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Abstract

In this report, the research and design process is presented for the development of a
new Rapid ZD-Tester for RISE. Despite its current inoperable state, the existing testing
machine was chosen as a foundational basis for the project based on time and budget
constraints.

Based on stakeholder requirements and the allocated budget, a two-sensor solution,
incorporating a vacuum clamping technique to ensure secure sample handling during
testing, was selected. A state-of-the-art analysis was conducted to explore how similar
challenges have been addressed in industrial applications and academic research, eventually
identifying linear encoders and piezoelectric force sensors as the most suitable options for
the objectives.

Consequently, a comprehensive design concept was developed, integrating these technolo-
gies along with the necessary hardware for signal processing. The final design concept
includes the implementation of sensors directly attached to the machine’s probe and the
utilization of air supply available at the RISE labs for the vacuum system.

Future planning was also conducted focusing on analysing organizational challenges and
planning for the Autumn semester while maintaining active communication with suppliers
to procure the required hardware components.
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1 Introduction

This section outlines the background, problem, scope, organization, stakeholder, and
requirements of the project.

1.1 Background

The growing environmental concerns surrounding packaging materials are increasing
the focus on cellulose-based materials, such as paper and paperboard [2]. Paper and
paperboard-based materials are among the most widely used packaging forms for food
products, including beverages, milk, and other dairy products [3].

The mechanical properties of paperboard are essential for large-scale industrial processes
such as flexographic printing; which works by means of high-speed rollers that briefly
compress the material in milliseconds, making the materials response to rapid compression
critical for printing quality. During printing, the paperboard is subjected to compressive
forces perpendicular to their surface in order to transfer the graphics. Flexographic
printing is the most commonly used method among the printing techniques for paperboard
materials [4]. Flexographic printing is a high-speed process where plates made out of
flexible photopolymer transfers ink to a material. The plates are mounted onto a rotating
cylinder that presses ink onto the material with the help of an impression cylinder and
the method relies heavily on precise controlled pressure [5].

Measuring compressive properties in the thickness direction of these materials is difficult,
but essential to understand their behaviour during printing. Typically, industry processes
that convert paper operate at speeds nearly 1000 times faster than standard material
testing rates. Since fibre-based materials are rate sensitive, testing must be performed at
relevant speeds to accurately reflect their behaviour during conversion [6].

The project is part of a HK-Capstone Course at KTH and is for the Research Institutes
of Sweden (RISE) who provided a measurement machine that could determine the
viscoelastic properties of thin sheet materials such as paper and board products. The
machine measures the initial thickness of the material and through application of a rapid
compression produces a displacement-stress curve based on the material deformation
during the impulse. It tests multiple points to produce a heat-map of the material.

1.2 Problem Statement

To measure the rapid compression property that is experienced in flexographic printing,
RISE has previously used a machine called Rapid ZD-Tester. However, this machine is
currently broken and is not able to satisfy RISE’s requirements. Therefore, they need a
new machine capable of providing the same measurements.

1.3 Scope

The aim of this project is to design, develop, and test a device for accurately measuring
the deformation and thickness of paper and paperboard-like materials under dynamic
impulse compression. The requirements are defined by our stakeholders, who expect the
machine to deliver reliable measurements of the deformation, the applied pressure, and the
thickness of the material. In addition, the requirements are adjusted by the participants,
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based on their capabilities and resources for carrying out the project. Therefore, the scope
has been limited to only a few sub-functions of the entire machine. The sub-functions
that will be worked on are:

e Measure displacement: Measure how much the paper deforms under the load.

e Measure acceleration/force: To determine the amount of force and acceleration
applied during the impact.

e Apply a rapid compression pulse: A small probe is released from a controlled
height to simulate the mechanical stress occurring in real-world applications of
high-speed flexographic printing.

e Calibrate initial thickness: Before testing, the system must determine the initial
thickness of the paper, so to adjust the measurement procedure accordingly.

e Securing paper during measurement: To ensure accurate results, the paper
must remain fixed and flat during the test, without being damaged by the securing
mechanism.

The sub-functions that will be excluded are:

e Positioning of paper: Consistent positioning of the probe ensures repeatable
impact on the same location across samples, enabling reliable and comparable
measurements.

¢ Loading and unloading of test material: A mechanism to automatically load
and unload the paper into the machine when testing. After the test is completed,
being able to unload the paper from the machine using the same mechanism.

