearer feedback, tighter mechanical tolerances, and simplified assembly.

The changes were based on observed problems in the initial prototype (Chapter 8) and checked against the six Main 
Drivers. While the final version has not yet been validated mechanically or through user testing, each update is ground-
ed in practical needs and designed for scalable use in education. Full validation will take place after the Greenlight 
phase.

Laser-Cut Housing
The original 3D-printed housing was replaced with a laser-cut plywood construction using 5 mm triplex. This change 
was made to improve production speed, reduce warping, and simplify alignment. Laser cutting also allows engraved 
instructions to be added directly to the side panels, improving usability during independent classroom use (see Figure 
E.x).

Bar-Type Load Cell (10 kg)
The previous 5 kg button load cell was replaced with a 10 kg bar load cell, which is easier to source and provides a 
stiffer, more stable input under load. It reduces the risk of tilting under contact from the callipers and is expected to 
provide more consistent readings. This change aims to remove reliance on a single manufacturer, supporting long-term 
reproducibility,  by hardware documentation and engineering sources (Morehouse Instrument Company, 2021; Interface 
Force Measurement Solutions, 2024; SparkFun Electronics, n.d.).

Dual-Bearing Bolt Mount
The M8 loading bolt is now mounted using two standard 608zz bearings, tensioned against each other to prevent lat-
eral play. This setup is expected to allow smoother force input with less friction or wobble (see Figure E.x). The bearings 
are widely available and robust, contributing to overall feasibility and maintenance simplicity.

Set Screw Alignment for Indenter
The preload on the indenter was reduced to lower friction during low-force measurements. To maintain precise vertical 
alignment, six countersunk set screws were added to the housing (three per side). These contact small guide surfaces 
and constrain the indenter’s movement to a single vertical axis (see Figure E.x). This solution is intended to improve 
measurement accuracy while keeping the system low-tech and serviceable.

Redesigned Knob with Vernier Scale
The rotation knob was redesigned to avoid interference with the callipers and now includes a 25-division vernier scale. 
Each step corresponds to ~0.05 mm of travel — matching the resolution of the callipers. This feature is intended to give 
students a physical reference point for applied force and help cross-check manual input against digital readings (see 
Figure E.x).
It also reinforces the use of the setup as real mechanical testing equipment, supporting structured engineering reason-
ing and visual interpretation.

Electronics Update: Compact Controller and Amplifier
The electronics system was redesigned around a compact Seeed Studio Xiao microcontroller (final model Name), 
paired with an HX711 load cell amplifier and a small OLED screen. These components now fit inside a dedicated elec-
tronics compartment in the housing, keeping them protected and tamper-resistant during use.

Geometry Standardisation
As part of this iteration, the geometry of the test setup and sample was also standardised. These changes support 
repeatable testing across different materials, better alignment with educational standards, and improved mechanical 
reliability under load.

Span Length – 40 mm
The span length was reduced from 50 mm to 40 mm. This allows larger, more visible deflections under modest forces, 
keeping loads within the range of the 10 kg load cell and enhancing clarity in classroom settings. It also reflects allow-
ances in ISO 178:2019 for reduced span lengths when sample size or stiffness constraints apply.

Support & Indenter Diameter – 5 mm
The diameter of both the supports and indenter was set to 5 mm, offering a more standardised contact area that re-
duces stress concentrations and damage risk — especially in brittle or thin materials. Matching diameters also simplify 
production and maintenance.

Standard Sample Size – 60 × 15 × 1.5 mm
A standard sample size was defined for all structured tests:
60 mm length, 15 mm width, 1.5 mm thickness.
This size supports compatibility with the 40 mm span and provides adequate bending behaviour across a wide range of 
classroom-safe materials. It also simplifies sourcing and reduces material use per test.
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Appendix F - Structured Track User Test
F1 - Full Study
F1.1 Introduction

This study explores how students understand material stiffness, specifically Young’s modulus, when they 
learn through both theory and hands-on experimentation. The concept is a staple in materials science, but 
for many first-year students, it’s abstract and difficult to relate to. By combining calculation with a physical 
3-point bending test, the goal was to find out: does doing the test help students understand what the 
numbers really mean?

F1.2 Methods

Eight students from TU Delft took part in a structured user test with two parts. First, they completed a 
theoretical exercise calculating Young’s modulus using a standard formula and given values. Then, they 
performed the same test physically using a 3D printed bending device. Before, during, and after the test, 
participants answered open questions about their expectations, understanding, and experience.
Their responses were analysed to assess how well they grasped the concept, how confident they felt, 
and what they found useful or confusing. All questions, answers and the consent form can be found in 
appendices F2 through F4.

F1.3 Results

Most students began the test with a vague idea of what Young’s modulus was—usually something about 
“stiffness” or “how much something bends.” The theory part felt abstract to them, especially when units didn’t 
line up or when converting measurements. Once they started the hands-on part, things changed.

Key insights:
•	 Students reported stronger understanding after the physical test. Several described “aha” moments.
•	 Most realized bending is not the same as hardness—a common initial misconception.
•	 Confidence scores were generally higher after the test (mostly 4–5 out of 5).
•	 Nearly all preferred doing the physical test first to better grasp the theory afterward.
•	 The importance of measurement precision became clear through real trial and error.
•	 Feeling, doing, and seeing made the modulus more concrete.

Student observations:
•	 “Now I get what that number means.”
•	 “You really have to think about where and how you measure.”
•	 “It was fun and helpful, but tricky to do perfectly.”

F1.4 Strengths and Limitations

Strengths:
•	 Mixed-method design gave students a chance to compare theory and practice directly.
•	 Open-ended questions encouraged honest, detailed reflections.
•	 Participants were representative of early-stage engineering students—little prior exposure to 
materials testing.

Limitations:
•	 Small sample size (n=8) means the findings are more illustrative than conclusive.
•	 No comparison group (e.g., theory-only) limits the ability to isolate impact.
•	 Self-reported understanding and confidence aren’t the same as measured knowledge gains.
•	 Facilitator presence may have influenced how openly students critiqued parts of the process.
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F1.5 Discussion

This small study reinforces something intuitive: abstract concepts become easier to grasp when you interact 
with them physically. For most students, theory alone didn’t “click.” But the hands-on test brought the idea 
to life. That’s where the shift happened—from seeing Young’s modulus as a number to understanding it as a 
physical behaviour.
Still, learning wasn’t flawless. Measurement was confusing. Some students weren’t sure when to record force. 
These bumps were part of the learning, but they also highlight where the test design can improve.

F1.6 Conclusions

The combination of calculation and physical testing helped students build a clearer, more intuitive 
understanding of Young’s modulus. Doing the test gave meaning to the formula—and made the learning 
stick.

Positives:
•	 Physical testing improved conceptual clarity.
•	 Confidence increased for most students.
•	 Misconceptions (like “bending = hardness”) were corrected.
Negatives:
•	 Give clearer visual instructions or checklists.
•	 Mark measurement points more precisely.
•	 Consider introducing the physical test before the theory to support early comprehension.

This approach is promising, especially for beginners. With some tweaks, it could become a powerful tool in 
introductory materials education.



Page 93

F2 - ST Questions and Instructions
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F3 - ST Participant Responses
Table F3. Part One - Participant Responses

Table F3 Part Two - Participant Responses Continued
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F4 - ST Consent Form
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Appendix G - Final Design
G.1 Construction
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G.2 Bill of Materials

Table G.2 - Bill of Materials
Device Part no. Part Name Assembly Description Material Method Quantity One off Bulk Total OO Total B [g]  OR [mm^2] Material Cost pp Source Source  Bulk FILAMENT PRICE PER KG (Bulk Price) Price per gram Device One off Cost Bulk Cost (75pc)
Structured Track P01 Housing Plate Housing Two plates with different engravings Populieren 5mm Lasercutting 2 € 0,27 € 0,27 € 0,53 € 0,53 10800 € 0,13 € 16,99 € 0,02 3 point bend Test € 31,86 € 19,70
3 Point Bend Test P02 Load cell Plate Housing Plates that hold Load cell Populieren 5mm Lasercutting 2 € 0,02 € 0,02 € 0,05 € 0,05 1000 € 0,01 LED Test € 10,93 € 3,00

