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Abstract: Dynamic fatigue testing of medical devices repre-
sents a complex and expensive process. Universal electrody-
namic testing machines are costly. Price scales with the num-
ber of devices under test. For accurate testing, the machine
must produce the specified conditions. This includes ampli-
tude and frequency but also the loading curve shape. While
continuous tracking of amplitude and frequency has become
standard practice, current methodologies still rely on optical
and intermittent observations for analyzing the curve shape. In
this study, we present a solution that combines cost-effective
electrodynamic fatigue testing devices with a custom feedback
control system. The system uses a windowed discrete Fourier
transform with peak finding to determine the relevant param-
eters. The proposed system has been deployed in two test se-
tups. A transfer to further test applications can easily be im-
plemented.
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1 Introduction

Dynamic fatigue testing represents a critical aspect in evalu-
ating the durability and reliability of medical devices, where
precise control of load and deformation is essential. We are
working with products whose testing has to comply with ISO
25539-2 and ASTM F2477 [2, 5].

Traditionally dynamic fatigue testing systems only eval-
uate amplitude and frequency and give a visual view of the
curve shape. In cases of slow or unexpected curve shape de-
formation, which can occur due to changes in the environment
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of the test setup, these control systems are not able to react to
these changes.

Our system introduces an automated sine wave quality as-
sessment, which provides both automatic response and user
feedback. Our system uses electrodynamic pistons with an am-
plifier to generate the deformation or pressure. These systems
are cost-effective compared to universal dynamic testing solu-
tions offered by established suppliers. We developed a custom
feedback control mechanism using discrete Fourier transfor-
mation performed on a microcontroller. This paper introduces
the essential technical functions of the software and hardware
components.

2 Application

The test setup described can be applied to various medical de-
vices that require fatigue testing. Various mounting fixtures
(e.g., clamp adapters, custom jigs) and force-transmission
components allow for quick adaptation to different geome-
tries and load paths. Typical applications include the creation
of pulsatile heart blood pressure for testing of coronary stents
and dynamic testing of fixation elements of devices in the heart
or other positions with regular movement. Test frequency, am-
plitude, pre-load and fatigue mechanisms can be customized
depending on the material properties and expected device life-
time.

3 Methods

The fatigue testing system consists of multiple separate func-
tions. These functions require different hard- and software
components. The following chapters discuss these functions
and requirements. The functions of the system include:

— real-time data acquisition,

— short-cycle data evaluation and system control,

— data transfer,

— long-term data storage and a

user interface.

3 Open Access. © 2025 The Author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

302



—— A. Thiesen et al., Low-Cost Electrodynamic Fatigue Testing System with Automated Sine Wave Quality Assessment

3.1 Real-Time Evaluation

For real-time data acquisition and short-cycle data evalua-
tion, an ESP32 microcontroller with a dual-core processor and
8 MB data storage was used. The dual-core processor allows
independent real-time data acquisition on one core and short-
cycle data evaluation on the other. Thus, one core continuously
gathers accurately timed measurement data and performs real-
time evaluation, while the other processes data packets that
would cause unacceptable pauses if handled on a single core
[4].

The measurement data is read digitally in serial from a
laser distance sensor. However, any other input source directly
correlated to the testing deformation, such as pressure, can be
used. The real-time evaluation includes a total offset check to
stop the system immediately if destructive conditions occur.
The data is recorded in a circular buffer.

3.2 Short-Cycle Evaluation

The short-cycle evaluation is a packet-based data evaluation
performed on the second core of the ESP32 microcontroller.
The data is split into 1024 ms blocks. Each block is trans-
formed into the frequency domain using a windowed discrete
Fourier transform [6, 7, 8, 10].

For windowing, the SFT5M Flat-Top Window of Heinzel,
Riidiger, and Schilling [7] was chosen because it offers good
amplitude accuracy with an acceptable trade-off in frequency
resolution. The windowing function is displayed in Equa-
tion 1. With this function the shape of the window is calculated
according to its size M with z € {0,..., M — 1} [1, 3,7, 8].

w;(z) = 0.209671 — 0.407331 - cos(1 - 2)
+0.281225 - cos(2 - z) — 0.092669 - cos(3 - z)

+0.0091036 - cos(4 - z) @))

To obtain the amplitudes of the current frequencies, the
frequency domain is condensed using a peak-finding algo-
rithm. The algorithm defines a peak as a point that is higher
than its two neighboring points, similar to the definition of a
local maximum. Low noise peaks are filtered out. The ampli-
tude is determined by adding the area under the peak over an
interval around the maximum. If peaks are too close together,
the areas around the peaks do not overlap but are separated by
a midpoint between them. This method has been derived from
O’Haver [9].

The condensed peaks are then divided into three groups:
the static part around 0 Hz, the dynamic part around the stim-
ulus frequency, and the remaining frequencies. The sum of the
remaining frequencies is used as a measure of the curve shape
and sine wave quality. It is zero for a perfect sine wave.
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3.3 Data Transfer

The evaluated data and test settings are transferred from the
ESP32 microcontroller to a Raspberry Pi 5 running a Debian
Linux system. The connection is established via USB in se-
rial mode. A custom-developed data transfer protocol is im-
plemented on both sides. It offers binary, packet-based trans-
fer including packet identifiers, packet numbering, and con-
tent checks using a CRC32 checksum. Configuration packets
and condensed measurement data are organized into Protocol
Buffers. This ensures version compatibility and optimizes the
development process. Complete measurement arrays are trans-
ferred as simple binary arrays.