The project also aims to enhance the participants’ knowledge of mechatronics over the

course of the project, which runs from March to December and includes a summer
break.

1.4 Stakeholders

The stakeholders for this project is the Research Institute of Sweden, (RISE), is an
independent, state-owned research and innovation partner with locations across Sweden.
With nearly 3300 employees, RISE collaborates internationally with industry, academia,
and the public sector to strengthen the competitiveness of Swedish businesses on a global
scale. Through applied research, testing, and innovation services, RISE supports all types
of innovation processes and contributes to building a sustainable society. The institute
offers unique expertise and access to over 130 testbeds and demonstration environments
dedicated to future-proof technologies, products, and services [7].

Our primary contact at RISE is researcher Cecilia Rydefalk. We also receive support from
Hans Christiansson, who works as an application engineer at RISE.

1.5 Organization

This spring term the project was mainly focused on understanding the current Rapid
ZD-Tester by identifying key challenges and requirements, and conducting research on
sensor technology to support the future redesign. The team consisted of eight master
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students in the Mechatronics master program at KTH with a diverse collective background
in mechatronics, mechanics and design.

Due to the research-oriented nature of this phase of the project, the team adopted a flexible
organizational approach. Tasks were assigned based on the responsibilities associated with
the state-of-the-art (SOTA), and on self-interest and experience, allowing team members
to become knowledgeable about their respective topics. These included areas such as force
impulse generation, sampling, sensors, and sample clamping.

Team coordination was maintained through regular meetings each week as well as bi-weekly
meetings with the stakeholder. Shared documentation was achieved through Google Drive
and Microsoft Teams. Code will later be shared using GitHub.

In the Autumn term, the organizational structure will change. Work will instead be based
on identified sub-functions of the future machine. We acknowledge that this might not be
the most efficient, but allows all team members to gain experience within major disciplines
such as mechanical, electronics and control. Sub-teams will have regular internal meetings,
in addition to cross-team communication to ensure system integration. As outlined in
Appendix A, the team has developed a preliminary GANTT schedule to follow, together
with a work breakdown structure (WBS), will serve as the main governing documents
for coordination and task planning. During the weekly meetings, the whole team will be
present to report progress through the GANTT. This structure is expected to support
the team for the upcoming term.

1.6 Requirements

The requirements provided by the stakeholders are presented in Table 1. The table is
divided into three columns: Requirements, Technical requirements, and Flexibility. The
last column represents a rating on a scale from 1 to 5, where 1 indicates low flexibility and
5 indicates high flexibility. This parameter is crucial in determining the admissible slack
for each requirement in the final product, ensuring a final solution that meets stakeholder
expectations.
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Requirements Technical Requirements Flexibility
Improve thickness range | Measuring boards from 100 pm to 2
of measuring 1.5 mm
Reduce noise in the mea- | Less than 0.1 % of the measured 3
surements signals amplitude
Have a high spatial reso- | Resolution of a minimum 0.5 pm in 2
lution the Z direction
Probes shall be inter- | Possibility to use all the different 2
changeable sizes of probes and weights
Possible to sample high- | Sample the position, acceleration/ 2
rate deformation force at 100 kHz
Adjustable probe height | Probe height should reach 160 pm 1
and release above the test sample
Measurement process | Measure the thickness of the point 1
shall adapt to the local | before performing the measurement
property of the sample
point
Sample’s properties shall | Machine only interacts with the 3
be kept unchanged while | sample material vertically
testing
System shall generate a | Free impact on the surface capable 1
proper impulse force of reaching 1 MPa pressure

Table 1: Requirements and Technical Requirements Table

2 State of The Art

Starting with a clear statement of the scope, outlined in Section 1.3, research was conducted
to explore the current State-Of-The-Art for achieving objectives similar to those of interest
in this project. To properly merge the information gathered from the current State-Of-
The-Art into the final design concept, the requirements were carefully considered. The
analysis begins with an overview of existing machines, followed by techniques for impulse
generation, sensors, thickness calibration, paper clamping, and sampling.

2.1 Old ZD-Tester

The testing that RISE have been performing on print material have been completed
by a process that is described in detail in the [8]. In summary it works by dropping
a cylindrical probe and tracking its position to derive velocity and acceleration. This
can then be used to produce a displacement-stress curve for the material over multiple
coordinate positions of a single test piece, allowing for visualization in the form of a
property mapping, highlighting the properties and inconsistencies of the material.