P03 Support Plate Housing Plate for extra rigidity Populieren 5mm Lasercutting 1 € 0,01 € 0,01 € 0,01 € 0,01 800 € 0,01 Lasercut wood Price per sheet 1100x800 Price per mm^2 Heat Test € 8,59 € 5,17
P04 Measuring Flange Housing Part to hold call ipers for measuring PLA 3D Printing 2 € 0,10 € 0,10 € 0,19 € 0,19 2,8 € 0,05 € 10,00 € 0,00 Density Test € 25,84 € 10,09
P05 Press Assembly Plate Press Assembly Mounting plate for press assembly Populieren 5mm Lasercutting 2 € 0,04 € 0,04 € 0,08 € 0,08 1640 € 0,02 1070x760 is useable Magnet Test € 5,29 € 0,08
P06 Indenter Press Assembly Presses sample PLA 3D Printing 1 € 0,24 € 0,24 € 0,24 € 0,24 14,26 € 0,24 dfadf Scratch Test € 3,51 € 0,04
P07 Guiding Part Press Assembly Guides indenter PLA 3D Printing 2 € 0,14 € 0,14 € 0,27 € 0,27 4,03 € 0,07 dfadf Storage Box € 1,90 € 1,36
P08 Indenter Measuring Part Press Assembly Rests call ipers for measuring PLA 3D Printing 2 € 0,04 € 0,04 € 0,08 € 0,08 1,21 € 0,02 dfadf
P09 Bearing Housing Press Assembly Houses Bearings PLA 3D Printing 1 € 0,11 € 0,11 € 0,11 € 0,11 6,37 € 0,11 dfadf Track One-off Cost Bulk Cost
P10 Nonius Press Assembly Allows measuring of indenter movement PLA 3D Printing 1 € 0,04 € 0,04 € 0,04 € 0,04 2,29 € 0,04 dfadf Structured € 31,86 € 19,70
P11 Knob Press Assembly Allows easier rotation of Indenter Bolt PLA 3D Printing 1 € 0,09 € 0,09 € 0,09 € 0,09 5,31 € 0,09 dfadf Intuitive € 56,05 € 19,73
B01 Bearing Press Assembly 608zz Skateboard bearing Steel BUY 2 € 0,75 € 0,60 € 1,50 € 1,20 https://www 123-3d nl/123-3D-Kogellager-608 dfadf
B02 M8 Steel Hex Screw Press Assembly M8x50 10.9 high strength Steel BUY 1 € 0,46 € 0,16 € 0,46 € 0,16 https://www.rvsp https://rvsland.nl/rvs-zeskan dfadf
B03 M8 Steel Nut Press Assembly M8 High strength Steel BUY 3 € 0,36 € 0,07 € 1,08 € 0,21 https://www.rvsp https://rvsland.nl/rvs-moere dfadf
B04 M3 Countersunk hex Press Assembly m3x12 All igns indenter assembly Steel BUY 4 € 0,23 € 0,02 € 0,92 € 0,08 https://www rvsp https://schroevengroothand dfadf
B05 Microprocessor Electronics Seeeduino Xiao - BUY 1 € 6,28 € 6,16 € 6,28 € 6,16 https://www.kiwi-electronics.com/nl/seeeduin dfadf     
B06 Load Cell Electronics TAL220 10kg straight bar load cell Steel BUY 1 € 2,37 € 2,37 € 2,37 € 2,37 https://www.amazon.nl/Reland-Sun-Druksenso dfadf
B07 Load Cell Amplifier Electronics hx711 module - BUY 1 € 3,17 € 3,17 € 3,17 € 3,17 https://www amazon nl/AZDelivery-SSD1306-codfadf
B08 Screen Electronics OLED-LCD 0,96 inch display ASIN: B0CTMKZJ5L - BUY 1 € 6,99 € 2,71 € 6,99 € 2,71 dfadf
P12 Left Electronics Housing Electronics Mounts screen, microprocessor and amplifier PLA 3D Printing 1 € 0,23 € 0,23 € 0,23 € 0,23 13,49 € 0,23 dfadf
P13 Right Electronics Housing Electronics Mounts screen, microprocessor and amplifier PLA 3D Printing 1 € 0,21 € 0,21 € 0,21 € 0,21 12,15 € 0,21 dfadf
P14 Anvil Electronics Holds sample PLA 3D Printing 1 € 0,16 € 0,16 € 0,16 € 0,16 9,48 € 0,16 dfadf
P15 Anvil Measuring Part Electronics Rests call ipers for measuring PLA 3D Printing 2 € 0,03 € 0,03 € 0,05 € 0,05 0,79 € 0,01  
B09 Wiring Electronics 10cm Female to Female cable (cut in half) - BUY 4 € 0,05 € 0,04 € 0,20 € 0,16 https://www tinytronics nl/en/cables-and-conn dfadf
B10 M5 Countersunk hex Electronics M5x8 Steel countersunk hex screw Steel BUY 4 € 0,23 € 0,04 € 0,92 € 0,16 https://www rvsp https://rvsland nl/din7991-a dfadf
B11 M4 bolt Electronics M4x20 steel hext screw Steel BUY 2 € 0,23 € 0,04 € 0,46 € 0,08 https://rvsland.nl/inbusbout dfadf
B12 M3 screw Mounting Hardware Mounts everything Steel BUY 27 € 0,12 € 0,03 € 3,24 € 0,81 https://www techwinkel nl/ dfadf
B13 M3 Nut Mounting Hardware Mounts everything Steel BUY 16 € 0,12 € 0,01 € 1,92 € 0,08 https://www.techwinkel.nl/ dfadf

One Off Bulk (75 pc) dfadf
Structured Tota € 31,86 € 19,70 dfadf

Intuitive Track P16 LED Housing LED Houses all  components PLA 3D Printing 1 € 0,34 € 0,34 € 0,34 € 0,34 20,03 € 0,34 dfadf
LED Test P17 Front Plate LED Covers Housing, has engraved instructions 5mm Populieren Lasercutting 1 € 0,05 € 0,05 € 0,05 € 0,05 4005 € 0,05 dfadf

B14 Test Clip LED Allows attachment to samples. cut in half - BUY 1 € 3,75 € 0,38 € 3,75 € 0,38 https://opencircuit nl/produ dfadf
B15 LED LED Red LED - BUY 1 € 0,17 € 0,15 € 0,17 € 0,15 https://www allekabels nl/le dfadf
B16 Resistor LED 150Ω Resistor - BUY 1 € 1,64 € 0,16 € 1,64 € 0,16 dfadf
B17 USB-C Port LED USB-C Female to power port - BUY 1 € 4,50 € 1,80 € 4,50 € 1,80 https://www amazon nl/Gre dfadf
B12 M3 screw LED Mounts everything Steel BUY 4 € 0,12 € 0,03 € 0,48 € 0,12 https://www.techwinkel.nl/ dfadf

One Off Bulk (75 pc) dfadf
LED Total € 10,93 € 3,00 dfadf

Heating Test P18 Heating Housing Heating Houses all  components PLA 3D printing 1 € 0,33 € 0,33 € 0,33 € 0,33 19,28 € 0,33 dfadf
P19 Front Plate Heating Covers Housing, has engraved instructions 5mm Populieren Lasercutting 1 € 0,05 € 0,05 € 0,05 € 0,05 4005 € 0,05 dfadf
B18 Heating Element Heating 5v PTC 40 degrees heating element - BUY 1 € 2,75 € 2,75 € 2,75 € 2,75 https://eu robotshop com/n dfadf
B17 USB-C Port Heating USB-C Female to power port - BUY 1 € 4,50 € 1,80 € 4,50 € 1,80 https://www.amazon.nl/Gre dfadf
B12 M3 screw Heating Mounts everything Steel BUY 8 € 0,12 € 0,03 € 0,96 € 0,24 https://www.techwinkel.nl/ dfadf

One Off Bulk (75 pc) dfadf
Heatin Total € 8,59 € 5,17 dfadf

Density Test B19 Scale Density 1kg precision Scale - BUY 1 € 8,50 € 8,50 € 8,50 € 8,50 https://www.bol.com/nl/nl/ dfadf
B20 Precision Tweezeres Density Precision tweezers with small tip - BUY 1 € 5,35 € 0,89 € 5,35 € 0,89 https://www bol com/nl/nl/ dfadf
B21 Container Density Small container to hold water - BUY 1 € 11,99 € 0,70 € 11,99 € 0,70 https://www.amazon.nl/KLY dfadf

One Off Bulk (75 pc) dfadf
Density Total € 25,84 € 10,09 dfadf

Magnet Test B22 Magnet Magnet Neodymium Magnet Neodymium BUY 1 € 5,29 € 0,08 € 5,29 € 0,08 https://www amazon nl/ma dfadf
One Off Bulk (75 pc) dfadf