On the Linux side, the data is processed using a Python
program. This program runs the transfer protocol and man-
ages the transfer of the settings and measurement data from
the microcontroller to the databases.

3.4 Data Storage

The data is stored in two databases. Settings and condensed
measurement data are saved in a time-based database. This en-
sures that the test is completely traceable and flexible. System
conditions and a live view of the oscillation are stored in a
simple NoSQL in-memory database.

3.5 User Interface

The user interface software does not need direct access to the
microcontroller or the Linux-based control system. It only in-
teracts with the databases described above. Settings and com-
mands are written to the databases and executed by programs
on the control system or transferred to the microcontroller. The
measurement data is read from the same databases for display.
In our solution, the user interface is written in PySide6 using
Python.

4 Results and Discussion

The system has been evaluated by checking the accuracy of the
data analysis on artificial data and optically on a running sys-
tem. One machine has completed 20 million cycles in testing
and is running 400 million cycles for further testing.
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Fig. 1: Signal of a purposely created worst-case scenario. Negative
values cannot be handled by the test setup and create disturbances
in the curve shape near zero.

4.1 Measurement Evaluation

Preliminary tests of the analysis software were performed to
evaluate the possible analysis setups. These tests led to the
proposed test setup.

The tests were also performed on a purposely created
worst-case scenario. This test setup used the specified maxi-
mum frequency and parameters that produced negative values
that could not be handled by the system. The resulting signal in
Figure 1 therefore shows a flat profile for values near zero and
sharp peaks. A curve shape like this should be detected and re-
ported as an error. This signal was windowed and transformed
into the frequency domain. Figure 2 shows the result of this
transformation. Due to the discrete transformation, the ampli-
tudes leak into nearby frequencies, forming broader peaks. To
determine the amplitudes of the frequencies, the leaked energy
is summed into the corresponding core frequency bins. The re-
sults of this peak-finding can be seen in Figure 3. The peak at
0 Hz is used as the static offset, while the peak at the stimu-
lus frequency 100 Hz represents the amplitude of the dynamic
part. The sum of the other frequencies affects the curve shape
and is therefore used as an indication of sine wave quality. In
this example, the sum of these frequencies is higher than the
amplitude at the stimulus frequency, indicating a highly dis-
turbed curve shape.

4.2 Optical Evaluation

In addition to the processing evaluation using the measure-
ments taken by the test setup, an independent measurement
was performed and evaluated using an optical technique.

The movement of the test setup was recorded with the
high-speed camera Os7 from Integrated Design Tools, Inc.,
California, USA. The image contained a moving element
of the electrodynamic piston and a length reference. The
laser measurement was taken close by. The optoNCDT2300
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Fig. 2: Spectrum after discrete Fourier transformation of a pur-
posely created worst-case scenario. Peaks leak into surrounding
frequencies, resulting in broader peaks. The static offset appears
near 0 Hz and the dynamic part near 100 Hz. Smaller disturbance
peaks are spread over the whole frequency range.
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Fig. 3: Peak-finding results of the purposely created worst-case
scenario. Leaked frequencies are summed to provide a simplified
display of energy per frequency. The static offset appears near 0 Hz
and the dynamic part near 100 Hz, while smaller disturbance peaks
are spread over the frequency range.

304



—— A. Thiesen et al., Low-Cost Electrodynamic Fatigue Testing System with Automated Sine Wave Quality Assessment

Optically Measured Validation
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Fig. 4: Signal of running Test with a set Amplitude of 225 pm and
a frequency of 60 Hz. The signal is measured optically with a high-
speed camera and with a laser in two graphs. Both measurements
show different points in time. Laser measurements show a little
higher amplitude of 5 um.

ILD2300-100 laser from Micro-Epsilon Messtechnik GmbH
& Co. KG, Ortenburg, Germany, was used. It was calibrated
to a maximal relative deviation of 0.78 %. The images were
recorded with a sampling rate of 2000 Hz. After recording the
video images were measured with the motion analysis soft-
ware ProAnalyst from Xcitex Inc., Massachusetts, USA. 12
consecutive peaks where recorded.

With a set amplitude of 225 pum the optical measurements
showed an amplitude of 220 um The measurement resolution
of the camera was 4.5 um px~*. The standard deviation over
the 12 peaks was 1.26 pm.

This recording and a recording using the laser are com-
pared in Figure 4. The laser shows a slightly higher amplitude
of 223 um compared to the high-speed camera for one period
measured using the maximum and minimum.

The inaccuracies between the measurement systems are
acceptable. No considerable differences between the analysis
and the measurements could be found. This enables the test
setup to be used for amplitudes in the micrometer and mil-
limeter range.

5 Conclusion and Future Work

The results show that the implementation of the test system is
successful. High precision in the movement was achieved, al-
lowing tests with small and medium amplitudes ranging from
micrometers to millimeters. This enables the construction of
test setups for, stents and other small mechanical medical de-
vices.

In the future, the test setup will undergo further intensive
testing and error analysis. This integrated system architecture
might be implemented in future dynamic fatigue testing se-
tups.
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