2.1.1 Key Mechanical Principles and Measurement Methods

To characterize these properties, RISE has used the Rapid ZD-tester. The device simulates
millisecond-scale compression by a free-falling 200 g steel probe with a contact area of 5
mm in diameter. After having measured the local thickness of the impacting area, the
probe is dropped at a height of 80 pm and left to bounce on the sample. The resulting
average impact pressure is about 0.8 MPa, with a ~1.5 ms impact duration. This is
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compared to the impact pressure of approximately 1 MPa of the flexographic nip. This is
unlike the principle used in universal testing machines (UTMs), which apply a slow and
controlled load. [8]

The measurement system is currently built around three key principles:

1. Dropping of the weighted probe - Generates fast compressive force by dropping a
weight. The probe is allowed to bounce and record subsequent impacts. The force
and impact velocity are dependent on the drop height and cannot be controlled
independently. Using a free-falling mass eliminates the need for a force generating
actuator which could introduce dynamical errors such as lag, damping and actuator
overshoot.

2. Eddy-current displacement sensor - Is positioned under the sample and records the
position of the probe.

3. Acceleration is numerically derived from displacement to calculate force, using
Newton’s second law. The double numerical differentiation increases noise into the
final signal. This is particularly a problem for those parts of the force signal where
rapid transitions occurs.

Each test location, before dropping the probe, undergoes a thickness measurement at
50 kPa to adjust the testing procedure. After this, the probe is released at each point
twice, with 5 seconds in between drops, to ensure reliability by checking the measurement
overlap. The tests are preformed over a 16 x 20 grid, resulting in 320 points, which
provides a heat-map over the entire surface.

2.2 Dynamic Decoupling of the Probe

Due to the required precision of the measurement the inclusion of an actuator as the
driving force would introduce unwanted dynamics. Due to this the probe was physically
decoupled from the actuator in all but the negative z-direction. Meaning that the actuator
could only move the probe in the out of plane direction. The decoupling used a double
rod system as can be seen in figure 1, where the actuator could lift the probe at any pace.
To initiate the impulse the actuator would then accelerate faster than 1 g as to decouple
itself from the probe.
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Figure 1: Probe Decoupling

2.2.1 Limitations

Although the Rapid ZD-tester offered valuable insight into the mechanical response of
paperboard, several limitations were identified:

1. Indirect force measurement - The system did not directly measure the force, but
instead derived the acceleration from displacement measurements and using the
known weight calculated the force. This approach meant that switching probes was
cumbersome and required a lot of setup and calibration. This also led to amplified
signal noise and reduced accuracy, especially during transient events.

2. Semi-automatic test procedure - The clamping functionality used to secure the
position of the paper during tests was manual and thus rarely used.

3. Aging hardware and limited maintainability - The system uses discontinued parts,
together with a host computer using old software. The system currently also does
not work as intended, producing results with poor repeatability. It was therefore
difficult to pinpoint the root causes of the errors.

These limitations will later be discussed in Section 3 Design Concepts.

2.3 Displacement Sensors

Displacement measurements are a fundamental aspect of engineering and physics. Deter-
mining an object’s position or change of position can be vital when concluding results of
different testing and within this project the position is needed in order to measure the
deformation. The different techniques deployed vary depending on different characteristics
such as precision, range and environmental conditions. [9]

With the progression of techniques such as microelectronics, micro-fabrication and nano-
manufacturing newer and improved methods are constantly being developed [10]. Although
there are a plethora of sensors and methods, to limit the scope this chapter will delve

10
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deeper into four different techniques: Linear Variable Differential Transformer (LVDT),
Linear encoder, Eddy current and Laser interferometry.

2.3.1 Linear Variable Differential Transformer

LVDT is a contactless sensor capable of measuring sub-micron displacement. It is built
up of three solenoid coils wound around a cylindrical tube which generates a magnetic
field when current flows through it. This can more easily be observed in Figure 2. It
is constructed with a primary coil in the middle with secondary coils on each side. A
sinusoidal voltage is applied to the primary coil and in turn induces a voltage on both
secondary coils. When the armature moves within the coil the voltage will increase in one
secondary coil and decrease in the other. By measuring the voltage differential the change
in position of the armature can be determined [1].