Magne Total € 5,29 € 0,08 dfadf
Scratch Test B23 Scratch Nail Scratch Hardened Steel  Nail Steel BUY 1 € 3,51 € 0,04 € 3,51 € 0,04 https://www.praxis.nl/ijzerw dfadf

One Off Bulk (75 pc) dfadf
Scratch Total € 3,51 € 0,04 dfadf

Storage Box P20 Housing Storage Storage Box PLA 3D Printing 1 € 1,00 € 1,00 € 1,00 € 1,00 58,88 € 1,00 dfadf
P21 Hinge Storage Hinge for lid PLA 3D Printing 2 € 0,04 € 0,04 € 0,08 € 0,08 1,17 € 0,02 dfadf
P22 Lid Storage Cover Lid with engraving of 3 tests 3mm Populieren Lasercutting 1 € 0,10 € 0,10 € 0,10 € 0,10 8010 € 0,10 dfadf
B12 M3 screw Storage Mounts everything Steel BUY 6 € 0,12 € 0,03 € 0,72 € 0,18 https://www.techwinkel.nl/ dfadf

One Off Bulk (75 pc)
Storag Total € 1,90 € 1,36

Intuitive Tota € 56,05 € 19,73
One off Bulk (75pc)

Full Setup Total € 87,91 € 39,43
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Device Part no. Part Name Assembly Description Material Method Quantity One off Bulk Total OO Total B [g]  OR [mm^2] Material Cost pp Source Source  Bulk FILAMENT PRICE PER KG (Bulk Price) Price per gram Device One off Cost Bulk Cost (75pc)
Structured Track P01 Housing Plate Housing Two plates with different engravings Populieren 5mm Lasercutting 2 € 0,27 € 0,27 € 0,53 € 0,53 10800 € 0,13 € 16,99 € 0,02 3 point bend Test € 31,86 € 19,70
3 Point Bend Test P02 Load cell Plate Housing Plates that hold Load cell Populieren 5mm Lasercutting 2 € 0,02 € 0,02 € 0,05 € 0,05 1000 € 0,01 LED Test € 10,93 € 3,00

P03 Support Plate Housing Plate for extra rigidity Populieren 5mm Lasercutting 1 € 0,01 € 0,01 € 0,01 € 0,01 800 € 0,01 Lasercut wood Price per sheet 1100x800 Price per mm^2 Heat Test € 8,59 € 5,17
P04 Measuring Flange Housing Part to hold call ipers for measuring PLA 3D Printing 2 € 0,10 € 0,10 € 0,19 € 0,19 2,8 € 0,05 € 10,00 € 0,00 Density Test € 25,84 € 10,09
P05 Press Assembly Plate Press Assembly Mounting plate for press assembly Populieren 5mm Lasercutting 2 € 0,04 € 0,04 € 0,08 € 0,08 1640 € 0,02 1070x760 is useable Magnet Test € 5,29 € 0,08
P06 Indenter Press Assembly Presses sample PLA 3D Printing 1 € 0,24 € 0,24 € 0,24 € 0,24 14,26 € 0,24 dfadf Scratch Test € 3,51 € 0,04
P07 Guiding Part Press Assembly Guides indenter PLA 3D Printing 2 € 0,14 € 0,14 € 0,27 € 0,27 4,03 € 0,07 dfadf Storage Box € 1,90 € 1,36
P08 Indenter Measuring Part Press Assembly Rests call ipers for measuring PLA 3D Printing 2 € 0,04 € 0,04 € 0,08 € 0,08 1,21 € 0,02 dfadf
P09 Bearing Housing Press Assembly Houses Bearings PLA 3D Printing 1 € 0,11 € 0,11 € 0,11 € 0,11 6,37 € 0,11 dfadf Track One-off Cost Bulk Cost
P10 Nonius Press Assembly Allows measuring of indenter movement PLA 3D Printing 1 € 0,04 € 0,04 € 0,04 € 0,04 2,29 € 0,04 dfadf Structured € 31,86 € 19,70
P11 Knob Press Assembly Allows easier rotation of Indenter Bolt PLA 3D Printing 1 € 0,09 € 0,09 € 0,09 € 0,09 5,31 € 0,09 dfadf Intuitive € 56,05 € 19,73
B01 Bearing Press Assembly 608zz Skateboard bearing Steel BUY 2 € 0,75 € 0,60 € 1,50 € 1,20 https://www 123-3d nl/123-3D-Kogellager-608 dfadf
B02 M8 Steel Hex Screw Press Assembly M8x50 10.9 high strength Steel BUY 1 € 0,46 € 0,16 € 0,46 € 0,16 https://www.rvsp https://rvsland.nl/rvs-zeskan dfadf
B03 M8 Steel Nut Press Assembly M8 High strength Steel BUY 3 € 0,36 € 0,07 € 1,08 € 0,21 https://www.rvsp https://rvsland.nl/rvs-moere dfadf
B04 M3 Countersunk hex Press Assembly m3x12 All igns indenter assembly Steel BUY 4 € 0,23 € 0,02 € 0,92 € 0,08 https://www rvsp https://schroevengroothand dfadf
B05 Microprocessor Electronics Seeeduino Xiao - BUY 1 € 6,28 € 6,16 € 6,28 € 6,16 https://www.kiwi-electronics.com/nl/seeeduin dfadf     
B06 Load Cell Electronics TAL220 10kg straight bar load cell Steel BUY 1 € 2,37 € 2,37 € 2,37 € 2,37 https://www.amazon.nl/Reland-Sun-Druksenso dfadf
B07 Load Cell Amplifier Electronics hx711 module - BUY 1 € 3,17 € 3,17 € 3,17 € 3,17 https://www amazon nl/AZDelivery-SSD1306-codfadf
B08 Screen Electronics OLED-LCD 0,96 inch display ASIN: B0CTMKZJ5L - BUY 1 € 6,99 € 2,71 € 6,99 € 2,71 dfadf
P12 Left Electronics Housing Electronics Mounts screen, microprocessor and amplifier PLA 3D Printing 1 € 0,23 € 0,23 € 0,23 € 0,23 13,49 € 0,23 dfadf
P13 Right Electronics Housing Electronics Mounts screen, microprocessor and amplifier PLA 3D Printing 1 € 0,21 € 0,21 € 0,21 € 0,21 12,15 € 0,21 dfadf
P14 Anvil Electronics Holds sample PLA 3D Printing 1 € 0,16 € 0,16 € 0,16 € 0,16 9,48 € 0,16 dfadf
P15 Anvil Measuring Part Electronics Rests call ipers for measuring PLA 3D Printing 2 € 0,03 € 0,03 € 0,05 € 0,05 0,79 € 0,01  
B09 Wiring Electronics 10cm Female to Female cable (cut in half) - BUY 4 € 0,05 € 0,04 € 0,20 € 0,16 https://www tinytronics nl/en/cables-and-conn dfadf
B10 M5 Countersunk hex Electronics M5x8 Steel countersunk hex screw Steel BUY 4 € 0,23 € 0,04 € 0,92 € 0,16 https://www rvsp https://rvsland nl/din7991-a dfadf
B11 M4 bolt Electronics M4x20 steel hext screw Steel BUY 2 € 0,23 € 0,04 € 0,46 € 0,08 https://rvsland.nl/inbusbout dfadf
B12 M3 screw Mounting Hardware Mounts everything Steel BUY 27 € 0,12 € 0,03 € 3,24 € 0,81 https://www techwinkel nl/ dfadf
B13 M3 Nut Mounting Hardware Mounts everything Steel BUY 16 € 0,12 € 0,01 € 1,92 € 0,08 https://www.techwinkel.nl/ dfadf

One Off Bulk (75 pc) dfadf
Structured Tota € 31,86 € 19,70 dfadf

Intuitive Track P16 LED Housing LED Houses all  components PLA 3D Printing 1 € 0,34 € 0,34 € 0,34 € 0,34 20,03 € 0,34 dfadf
LED Test P17 Front Plate LED Covers Housing, has engraved instructions 5mm Populieren Lasercutting 1 € 0,05 € 0,05 € 0,05 € 0,05 4005 € 0,05 dfadf

B14 Test Clip LED Allows attachment to samples. cut in half - BUY 1 € 3,75 € 0,38 € 3,75 € 0,38 https://opencircuit nl/produ dfadf
B15 LED LED Red LED - BUY 1 € 0,17 € 0,15 € 0,17 € 0,15 https://www allekabels nl/le dfadf
B16 Resistor LED 150Ω Resistor - BUY 1 € 1,64 € 0,16 € 1,64 € 0,16 dfadf
B17 USB-C Port LED USB-C Female to power port - BUY 1 € 4,50 € 1,80 € 4,50 € 1,80 https://www amazon nl/Gre dfadf
B12 M3 screw LED Mounts everything Steel BUY 4 € 0,12 € 0,03 € 0,48 € 0,12 https://www.techwinkel.nl/ dfadf