Secondary  Primary Secondary
coil 1 coil coil 2

6mm

. f

Figure 2: Example of LVDT from top to bottom: Solenoid coils, Armature and Cylindrical
tube [1]

The output signal frequency, also known as the excitation frequency, is limited by the
supplied frequency range which is specified by the manufacturer with most ranging between
1-10 kHz [11]. A previous implementation of a LVDT was made to measure a ships hull
deformation during a voyage proving that this type of sensor is viable within difficult
environments and provide reliable displacement data [12].

2.3.2 Linear Encoders

Linear encoders operate by reading a scale (optical, magnetic, inductive, or capacitive)
to convert position into electrical signals. They are commonly implemented in industrial
applications such as CNC machines because of their high accuracy, resolution, good
repeatability and relatively low price [13].

The encoders are capable of measuring in resolutions down to nanometres and incremental
encoders allows for sampling frequencies up to several MHz. Some implementations have
found success in implementing techniques with linear encoders for resolutions down to 2
nanometres in a range of 50 mm [14].

11
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2.3.3 Eddy Current Sensors

Eddy Current sensors (ECS) work based on electromagnetic induction and can be used to
measure displacement in conductive materials without the need of contact. By generating
an electrical alternating current in a coil, a magnetic field is generated and when conductive
objects approach this coil the field induces circulating currents, so called eddy currents.
Based on Lenz’s law the currents generate their own opposing magnetic field which interact
with the coils magnetic field. The strength of change in impedance is directly correlated
to the distance it is thus possible to measure the displacement. Since it is measuring
based on magnetic fields it will be unaffected by non-conductive materials.[15]

The excitation frequency of the ECS decides the penetration depth of the eddy currents
which is important to keep in mind. However, it is the signal bandwidth which determines
the sampling capability, with more high-end ECS boasting several MHz in bandwidth.
The resolution of ECS can reach down to the nanometres.[16]

2.3.4 Laser Sensors

Laser sensors is a method utilizing laser and performing measurements based on interfer-
ence. It is commonly used to measure high-precision characteristics such as displacement,
vibrations and surface flatness. Beside the very high precision, they perform non-contact
measurements, preserving the properties of the entity being measured. This method
is capable of achieving sub-nanometre resolution and bandwidths in the MHz range.
However, because of it’s high resolution and method of measurement this technique is
also sensitive and requires a stable environment [17][18].

2.4 Force and Acceleration Sensors

Stress o is defined as shown in equation 1, where F' is the force, and A is the area. The
latter is well defined as the probes area. Simply the circular ending tip of the probe that
makes contact with the sample being measured.

The force can be measured directly, using proper sensors, or indirectly using Newton’s
second law as shown in equation 2 where F' is the force, m the mass of the probe, and a
is the acceleration that the probe is subjected to. Since the mass of the probe does not
vary during measurement and can be quantified, this approach of attaining the force is
also valid.

F
o=7 (1)

F=ma (2)

Therefore, to measure the stress o, the following sensor solutions were considered:
e Accelerometers;
e Piezo electric force sensors;

e Strain Gauges cells;

12
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2.4.1 Accelerometers

Accelerometers are used to measure acceleration, which can be both static or dynamic.
There are multiple different types of accelerometers which include, but are not limited to,
resistive, piezoresistive, piezoelectric and capacitive accelerometers.

There is an important distinction between AC and DC accelerometers. AC accelerometers,
such as piezoelectric accelerometers, can only measure dynamic acceleration while DC
accelerometers, such as resistive, piezoresistive, and capacitive accelerometers, can measure
both dynamic acceleration and static acceleration. In our application we are interested in
the dynamic acceleration, so both AC and DC accelerometers are suitable. [19]

All mentioned technologies can handle a measurement range of up to 1000’s of m/s?. The
other important factors are the resonance frequency and the frequency response. Regarding
resonance frequency, the trend is that piezoelectric effect have higher resonance frequencies.
What is more critical is the frequency response. In this aspect a clear distinction can be
seen between the different sensor technologies. The frequency response of piezoelectric
accelerometers can go above 20 kH z, while piezoresistive and resistive accelerometers are
generally limited to 5 kHz and the capacitive accelerometer to 1 kH z.[19]

In a similar impact testing machine they made use of the Bruel & Kjaer accelerometer
type 4369, a Kistler 5001 charge amplifier and an A/D converter installed in a personal
computer and where able to sample the acceleration at 250 kHz. [20]

2.4.2 Piezoelectric Force Sensors

These sensors converts mechanical forces into electric signals using the piezoelectric effect.
Applying a force to a piezoelectric crystal results in an output signal in the form of a charge
(), measured in pC. The most commonly used material is quartz, with a sensitivity of
4.3pC'/N [21]. Their inherent wide frequency response make them suitable for measuring
dynamic forces, such as vibrations or impulses. For example, they are used for validating
finite-element analysis simulations of impact tests on steel plates, where rapid wave
propagation occurs. [22]. The measurement range is typically wide, ranging from as low
as 0.1N to as high as 60k/N, making these sensors popular across different engineering
fields[23] [24]. The linearity error is typically around £0.5% of the full scale output, i.e. a
sensor measuring up to 1V exhibits a non linearity error of £0.005/N. Applying a preload
enhances stability and linearity, especially for ultra small forces.

2.4.3 Strain Gauges Cells

These sensors convert mechanical forces into electric signals leveraging the resistance
variation induced by the deformation of a supporting element. The sensitivity of these
transducers is quantified through the gauge factor (GF), which represents the magnitude of
the electrical resistance variation induced by the deformation. A larger factor means higher
sensitivity, thus a small deformation induces a great resistance variation. Silicon-based
strain gauges cells have a gauge factor that can go up to 100 [25]. The linearity error is
typically around £0.1% of the Full Scale Output. The bandwidth of these transducers can
be also wide, up to 100k H z making them suitable for sensing high frequency phenomenons
like vibrations or impacts [26].

13
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2.5 Thickness Calibration
2.5.1 Standards for Thickness Measurements

The thickness of paper-fiber materials serves as a critical parameter in the measurement
process. Due to the presence of voids within the paper-fiber network, which collapse
under load, the thickness measured at zero load cannot be regarded as the standard
thickness when contact-based measurements are involved. Accordingly, the calibration
procedure adheres to the dimensional metrology standards specified by ISO [27] and
TAPPI/ANSI [28]. The pressure applied during thickness measurement is standardized at
100 + 10 kPa.

2.5.2 Electrical-Torque Algorithm

To have the thickness calibration, it’s necessary to know the static force on the probe.
Considering the stiff connection between the motor and the probe, an effective method is
to use an electrical-torque algorithm. Integrating this algorithm with the measurement
module is advantageous, as it efficiently reuses precision sensors and actuators.

In rotary electric actuators (e.g., motor), the developed electromagnetic torque is, to first
order, proportional to the phase (or armature) current. The essential relation[29] is

Te = KtZ

where T, is the instantaneous electromagnetic torque, ¢ is the measured motor current,
and K; is the torque constant.

The accurate use of the current torque algorithm is based on a well-calibrated K; and
low-latency linear current sensing. Typically, the static force measured by the electrical
torque algorithm deviates by about +5%[30]. This level of error remains well within the
acceptable tolerance range of 100 £ 10 kPa[27].

2.6 Securing the Sample

There are various methods in use for securing an object in the XY plane, due to different
types of material, machines, and intended objectives. In this case, securing thin-layer
materials is the concern. To achieve sufficiently high precision, the material has to be
securely fixed, thus minimizing potential tolerance errors.

2.6.1 Vacuum Clamping

Vacuum clamping is a method that can be applied to high-precision applications. It can
fix the material in position with a uniform distribution of holding force that minimizes
both damage and measurement uncertainty from fixation tools [31][32]. This aspect is
particularly important for thin or delicate materials.[32]. The working principle consists
of holes connected to a vacuum system, which generates negative pressure under the
testpiece, allowing it to be held firmly in place [33].

Among the various vacuum generation technologies, the Venturi vacuum generator stands
out for its simplicity, reliability, and efficiency as it relies on Bernoulli’s principle and

14
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Venturi effect to create a vacuum without requiring mechanical components such as pumps
or motors. [34]

2.6.2 Electrostatic Chuck

An electrostatic chuck is a device used for holding workpieces by generating a coulomb
force between a workpiece or object and electrodes over which a voltage is applied to
achieve adsorption [35][36]. It is applicable over a wide area of workpieces including
thin, brittle, or porous work which are difficult to fix without leaving defection using
conventional chucks [36].