One Off Bulk (75 pc) dfadf
LED Total € 10,93 € 3,00 dfadf

Heating Test P18 Heating Housing Heating Houses all  components PLA 3D printing 1 € 0,33 € 0,33 € 0,33 € 0,33 19,28 € 0,33 dfadf
P19 Front Plate Heating Covers Housing, has engraved instructions 5mm Populieren Lasercutting 1 € 0,05 € 0,05 € 0,05 € 0,05 4005 € 0,05 dfadf
B18 Heating Element Heating 5v PTC 40 degrees heating element - BUY 1 € 2,75 € 2,75 € 2,75 € 2,75 https://eu robotshop com/n dfadf
B17 USB-C Port Heating USB-C Female to power port - BUY 1 € 4,50 € 1,80 € 4,50 € 1,80 https://www.amazon.nl/Gre dfadf
B12 M3 screw Heating Mounts everything Steel BUY 8 € 0,12 € 0,03 € 0,96 € 0,24 https://www.techwinkel.nl/ dfadf

One Off Bulk (75 pc) dfadf
Heatin Total € 8,59 € 5,17 dfadf

Density Test B19 Scale Density 1kg precision Scale - BUY 1 € 8,50 € 8,50 € 8,50 € 8,50 https://www.bol.com/nl/nl/ dfadf
B20 Precision Tweezeres Density Precision tweezers with small tip - BUY 1 € 5,35 € 0,89 € 5,35 € 0,89 https://www bol com/nl/nl/ dfadf
B21 Container Density Small container to hold water - BUY 1 € 11,99 € 0,70 € 11,99 € 0,70 https://www.amazon.nl/KLY dfadf

One Off Bulk (75 pc) dfadf
Density Total € 25,84 € 10,09 dfadf

Magnet Test B22 Magnet Magnet Neodymium Magnet Neodymium BUY 1 € 5,29 € 0,08 € 5,29 € 0,08 https://www amazon nl/ma dfadf
One Off Bulk (75 pc) dfadf

Magne Total € 5,29 € 0,08 dfadf
Scratch Test B23 Scratch Nail Scratch Hardened Steel  Nail Steel BUY 1 € 3,51 € 0,04 € 3,51 € 0,04 https://www.praxis.nl/ijzerw dfadf

One Off Bulk (75 pc) dfadf
Scratch Total € 3,51 € 0,04 dfadf

Storage Box P20 Housing Storage Storage Box PLA 3D Printing 1 € 1,00 € 1,00 € 1,00 € 1,00 58,88 € 1,00 dfadf
P21 Hinge Storage Hinge for lid PLA 3D Printing 2 € 0,04 € 0,04 € 0,08 € 0,08 1,17 € 0,02 dfadf
P22 Lid Storage Cover Lid with engraving of 3 tests 3mm Populieren Lasercutting 1 € 0,10 € 0,10 € 0,10 € 0,10 8010 € 0,10 dfadf
B12 M3 screw Storage Mounts everything Steel BUY 6 € 0,12 € 0,03 € 0,72 € 0,18 https://www.techwinkel.nl/ dfadf

One Off Bulk (75 pc)
Storag Total € 1,90 € 1,36

Intuitive Tota € 56,05 € 19,73
One off Bulk (75pc)

Full Setup Total € 87,91 € 39,43
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Appendix H - Education Validation

Appendix H1 - Full Study
H.1.1 - Introduction

After the workshops were developed, a small validation was carried out to see how students responded 
to the setup in practice. The goal wasn’t to measure learning outcomes in a formal sense, but to observe 
whether the workshops triggered the kinds of reasoning they were designed to support. The workshops can 
be found in Appendices X.2.1 and X.2.2.
Both workshops were based on the structure of the UPE course, where students are expected to engage 
with a problem intuitively before receiving formal theory. The design relied on Productive Failure principles, 
where the initial struggle is meant to create a need for deeper understanding. This validation focused on 
capturing how students approached the tasks, what kind of reasoning they showed, and how that changed 
once tools or theory were introduced.

H.1.2 Methods

Three student (first year IDE) groups participated in the study:
•	 Group A: 1 student working individually
•	 Group B: 2 students working collaboratively
•	 Group C: 2 students, with one noticeably less active

Each group completed both workshops:
1.	 Workshop 1: Students began by sorting unknown materials intuitively, then applied a series of 
property tests (magnetism, scratch, conductivity, thermal feel, and density).
2.	 Workshop 2: Students were asked to estimate how many people could stand on a bench without 
excessive bending, used a scale model to experiment, and later received a bending formula to reflect on 
their results.

All sessions were observed in real-time. Notes were taken on student behaviour, verbal reasoning, and 
interaction with materials and tools. No scores or performance outcomes were recorded. The focus was on 
observable shifts in reasoning and engagement.

H.1.3 Results

Workshop 1 – Material Identification (Appendix X.3.1)
•	 Most students began with guesses based on visual and tactile cues (e.g. weight, texture, surface 
finish).
•	 Reasoning became more structured after the introduction of test tools.
•	 The density test marked a clear shift for all groups. At that point, students moved from uncertain 
intuition to data-based conclusions.
•	 Students began referring to measurable properties instead of just how something looked or felt.
•	 Group B actively built on each other’s observations. Group C, in contrast, remained disconnected. one 
student carried the process while the other barely contributed.
Workshop 2 – Bench Deflection (Appendix X.3.2)
•	 Initial estimates were vague and not based on any clear logic.
•	 The scale model helped students develop a more accurate sense of how loading affected bending. 
Group B identified creep on their own. Group A recognised the nonlinear increase in deflection.
•	 Once the bending formula was introduced, all groups revisited their earlier assumptions. Most used 
the equation not just to calculate, but to validate what they had already observed.
•	 Some students reflected on their testing approach and mentioned that averaging multiple 
measurements would have led to better accuracy.  a realisation that only came after hearing the extra theory.
•	 In Group C, limited engagement continued, and little conceptual progress was visible beyond 
surface-level activity.
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H.1.4 Strengths and Limitations

Strengths:
•	 Student behaviour showed visible shifts from surface-level intuition to more structured reasoning.
•	 In several cases, students used the provided tools or formulas not just to “get the answer,” but to 
make sense of earlier results.
•	 Observing both workshops gave insight into how students test, interpret, and revise their thinking 
across different problem types.

Limitations:
•	 The sample size was very small (five participants in total), so findings are not generalisable.
•	 No formal learning gains were measured (e.g. through pre/post tests). Conclusions rely on 
interpretation of observed behaviour.
•	 The students involved had already been exposed to most of the theory earlier in the course. As a 
result, some of the intended “productive struggle” may have been reduced. Their reasoning might have been 
influenced more by recall than by exploration.

H.1.5 Discussion

The validation showed that both workshops helped students move from assumptions to structured 
reasoning. In Workshop 1, students first sorted materials based on intuition, then refined their classifications 
using a series of physical tests: magnetism, scratch resistance, conductivity, thermal feel, and density. 
Especially he density test marked a shift toward more confident, evidence-based conclusions.

In Workshop 2, students explored bench deflection using a three-point bending setup. They experimented 
with force and deflection using a scale model before receiving the theoretical formula. Most groups used this 
process to reflect on earlier guesses and reason about the role of stiffness and geometry.
Although students had already encountered much of the theory in their course, the hands-on tests and tools 
still led to useful insights, especially when contradictions or unexpected results forced them to reconsider 
their thinking.

H.1.6 Conclusions

The workshops provided a practical structure for reasoning development through exploration. While the prior 
knowledge of the students limited the “struggle” intended by the Productive Failure approach, the format still 
led to meaningful engagement.

All five physical tests in Workshop 1 supported material recognition, with students showing clearer reasoning 
as they moved from tactile impressions to measurable properties. The density test was especially decisive. 
In Workshop 2, the three-point bending setup proved valuable not only as a test tool but as a reasoning 
aid. Students used it to explore the effect of force, span, and cross-section, even when their measurements 
were imperfect. The validation confirmed that the physical tools supported theoretical content in observable 
outcomes. 
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Appendix H2 Workshops
H2.1 - Workshop 1: Intuitive
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Appendix H2 Workshops
H2.2 - Workshop 2: Structured
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Appendix H3 Workshop Observations
H3.1 Workshop 1 - Intuitive

Group A
Group size: 1

Phase 1 – Intuitive sorting
- The student began by sorting based on visible characteristics and tactile feel (e.g. weight, texture, surface finish).
- Made an initial distinction between wood, plastic, and metal, but struggled to go further within those categories.
- Expressed uncertainty out loud: “This feels like metal but it’s too light… maybe plastic?”
- Attempted to identify materials by analogy to known products: e.g. “This reminds me of a cutting board.”