2.6.3 Adhesive Fixation

An adhesive fixation is a method utilizing adhesives such as tape or glue to bond objects
without clamping tools resulting in low stress application and uniform contact [37][38].
The use of adhesive fixation also minimizes the vibrations induced by the tool in the
workpiece and minimizes chatter and it is currently used in most cases for fixing complex
or low-rigidity parts. [38]

2.6.4 Mechanical Clamping

Mechanical clamping is a method that typically uses a physical clamping tool, for example
grips or screws, to secure at the edges of a material. It locks the object in alignment with
the direction of the applied load, preventing slippage and ensuring it remains still while
proceeding with operations [39][40]. This method is traditional and robust, however, it
can cause damage to fragile materials.

2.7 Sampling

Sensors typically output data in the form of analog signals, such as voltage. However,
personal computers or microcontrollers are either limited in their ability to process analog
signals with high precision or are designed to accept only digital inputs. Therefore, addi-
tional hardware is required to perform signal sampling. To ensure accurate reconstruction
of the original signal and to prevent aliasing, the Nyquist theorem must be applied during
the sampling process[41]. Data Acquisition (DAQ) systems and custom solutions are
discussed for sampling.

2.7.1 DAQ

Data acquisition systems, sometimes called data loggers, combine physical hardware and
the software necessary to sample signals and interface with computer systems. Applica-
tions of DAQ systems include scientific research, industrial automation, environmental
monitoring, ect. The key factors defining the performance of DAQ systems are their
resolution, sampling rate, and channel count.

An example of a DAQ system is the M4i.4421-x8, from spectrum instrumentation, which
can sample at 16 bits on four different channels simultaneously at 180 M.S/s. [42]

15



The Rapid ZD-tester 2.0
A.Hjort, A.Backstrom, C.Bermhed, E.Gelfgren, H.Guo, H.Sirirattanaphan,
M.Tirillo, O.Held

2.7.2 Custom Solutions

In both industrial applications and everyday use, two types of chips are most commonly
employed for signal sampling tasks: microcontroller units (MCUs) and field-programmable
gate arrays (FPGAs). In this section, custom solutions based on these two types of chips
are discussed.

Modern MCUs are typically equipped with various integrated peripherals, including
ADCs. A representative example is the STM32 series, particularly the high-performance
STM32HT7[43], which can achieve a sampling rate of up to 3.6 Msps at 16-bit resolution.
For applications requiring higher precision, external ADC chips such as the ADS1115[44]
can be interfaced with the MCU via SPI or 12C protocols. However, MCUs generally
exhibit limited noise immunity, have difficulty achieving synchronized signal acquisition,
and are constrained by bus bandwidth. As a result, they are more suitable for low-speed
sampling applications.

FPGASs are reconfigurable logic devices that support repeated programming via hardware
description languages (HDLs), enabling parallel processing capabilities. They are widely
employed in systems requiring high real-time performance, such as in telecommunications,
industrial automation, and aerospace applications. For instance, the AMD Zynq RFSoC
series[45] integrates eight channels of 12-bit, 4.096 Gsps RF-ADCs directly on-chip,
enabling ultra-high-speed sampling. The integration of external high-precision ADCs can
further enhance sampling accuracy. Nevertheless, FPGAs come with certain drawbacks,
including high chip cost, complex development and debugging processes, and stringent
requirements for PCB design.
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3 Design Concept

In this section the concept for the measurement- and clamping module that will be built
and implemented next autumn will be introduced.

3.1 General Concept

Three concepts were generated for the new machine, as can be seen in figure 3. All the
concepts generated make use of a linear actuator to lift and drop a probe to generate the
impulse, in the same manner as the previous machine, as discussed in section 2.2. What
differs from the old product is the addition of new sensors to measure the displacement
and the stress.

Linear Actuator Linear Actuator

Linear Actuator

Eddy
current

sensor

(a) Concept 1 (b) Concept 2 (c) Concept 3

Figure 3: Three concepts for the new machine

Searching for commercially available sensors, that could met the technical requirements
for resolution, noise, sampling, and cost, different parts of the concepts showed above
were combined: the force sensor showed in figure 3a and 3b, as well as the linear encoder
in figure 3c, have been chosen, which resulted in the system that can be seen in figure
4.
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Figure 4: The final concept of the system

For the measurement of the stress, a piezoelectric force sensor was chosen. Although a
piezoelectric accelerometer would probably also have worked, there were concerns about
the mounting of the sensor and the mass of the probe changing. The mounting of the
accelerometer, as shown in figure 3¢, would have been on the top of the probe which could
potentially distort the signal. Also, since a cable is attached to the sensor mounted on the
probe the mass of the probe could vary if the cable shifts. Therefore, a piezoelectric force
sensor mounted directly at the point of interest was chosen to be able to neglect the mass
and minimize the effects on the signal from the mechanical structure of the machine.

For the measurement of the displacement, a linear encoder was chosen. A laser system
and an eddy-current sensor were considered as shown in figure 3a and 3b. Unfortunately
the laser system that was found could not sample fast enough and the eddy-current sensor
was both out of budget and needed a target that exceeded the diameter probe for the new
measuring range. Both these systems would have to be mounted on the top of the probe
leading to a potential distortion of the signal. Therefore, the linear encoder was seen as
the best option since the measurement happens as close as possible to the point of interest,
introduces no friction, allows for a high sampling rate and excellent resolution.

3.2 Implementation of sensor system

The linear encoder that was chosen is the ID1102L from POSIC. This linear encoder is
contained in a small package and outputs two A and B signals using quadrature encoding.
With an A/B frequency of 1 M Hz and a resolution of down to 20 nm. The force sensor
chosen was the 208C01 from PCB Piezotronics. This force sensor has a measurement
range of up to 44.5 N, a broadband resolution of 0.45 mN — rms, and an upper frequency
limit of 36 kH z.
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The signal from the linear encoder is digital, and the signal from the force sensor is analog.
To sample the data from both sensors, a DAQ will be used as shown in figure 4. The
5442D from Pico Technology was chosen as the DAQ system. It has 4 channels; one is used
by the force sensor and two by the linear encoder. The DAQ can sample at 125 M .S/s in
14 bit mode for three channels simultaneously. The analog signal from the force sensor
must first pass through the TA487 IEPE signal conditioner, also from Pico Technology,
before interfacing with the DAQ system. The reason for using the same DAQ system for
both sensors is to aid in the synchronization of the signals in the time domain.

The DAQ system can be triggered to start recording data from an external input that
will be controlled by a microcontroller. After a pre-programmed amount of time, the data
will be exported as a file to the PC for further processing.

The linear actuator will also be controlled by the same microcontroller that controls the
DAQ system. Therefore, synchronization between dropping the probe and capturing the
data can be guaranteed.

3.3 Impulse Generation

As the previous machine performed adequately regarding the fundamental dynamics of
the probe, it was concluded that an impulse generation of the same principle as the old
machine could be used. As in, a linear actuator moving the probe to the required height
and dropping it in free fall to induce the impulse.

This allows the machine to vary the applied force coupled with velocity to the required
values. In addition the decoupling system of the previous machine was also chosen as to
not include any actuator dynamics.

The acceleration can easily be achieved by linear actuation but the primary benefit from
this is that the impact is not affected by anything but the probe, thus allowing the impact
dynamics to be dependent only on the probe and test piece.

3.4 Vacuum Clamping System

According to the requirement from the section 1.6, table 1 ”Test material shall be
secured and not damaged”, as well as the limitation point 2. mentioning the clamping
functionality, the paper clamping method that appears to be the most suitable solution
is a vacuum clamping as it is not only appropriate for high accuracy application, but
also it causes minimal risk of mechanical stress from fixation tools which could affect our
measurement.

The concept of implementing a vacuum clamping system involves several key components
which consists of an air compressor, a solenoid valve, a Venturi vacuum generator, a
working surface, including a microcontroller and a silencer. These components are intended
to be connected using hoses or tubes and installed beneath the measurement system, as
illustrated in figure 4.

The combination of each component and the airflow within the system are shown in the
following diagram:
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Working Surface > Air
¢ — Control
. ; Vacuum ¢ Solenoid ¢ Air
Sliencer Generator Valve compressor

Microcontroller

Figure 5: The concept diagram of a vacuum clamping system

As seen in figure 5, the air compressor, the primary source of compressed air, is connected
to a solenoid valve that regulates the airflow directed to the Venturi vacuum generator.
This valve will be controlled by a microcontroller, which enables the system to be turned
on and off automatically.

The Venturi vacuum generator is then connected to the working surface, which characterizes
a numerous perforated channels across the surface in order to distribute the holding force.
This surface serves as a platform for placing and securing the test material firmly in place
and allows atmospheric air to enter the system when the vacuum is activated. Additionally,
the silencer can also be installed at the exhaust port to reduce noise from the escaping
air.
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4 Discussion

In this section the following project work will be discussed which includes future work
and potential risks that could arise.