Phase 2 – Testing phase (after introduction of simple tools)
- Magnet test: used first, with quick and confident sorting between magnetic and non-magnetic samples.
- Scratch test: performed systematically, but interpretation varied. The student noted differences in scratch resistance but 
wasn’t always sure how to interpret them.
- Conductivity test: initially uncertain, then used presence/absence of LED signal to sort into “probably metal” and “not 
metal.”
- Thermal test: the student used touch to assess thermal conductivity. Said: “This one feels colder, so I guess it’s a metal?”, 
acknowledged this might be subjective.

Phase 3 – Density test
- Student showed visible relief at having a measurable method: “Finally something that gives an actual number.”
- Measured mass and water displacement carefully and used the results to update previous guesses.
- Noted sources of inaccuracy, like absorbed water in porous materials, and questioned some results: “This can’t be right… 
I must’ve measured the volume wrong.”

Observed reasoning shift
- Clear shift from guessing to structured analysis during the workshop.
- Increasing reliance on measurable and testable properties rather than intuition alone.
- The density test served as a turning point: from hesitant classification to more confident, evidence-based reasoning.
- Student reflected on their earlier assumptions and revised them after each test.

Group B
Group size: 2

Phase 1 – Intuitive sorting
- The students began by comparing the materials visually and by touch. One focused mostly on surface texture and 
shine: “These definitely look like metal.”
- The other was more cautious, testing weight by bouncing samples in their hands and saying: “This one’s light, but still 
feels kind of hard.”
- They sorted materials into general groups: “metal,” “wood,” and “plastic,” though there was uncertainty around a few 
edge cases. One sample led to back-and-forth: “Could be plastic,” “But look at the finis. maybe coated metal?”
- They mostly relied on prior experience, guessing based on what the material felt like from products they’d seen before. 
No written rationale yet.

Phase 2 – Testing phase (after introduction of simple tools)
Magnet test: Used immediately and correctly. One student ran through all samples and quickly identified magnetic ones. 
The other asked: “Can stainless steel be non-magnetic?” and they briefly discussed exceptions.
Scratch test: Both tested each sample with a nail. One focused on comparing groove depth, the other commented 
on sound and texture: “This one almost flakes off. That’s weird.” They weren’t always sure how to link scratch results to 
material types.
Conductivity test: One student held the crocodile clips while the other observed the LED. When one sample didn’t light 
up, they redid the connection: “Wait, was that a bad contact or is it really not conducting?” After double-checking, they 
concluded it was non-conductive.
Thermal test: Used by touch alone at first. One student rubbed two samples between their palms and said: “This one 
feels colder, but only just.” The other was sceptical: “That might just be because it’s been sitting out longer.”

Phase 3 – Density test
- The students split tasks: one took care of weighing, the other measured water displacement. They discussed each step 
together and noted values.
- There was some confusion with units: “So grams divided by cubic centimetres, right?” but they figured it out quickly.
- When results didn’t match their earlier guesses, they questioned possible causes: “Maybe some air got trapped?” They 
repeated one test to confirm.
- Initially, one student seemed less confident in the method, but became more comfortable as results matched 
expectations: “Okay, yeah, this lines up now.”
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Observed reasoning shift
- The group gradually moved from surface-based guessing to using test results as evidence.
- Differences in approach were visible: one student worked more decisively, the other was more reflective , they balanced 
each other well.
- They began to revise their initial groupings based on density and conductivity, rather than just look and feel.
- By the end, both students showed a stronger understanding of how different material properties relate to classification.

Group C
Group size: 2

Phase 1 – Intuitive sorting
- The group started without much discussion. One student (Student A) immediately began grouping materials by look 
and feel: “This one’s definitely plastic,” while the other (Student B) mostly watched and nodded.
- Student A tried to involve the other: “What do you think about this one?” but got a shrug in response: “Yeah, maybe.”
- Some materials were sorted based purely on weight or colour. Student A said: “This feels heavy, so probably metal,” 
without cross-checking with any other property.
- No clear reasoning was written down, and there was minimal collaboration. The group moved on quickly, despite 
obvious uncertainty.

Phase 2 – Testing phase (after introduction of simple tools)
Magnet test: Student A tested the materials while Student B stood back. When asked to help, B responded: “You’re 
already doing it.” One non-magnetic metal was incorrectly classified as plastic.
Scratch test: Student A applied the test to a few samples but skipped others. When one result was unclear, B suggested: 
“Maybe it’s just worn-out plastic,” with little explanation.
Conductivity test: The group appeared unsure about how to use the crocodile clips. They misconnected one test and 
concluded incorrectly that the material didn’t conduct.
Thermal test: Barely used. Student A picked up a sample and said: “This one’s cold, probably metal,” but didn’t compare 
with others. Student B responded: “They all feel the same to me.”

Phase 3 – Density test
- Only three samples were tested before the group moved on. One measurement was skipped entirely after they misread 
the scale and gave up: “This is too fiddly.”
- They didn’t record volume properly and estimated values by sight. Student A: “Close enough, right?”
- When asked about discrepancies, B said: “I think the table is just off,” rather than checking the method.
- The pair appeared rushed and didn’t revisit earlier assumptions or adjust their initial classifications.

Observed reasoning shift
- Unlike other groups, this pair showed little development from intuition toward structured reasoning.
- Student A attempted to drive the process but grew visibly frustrated with the lack of participation: “You need to help me 
at least check stuff.”
- Student B remained mostly disengaged, offering minimal input and deferring to A’s decisions.
- Misclassifications were not corrected even after test results contradicted their guesses.
- Overall, the group missed several opportunities to use the tools to refine their understanding.
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Appendix H3.2 Workshop 2: Structured

Group A
Group size: 1

Phase 1 – Initial estimation (no tools, no theory)
- The student began by thinking aloud: “Okay, I guess it depends on how thick the bench is, or how strong the wood is.”
- Estimated that the bench could hold “maybe 4 or 5 students” before bending too far but wasn’t sure what “too far” 
meant.
- Considered body weight briefly but didn’t define a number: “Let’s say like 70 kg per person?”
- Wrote down possible factors: material type, length of the bench, leg position, thickness. but admitted: “I don’t know 
which matters most.”

Phase 2 – Reflection (after initial reasoning)
- Said the estimate felt like “just a guess.”
- Recognised missing data: “I’d want to know what kind of wood this is, or how stiff it is.”
- Pointed out that it’s unclear what counts as “too much bending,” and wondered how that would be measured.
- Asked rhetorically: “Is there a way to calculate this, or do people just test it and see?”

Phase 3 – Access to scale model (experiment phase)
- Used the scale model to simulate loading by stacking weights.
- First tried rough loading: “Let’s just see how far this goes before it looks bad.”
- Measured deflection using a ruler and adjusted placement of weight to observe differences.
- Noted that the bending increased non-linearly: “It’s bending way more between the second and third weight.”
- Repeated the test and recorded deflection at different loads, then calculated the difference per added unit.

Phase 4 – Introduction of theory (after model use)
- After seeing the bending formula, immediately tried to match it to what was observed: “Okay, so force and span length 
matter a lot, L is to the third power?”
- Asked aloud: “Wait, so if I double the span, it bends eight times more?”
- Looked back at the scale model data and tried to plug values into the formula to test them.
- Correctly identified that material stiffness (E) and cross-section (I) are key, saying: “So if we can’t change the material, we 
should make the bench thicker.”

Observed reasoning shift
- Started with rough intuition but clearly moved toward structured reasoning based on observation and the provided 
formula.
- Treated the scale model as a tool for pattern recognition, not just trial and error.
- Used the formula to validate earlier observations rather than just plug in numbers.
- Demonstrated an understanding of both the role of geometry (I) and material (E) in stiffness by the end of the activity.

Group B
Group size: 2

Phase 1 – Initial estimation (no tools, no theory)
- The group began by discussing what might matter: “Probably the type of wood and how far the legs are apart,” said 
Student A.
- Student B added: “Also the thickness , didn’t we have something like this in mechanics class?”
- They assumed around 5–6 people could stand on the bench, based on “what it felt like at ID Kafe,” but admitted it was 
just a rough guess.
- One student began sketching a side view of the bench and marked force points.

Phase 2 – Reflection
- They listed what they felt unsure about: the strength of the wood, how much bending was “too much,” and whether 
bending would be the actual failure point.
- Student A: “I think I remember that deflection goes up with the cube of the length?”
- Student B: “Yeah, and material stiffness... what’s it called again? E-something?”
- Both recognised the need for actual data, especially about the scale of acceptable bending.

Phase 3 – Access to scale model (experiment phase)
- They began by loading the scale model and noting down how far it bent under increasing weights.
- Tried using a calliper to measure deflection but struggled to keep it stable. Student B: “It’s hard to measure the exact 
drop , it keeps sliding off.”
- Switched to using a ruler pressed against the table edge for more consistent results.
- After leaving a weight on for a bit longer, Student A noted: “It keeps bending even when we don’t touch it.”
- Student B recognised it as creep: “That’s creep, right? Slow deformation under load.”
- They repeated the test quickly after removing the weight to see if it returned to shape, concluding it was still within the 
elastic range.
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Phase 4 – Introduction of theory (after model use)
- Upon seeing the formula, Student B immediately recalled: “Yes, E is the stiffness, and I is the geometry.”
- They linked the model results to the L³ term: “No wonder small changes in span make a big difference.”
- They tried back-calculating E from their measurements, with rough estimates of I.
- Student A joked: “We should’ve taken more accurate deflection values, now this is all fuzzy math.”
- Still, they managed to explain how increasing thickness or reducing span would improve performance.

Observed reasoning shift
- The group transitioned from intuitive estimation to testing-based reasoning, and finally to theory-driven analysis.
- They balanced prior course knowledge with new observations from the model.
- Noticed secondary effects like creep on their own, without prompting.
- Tool handling (the calliper) introduced some uncertainty, which led to adaptation and reflection.
- By the end, they expressed a clear understanding of what parameters they could change as designers, and what was 
material-dependent.

Group C
Group size: 2

Phase 1 – Initial estimation (no tools, no theory)
- Student A immediately began estimating: “I don’t know, maybe 4 or 5 people?” while Student B shrugged: “Sure, that 
sounds fine.”
- Student A listed possible influencing factors (material, span, thickness), but didn’t write anything down.
- Student B leaned back during the discussion and only occasionally responded. Student A: “Come on, just give me a 
number at least.”
- No reasoning was used to support the estimate. They moved on quickly.

Phase 2 – Reflection
- Student A admitted they were “just guessing.”
- B added: “I don’t know how much bending is too much anyway,” but didn’t offer ideas on how to approach it.
- A said: “We need actual numbers or a test or something… we’re just making stuff up right now.”
- No mention of prior knowledge or mechanics theory.

Phase 3 – Access to scale model (experiment phase)
- Student A handled the model and placed weights. Student B observed but didn’t assist unless prompted.
- They used a ruler to estimate deflection but took only one measurement per load.
- Student A grew frustrated after inconsistent readings: “You’re not even looking, help me check if it’s moving or not.”
- B briefly joined in and commented: “It’s kind of hard to tell where the lowest point is.”
- They didn’t notice the non-linear response or creep effects. The data wasn’t recorded consistently.

Phase 4 – Introduction of theory (after model use)
- Student A looked at the formula and said: “Oh… so L^3. That’s probably why it got bad fast.”
- B asked: “What’s this I thing again?” and A tried to explain: “Something about geometry… like shape resistance?”
- They looked back at their measurements and realised they should’ve taken more data. A: “We probably should’ve 
measured a few times and averaged it.”
- B: “Yeah, but whatever. We got the general idea.”
- They used the formula to plug in some rough estimates but didn’t check accuracy or units.

Observed reasoning shift
- Limited development from intuition to structured reasoning.
- Student A tried to engage with the model and the theory, but lacked support from B, which affected depth of 
engagement.
- Reflection after theory revealed missed opportunities: they recognised better practices (like averaging measurements) 
only in hindsight.
- Some grasp of the formula’s implications emerged, but without strong application.
- Overall, learning appeared more superficial compared to other groups.
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Appendix I - Mechanical Validation
Appendix I1 - What are we measuring?

In this project, we calculate a material stiffness value based on force–deflection measurements obtained 
from a low-cost three-point bending setup. While this value is sometimes referred to as a “modulus,” it does 
not correspond directly to the theoretical Young’s modulus as defined in materials science.

Elastic Modulus vs Effective Modulus

The true elastic modulus (Young’s modulus) is defined as the slope of the very first, perfectly linear segment 
of the stress–strain (or force–deflection) curve (Callister & Rethwisch, 2020; Beer et al., 2012). This region 
is extremely narrow, often within 0.1–0.5 mm of deflection in typical thermoplastics. Measuring this slope 
requires:

•	 high-resolution sensors,
•	 precise zeroing and tare capabilities,
•	 and a system free from mechanical play, friction, or early noise.

In our setup, like in other educational tools such as TU Delft’s LED tensile tester — these conditions are not 
fully met. The early portion of the force–deflection curve is often distorted by mechanical slack, surface 
friction, or viscoelastic effects. As a result, the slope in the first 0.5 mm appears flatter than the true elastic 
behaviour of the material.

The Gradual Onset of Stiffness

This phenomenon is not only caused by measurement limitations, but also by material behaviour itself. 
Especially in viscoelastic materials, the internal molecular structure may allow initial deformation to occur 
with little resistance. Only after some alignment or stress redistribution does the material exhibit full elastic 
stiffness.
As explained in the Engineering LibreTexts resource on Linear Viscoelasticity:
“Linear viscoelastic materials will deform gradually under a constant load. The stress–strain curve shows 
an initial flattening, as internal molecular mechanisms absorb strain without much resistance, followed by a 
sharper elastic response as the structure aligns.”
(Roylance, 2003)

Defining the Effective Modulus

To produce a usable and comparable stiffness value, we instead calculate an effective modulus. This is done 
by drawing a straight line between two clearly measurable points in the elastic region,  typically at 1 mm and 
2 mm of deflection.

This method is:
•	 more repeatable,
•	 less sensitive to friction or mechanical compliance,
•	 and more relevant for use in educational comparisons.

However, because this line is often steeper than the curve’s earliest slope, the effective modulus can appear 
higher than the true elastic modulus. This does not mean the material is stiffer, it reflects both a delay in 
stiffness buildup and limitations in early measurement resolution.
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Appendix I2 Deflection Measuring Accuracy
I.2.1 Introduction

This appendix documents a series of measurements aimed at evaluating the accuracy and consistency of 
displacement readings taken with a calliper in the three-point bending test setup. The deflection is measured 
directly between the indenter and the two anvil parts, explicitly isolating sample deformation and ignoring 
any effects from frame flex, load cell deformation, or support compliance.

Three aspects of the measurement were examined:
•	 Repeatability of calipee readings at a fixed position
•	 Systematic offsets from calliper placement (front/back, left/right)
•	 The influence of contact force used when placing the calliper

These effects were evaluated to understand and quantify the uncertainty in deflection measurements used 
for calculating E-modulus.

I.2.2 Test Setup

Three mechanical configurations of the setup were tested:
•	 S1: Indenter in high position, no load
•	 S2: Indenter in low position, no load
•	 S3: Indenter in low position, with sample loaded

At each configuration, calliper measurements were taken at four positions:
•	 Left side – back of flange
•	 Left side – front of flange
•	 Right side – back
•	 Right side – front

Each combination of situation and position was measured 10 times, attempting consistent technique and 
orientation.

Table I2.1 Raw Measurements in mm
 

H.2.3 Measurement Uncertainty

To evaluate repeatability, the standard deviation of repeated readings at each fixed position was calculated. 
Most values fell between 0.02 mm and 0.04 mm, with a maximum observed standard deviation of 0.045 
mm (see Table I2.2). This variation represents the spread of readings due to user placement, alignment, and 
interpretation.
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							                  Table I2.2 Measurement Uncertainty

For this evaluation, digital callipers (Mitutoyo) were used 
with a resolution of 0.01 mm and accuracy of 
approximately ±0.02 mm (Mitutoyo, n.d.-a). However, during 
course use, students will use standard analogue callipers, 
which have a practical resolution and uncertainty of 
±0.05 mm (Mitutoyo, n.d.-b). To determine a realistic overall 
measurement uncertainty for course conditions, both 
components, repeatability and resolution, were combined 
using the root-sum-of-squares (RSS) method (Joint 
Committee for Guides in Metrology, 2008).