4.1 Challenges for the Autumn Semester

The required machine specifications have been investigated thoroughly but the work has
stayed highly theoretical, suppliers have been contacted but the concrete design of the
system has not been investigated as rigorously. Some key risks of the project is thus that
the implementation of the new system will work with the old and that the lead times for
the required changed parts will be within the span of the project as well as that there are
no significant oversights to the mechanical principle.

The implementation of a system with multiple high precision sensors is anything but
trivial as the sensors have to be timed and calibrated to perform reliable measurements,
without this the machine will produce unreliable data even if sensors that can measure
within the requirements are used.

In parallel to the sensory and mechanical aspect of the project, the requirements will have
to be questioned further as without properly set requirements, the machine might not
perform sufficiently even if all requirements are met.

4.2 Future Work

For the coming autumn semester the focus has been set on developing and testing the
concept design discussed in section 3. The future work has been divided up into two
phases as can be seen in Appendix A. The first phase will be a developing phase with
focus on constructing and integrating the components. The second phase will be focusing
on validating and verifying the design to ensure it handles all requirements mentioned in
1.6. During this phase the report will also be completed. A preliminary budget has been
set and will be reviewed in parallel during the development phase. The GANTT schedule
will be reviewed every week by the group to detect trailing tasks and ensure everyone has
tasks assigned. Before summer the linear encoder, linear actuator and force sensor will be
purchased to ensure they will arrive before the start of phase 2.
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Figure 6: GANTT Chart for Phase 2

26



The Rapid ZD-tester 2.0
A.Hjort, A.Backstrom, C.Bermhed, E.Gelfgren, H.Guo, H.Sirirattanaphan,
M.Tirillo, O.Held

0.00kr
0.00kr
0.00kr

PLANNED BUDGET
ACTUAL BUDGET

BALANCE

0
0.00kr
0.00k
0.00kr
0.00kr

aaaaaaaaaaaaaa g 8 8 8 8

COMPLETION BY STAGES

ZD-tester
COMPLETION BY TIME

10/27
12/r16/25
DURATION,  COMPLETION
DATE

days

START
DATE

START DATE
COMPLETION DATE

8 ]
] ]

PROJECTDATA

w
a
[

S2ESE ic

GANTT Chart for Phase 3

Project leader: Matteo
Presentation and Report

Validation and

RISE

~

Figure

27



The Rapid ZD-tester 2.0

ttanaphan,
116, O.Held

rira

A.Hjort, A.Backstrom, C.Bermhed, E.Gelfgren, H.Guo, H.S

iri

M.T

B Risk Assessment

ubisaq bBursaulbug jo uswyedaq H1N ‘UOISIAIQ SOIUOIIBYDISIN

"qels 9y 10y Am[ur Sursned asderoo 03
pasn st 9[qe} pI3II e jey) 2Ins e MO 9[qe) 9y asned JYSTW qefs auo)s Y],
yrodsuen Surmp
‘31 Sunrodsuern o5 juswrdmba paddoixp aq 1ySru yorym qers auois
Guraouwr 1adoxd asn 03 ains e | wnipay AA®BaY B U0 pajunou st sUnydew 3y |,
[Tox3uo> SSLI
Burulioyddn JTBU e Sureasuy uwvumw:w Ssu ueuuy | SrpreAry IX[SLI D0 IO[[ESTY
ue|dsbBulpueH Buluwopagy sl Ae 1B)Nsay
(wnyep yoo unjeubis) uepau Ae |ap }iBe)} Jey Joyo Bueasuy
av) © s1e[d
apai] [erue(q / uaIS[PH MOIN '60°SC0C HSIA  fwWes], "TTICHIN sy
:Ae pigjwousb usbuluwopagysiy :wnyeq Jasye|d/sie|d apuel|o) Jepejwo usbuluwopagysiy
W1 1 (-uBis) 8TH0-F20C payuiag [1e)
BpIS | :UOISIOA pnquiosppAyS ‘wnjepyuswnyoq :Ae Jobejwely Jpjuswinyoq

uerds3urpuey Yoo uruwuQpagysii 10§ Paxue[g

JRINPIY

oljiwsjaqly

Figure 8: Risk Assessment Report (RISE)
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