This ±0.06 mm value is used as the working uncertainty 
when evaluating how measurement error affects 
E-modulus calculations.

I.2.4 Systematic Positional Offsets

Front vs. Back
Paired t-tests showed no statistically significant difference between front and back readings at either side 
(see Table I2.3). These positions may be used interchangeably as long as placement is consistent within a 
test.

Table I2.3 Positional Offsets Front vs Back
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Left vs. Right
Measurements on the left side consistently differed from those on the right. Mean offsets of up to 0.18 mm 
were observed, all with statistically significant p-values (p < 0.05, see Table H2.4). This suggests a structural 
bias, possibly due to slight frame asymmetries or part misalignment.

Table I2.4  Positional Offsets Left vs Right

This positional bias is not included in the general measurement uncertainty, since it is systematic, not 
random. Instead, it should be addressed by either:
•	 Always measuring from the same side, or
•	 Averaging left and right readings

I.2.5 Effect of Load on Measurement Variation

To see if mechanical load affects the stability of calliper readings, the standard deviations from the unloaded 
condition (S2) and loaded condition (S3) were compared for each side.
In both left and right cases, the variation remained constant or slightly decreased under load. This suggests 
that the interface between the calliper and the setup remains stable, even with sample force applied. Results 
are shown in Table I2.5.

Table I2.5 Influence of Load on Measurement

I.2.6 Exploratory Test: Effect of Calliper Contact Force      Table I2.6 Influence of Calliper Force Variation

A follow-up test was conducted to explore how user-
applied contact force affects calliper readings. This test 
focused on a single position (Left-Back), previously shown 
to be stable.
Four combinations of force were tested:
•	 Firm on both indenter and anvil
•	 Firm on indenter, light on anvil
•	 Light on indenter, firm on anvil
•	 Light on both indenter and anvil

Each combination was measured 10 times. The full data is 
shown in Table I2.6.

The maximum difference between the mean values 
was 0.204 mm, which corresponds to a spread of 
approximately ±0.1 mm around the centre see Table I2.7 
on the next page.
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Table I2.7 Force combination outcomes

Although this variation is greater than the standard deviation seen in consistent measurements, it still falls 
close to the defined ±0.06 mm uncertainty band.

I.2.7 Conclusions

The deflection measurements using the calliper method showed consistent results across repeated trials. 
Most standard deviations stayed between 0.02 mm and 0.04 mm. When combined with the typical resolution 
of analogue callipers, a realistic total uncertainty of ±0.06 mm was established.

Left and right measurement positions showed systematic differences of up to 0.18 mm. These are not treated 
as random uncertainty but should be handled through consistent placement or by averaging both sides. No 
meaningful difference was found between front and back positions.

Applying load to the system had no measurable effect on measurement variation. The setup remained 
stable, even when a sample was in place. An additional test on contact force showed a possible influence of 
around ±0.1 mm depending on how the calliper was pressed, highlighting the need for consistent handling.

Appendix I.3 Weight Measuring Accuracy
I.3.1 Introduction

This appendix contains a short evaluation of the accuracy 
of the load cell used in the structured three-point bending
test setup. The load cell had been previously calibrated 
using a set of known weights, with a linear scaling factor 
applied to convert raw amplifier output to grams. The aim 
of this evaluation was to check the accuracy of that 
calibration and determine the resulting uncertainty to be 
included in the calculation of the effective modulus.

I.3.2 Test Setup

The test was performed using the same mechanical test 
device as used during bending measurements. The setup 
was placed near the edge of a table, allowing weights to 
hang freely beneath the device (Figure I1)

A small custom bracket tool was used to apply the load to 
the indenter. This tool rests across the anvil supports and 
extends beyond the frame on both sides. A thin rope was 
attached to the ends of the bracket, forming a loop that
hung below the setup. Weights were hung in this rope to 
apply a known vertical load to the centre of the device, 
directly through the load cell. The configuration ensures 
that the force is applied along the same axis as in actual 
bending tests.						           Figure I1 Load Cell Test
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I.3.3 Results 

The table below shows the known weights and their corresponding measured values. A second reading was 
taken after 60 seconds to check for drift or instability. The table includes the difference between applied and 
measured values in both grams and percentage.

Table I3.1 Weight Results

• Maximum deviation: 30 g (0.64%)
• Typical deviation: 0.3–0.5%
• No observed drift between initial and 60-second readings

I.3.4 Discussion 

The observed deviations were small and consistent, suggesting that the load cell is well-calibrated for the 
range of forces expected in this setup. The largest error (0.64%) occurred at mid-range loading and may 
reflect slight variation in how the weight was applied. Since no trend of increasing error with weight was 
observed, a flat ±0.5% uncertainty is appropriate.

During testing, the HX711 occasionally produced single-readout spikes of up to 3000 grams. These only 
lasted for one measurement cycle and immediately returned to normal values. The issue appeared randomly.
The spikes were more frequent when powering the system via certain laptop USB ports or phone charging 
bricks. Using a more stable power supply noticeably reduced the effect. Based on this, it was concluded that 
the spikes were most likely caused by an unstable or noisy power source, which is a known issue with the 
HX711 without proper filtering or grounding.

Since the spikes were easy to recognise, they could be ignored while writing down data during tests and 
didn’t affect the final results. Still, adding power filtering (e.g. bypass capacitors) or switching to a regulated 
power supply is recommended for future use.

I.3.5 Conclusion

The test confirms that the load cell gives reliable readings within the tested range. The deviations stayed 
within acceptable limits, and no drift was observed. This supports the calibration that was previously applied 
and provides a realistic estimate of the measurement uncertainty. A relative uncertainty of ±0.5% will be used 
in further calculations of the effective modulus.
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Appendix I4 Effect of Measuring Accuracy on Effective Modulus
I4.1 Introduction 

This section combines the measurement uncertainties from previous appendices and looks at how they af-
fect the calculation of the effective modulus. The modulus is based on the slope between two points on the 
force–deflection curve. To get to a final value, deflection, force, and sample geometry all play a role.

I.4.2 Deflection Uncertainty

As explained in Appendix I2, deflection was measured using callipers with a typical uncertainty of ±0.06 mm. 
The modulus is calculated using two points (1 mm and 2 mm of deflection) so the uncertainty applies to both 
measurements. When combined, the uncertainty in the difference between the two points (Δd) comes out to 
0.085 mm, using the RSS method (Joint Committee for Guides in Metrology, 2008).

This leads to a relative error of 8.5% in the deflection term alone. Since the modulus is calculated from the 
force-over-deflection slope, this error has a direct effect on the result.

I.4.3 Force Measurement Uncertainty

The force was measured using a load cell, which was evaluated in Appendix I3. The differences between 
real and measured weights were consistent and small. The largest error was 0.64%, but most values stayed 
between 0.3% and 0.5%. A relative uncertainty of ±0.5% was considered a safe, conservative estimate to carry 
forward in the modulus calculations.

I.4.4 Sample Geometry Uncertainty

The moment of inertia, used in the modulus formula, depends on the sample’s width and height. The height 
especially matters because it’s raised to the power of three in the formula:

So, since uncertainty in height quickly has a bigger effect. The height and width were both measured with 
analogue callipers with a resolution of ±0.05 mm.

For a typical sample of 15.00 mm width and 2.00 mm height, the moment of inertia is:

To estimate the uncertainty, we multiply the sensitivity of the formula to each variable with its uncertainty:
	
	 The width contributes:

	 The height contributes:
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These two contributions are combined using RSS:

Relative uncertainty in I:

This 7.5% uncertainty in the moment of inertia is therefore included in the total uncertainty on the effective 
modulus.

I.4.5 Combined Uncertainty 

The effective modulus is calculated as:

The uncertainty in E depends on uncertainties in the measured force difference (∆F), the deflection difference 
(∆d), and the sample geometry (through the moment of inertia).

The relative uncertainties are:
•	 Deflection difference: ±8.5%
•	 Force difference: ±0.5%
•	 Moment of inertia (geometry): ±7.5%

Using the RSS Method again, the total relative uncertainty in the effective modulus is:

This shows that deflection and geometry uncertainties dominate the overall error, while force measurement 
uncertainty contributes minimally.

I.4.6 Conclusion

The combined measurement uncertainties lead to an estimated total relative uncertainty of about ±11.3% 
in the effective modulus. This means that all stiffness values calculated in this project carry this level of 
uncertainty.

While the deflection measurement is the main contributor, the geometric measurement of sample height 
(due to it’s to the power of three) also significantly affects the results. Force measurement uncertainty is 
comparatively small.

For the purposes of this project, which focuses on educational and comparative material testing, this 
uncertainty level is acceptable. It sets a realistic expectation for the accuracy of the effective modulus values 
and underlines the importance of consistent measurement technique and careful sample preparation.
This understanding helps interpret the results appropriately and supports the validity of conclusions drawn 
from the stiffness comparisons made using the developed test setup.
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Appendix I.5 Vernier Scale

I.5.1 Introduction

The vertical displacement of the indenter in the test device is controlled by a screw-driven knob with an 
attached vernier scale. Each full rotation of the M8 screw advances the indenter by 1.25 mm, and the scale is 
divided into 25 steps, nominally 0.05 mm per step. This test evaluates whether the indicated displacement 
matches the actual movement of the indenter.

I.5.2 Testing Method

The knob was rotated in 0.25 mm increments according to the vernier scale, and the vertical position of the 
indenter was measured using a digital calliper. Two datasets were collected:
•	 Test 1: One single-pass measurement.
•	 Test 3: One set of three measurements per step, averaged to reduce noise.
Measurements were taken over a 4.5 mm range.

I.5.3 Results

Table I5.1 Nonius 1			          Table I5.2 Nonius 2

In the averaged dataset, per-step displacement varied 		 Table I5.3 Average and Standard Deviation
between 0.17 mm and 0.35 mm. Most steps fell between 
0.24 mm and 0.27 mm, close to the expected 0.25 mm. 
Deviations from the vernier-indicated position were typically 
within ±0.05 mm, with occasional outliers up to ±0.10 mm.
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I.5.4 Discussion

The results confirm that the vernier scale provides reasonably accurate control of indenter displacement 
over the tested range. Small variations per step are likely due to mechanical play, user input variability, or 
tolerances in the screw mechanism. No major hysteresis or backlash was observed.

I.5.5 Conclusion

The vernier scale is suitable for coarse positioning of the indenter. However, due to variability in actual 
displacement, it is not accurate enough for direct measurement of sample deflection. All critical 
measurements should continue to rely on direct instrumentation (e.g. callipers or sensors). Since this part is 
not used for actual measurements, it has no effect on the resulting Effective Modulus.

Appendix I.6 Load Cell Deflection 

I.6.1 Introduction

This test was carried out to measure mechanical deflection in the load cell assembly. The main goal was to 
determine how much of the applied force results in internal movement.

I.6.2 Testing Method

The indenter was used to apply force directly onto a rigid U-shaped steel block placed on the anvil. No 
sample was involved, the setup created a closed loop through the frame, load cell, and indenter.
A digital calliper was mounted to the device. Its protruding back plate rested against the lower surface of the 
measuring flange. while the measuring tip contacted the top of the anvil. This captured the vertical distance 
between the main frame and the anvil (i.e. the load cell body). As a result, any compression in the load cell or 
flex in the frame was included in the reading.

I.6.3 Results						              Table I6.1 Load Cell Deflection Results

Deflection increased from 0.28 mm to 0.92 mm across 
a load range of 2.6 kg to 9.7 kg. The effective stiffness, 
calculated as deflection per unit mass.  stayed between 
0.09 and 0.11 mm/kg. The trend was largely linear.

I.6.4 Discussion

The system shows consistent mechanical behaviour within the tested range. However, it’s clear the deflection 
isn’t just from the load cell. Since the measurement was taken from the frame to the anvil, any frame 
deformation is also included.

In fact, the structure has failed. The load cell is visibly tilted in its housing, and the anvil part no longer sits 
level. That confirms part of the displacement is due to permanent deformation, not just elastic movement.

The measured stiffness (0.10 mm/kg on average) therefore overestimates true load cell compression. It’s a 
combined result of cell compression plus frame compliance and likely some plastic deformation as well.

I.6.5 Conclusion

The system shows a linear response between 2.5 and 9.5 kg, with a typical stiffness of ~0.10 mm/kg. But this 
includes structural deflection. Without correction, displacement readings will not accurately reflect sample 
behaviour. Frame reinforcement or an isolated measurement method is needed before relying on this setup 
for precise testing.



Page 120

Appendix I7 - Device Validation via Sample Testing
I.7.1 Overview

This appendix presents the results of a precision comparison between the student-built material testing 
device and the Low-End Tensile Tester (LETT) used at TU Delft. This comparison was developed as part of 
the broader analysis of bending test results and emerged from efforts to understand the repeatability of the 
student device across different materials.

The aim was not to determine how accurate the device is compared to standardized lab equipment, but 
rather to assess how consistent the results are when the same type of material is tested multiple times. For 
educational use, this kind of repeatability is far more valuable than absolute accuracy, students need results 
they can trust and reproduce, not necessarily values that match industry databases.

I.7.2 Test Setup 

Four materials were tested:
•	 PMMA
•	 PETG
•	 PVC
•	 PS

Each material was tested on two setups:
•	 The student-built device, operated manually
•	 The LETT system, which applies load digitally and uses curve fitting

Each setup tested 3 strips per material, with 2 tests per strip:
•	 6 measurements per material per device
•	 24 measurements per device
•	 48 total measurements

The student device uses a calliper to measure deflection between the anvil and indenter. While this excludes 
frame or load cell deflection from the reading, the load cell itself does bend under load (Appendix I.6) The 
deflection values (1 and 2mm) are targeted using the vernier scale, this vernier scale (Appendix I.5) does not 
take the Load Cell deflection into account, because of this actual sample deflections were likely closer to 
0.80 mm and 1.70 mm.

Aluminium was originally included in the material set but was excluded after it showed clear signs of plastic 
deformation even at small deflections. This resulted in inconsistent stiffness measurements and confirmed 
that the material was not suitable for this test setup.

I.7.3 Results 

The precision of each setup was evaluated using four metrics:
•	 Mean absolute deviation from the material’s own average [MPa]
•	 Mean percentage deviation from the material’s own average
•	 Standard deviation of Young’s modulus [MPa]
•	 Standard deviation (%)

Each metric reflects how tightly grouped the results were for repeated tests on the same material. This 
approach focuses entirely on repeatability, independent of how close the values are to textbook definitions.

Table I7.1 Device to LETT Comparison results overview
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The student device outperformed the LETT in all four measures, showing more stable results when the same 
material was tested repeatedly.

To explore the differences further, standard deviation was also calculated for each material separately, as 
shown in Table I7.2.

Table I7.2 Material Comparison

The full dataset used to produce these results is included in Appendix I.7.6.

I.7.4 Discussion

The results show that the student device produced more repeatable measurements than the LETT in 3 out 
of 4 materials. While this might be surprising at first, given the LETT’s digital sensors and curve fitting, the 
reasons become clearer on closer inspection.

The student device measures stiffness at two manually selected force–deflection points. This approach 
keeps the test within the elastic region of most polymers and avoids noise from post-yield behaviour. While 
the LETT does not measure at the same force-deflection points even though it is aiming for it, which can 
cause more noise. Additionally, the LETT overshoots its aiming point of 2mm deflection, this could cause 
the sample to plastically deform which can influence the results of the second measurement of the same 
sample
.
The variation between materials also supports this explanation. PS, a brittle material, showed the highest 
variation in both setups. Its sensitivity to alignment, cracking, or surface flaws makes it harder to test 
consistently. PVC and PETG, on the other hand, were much more consistent, likely due to their ductility and 
predictable deformation.

In general, the results suggest that:
•	 Materials that require lower force to reach target deflection tend to show higher percentage variation, 
since small force errors represent a larger portion of the total.
•	 The student device is more stable when used within a controlled deflection range, especially with 
ductile materials.
•	 Even though the LETT is more advanced, its broader curve method introduces extra sources of 
variation.

I.7.5 Conclusion

Despite its simple design, the student-built test device demonstrated strong repeatability in Young’s modulus 
measurements. The data shows clearly that it produced more consistent results than the LETT in most cases, 
especially when used with care and within appropriate deflection limits. This makes it highly suitable for the 
educational setting it is meant for.



Page 122

I.7.6 Raw Data

Table I7.3 Device Results

Table I7.4 LETT Results
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A hands-on, two-stage material-testing setup that bridges 
theory and practice in TU Delft’s UPE course. The “Determination 
Station” combines intuitive sensory tools with a compact three-
point–bend device (laser-cut, 3D-printed, €43/ complete setup) 
to let students explore hardness, density and stiffness, then 
measure force/deflection to calculate an effective modulus. 
Tested in workshops, it boosted understanding, confidence, and 
engagement while fitting UPE’s Productive Failure model.


