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Abstract. Due to the ongoing global trend of urbanization, the demand for public transportation is
ever-increasing. In order to answer to the growing demand, public transportation vehicles will likely
be autonomously operated in the near future, creating a need for advanced surveillance systems. In this
study, a computer vision system capable of evaluating the cleanliness of a public transportation vehicle
interior is presented. In a laboratory setting mimicking a real vehicle interior, the presented system was
studied with a traditional ceiling-mounted wide-angle camera, as well as a linearly actuated camera
providing wider visual coverage of the environment. Image data was gathered of the setting in a clean
condition as well as containing common trash objects. With this data, the evaluation accuracy of the
system was measured with background subtraction, edge detection with random forest, SURF with
k-means clustering and XGBoost, and Single-Shot multibox Detector. Single-Shot multibox Detector
was found to be the most accurate approach, reaching 95-100% accuracy reliably. The linearly actuated
camera was not found to provide notable difference in accuracy compared to the wide-angle camera.
Overall, the results indicate that the presented system could be applied in cleanliness monitoring.

Introduction

Autonomous transportation is getting closer to reality each year, especially public transportation vehi-
cles, that are moving on the tracks. As a result of having no staff in the trams, not knowing how dirty
it is inside becomes a problem. This is where the need for automatic supervision takes place. Cleaning
could be done in certain time intervals, but on-demand cleaning provides higher efficiency, as the
vehicle can operate without any unnecessary breaks and less cleaning staff time is used by checking
or cleaning already quite clean vehicles. On the other hand, it is best to intervene early to the littering
as people are more likely to leave litter in the vehicles that are already dirty.

There are multiple challenges in the automatic cleanliness monitoring system. The main challenge
is separating trash from people during vehicle use with sufficient accuracy. In order to be profitable,
the systems also need to survive for a long time in vehicle use and not attract vandalism, which implies
reliability and robustness constraints.

Cleanliness monitoring with computer vision has been previously studied in different application
environments. Rad et al. [1] has applied Convolutional Neural Networks (CNNs) to detect individual
trash objects on the streets. They experimentally validated the concept by equipping a street sweeper
machine with a camera and using the gathered data to train their algorithm, as well as evaluate the
accuracy of their approach. In a similar manner, Jayasinghe et al. [2] has shown that CNNs can be
utilized for evaluating the cleanliness of a public restroom. However, contrary to Rad et al. who per-
formed object detection to locate individual trash, their approach was based on classifying the scenery
into different categories.

A camera-based system seems to be the most promising for our system to fulfil accuracy, reliabil-
ity and robustness requirements. Current methods for the detection of objects include both computer
vision techniques and machine learning methods.



The simplest method in terms of implementation is background removal, such as the Gaussian
mixture model-based approach of Zivkovic et al. [3]. The technique requires sample pictures of the
normal state of the scene and later uses them to detect changes compared to the samples. It has been
used by Pandit et al. [4] to detect unknown objects from surveillance camera feed, by using thresh-
olding in combination with morphological filters of erosion and dilation to reduce noise and improve
the boundaries of objects.

A more robust method is to extract edges from images using the methodology presented in the
work of Canny [5]. These extracted edge features can be used for classifying the images to required
categories. Common approaches for performing this classification include random forest classifiers
developed by Breiman [6] and boosting algorithms such as XGBoost by Chen and Guestrin [7].

Speeded Up Robust Features (SURF) by Bay et al. [8] is another feature description algorithm
partly inspired by the scale-invariant feature transform (SIFT) descriptor made by Lowe [9]. It finds
keypoints instead of describing the whole image, which allows the features to be invariant to scaling,
translation, and rotation. In addition, they are partially invariant to illumination changes, as well as
affine and 3D projection. Classification can be done by using gradient boosting and least-squares
methods. Keypoints could also be combined to machine learning methods by using the bag-of-words
model, as combined with the k-means clustering method in the study of Sivic and Zisserman [10] for
visual search in videos.

Currently popular method, Single Shot MultiBox Detector (SSD) by Liu et al. [11], detects objects
using a single deep neural network. It outputs object confidence score and bounding box in the image
by using classification networks as a base and adding layers for discretizing the box output space to
set of default boxes of different sizes and aspect ratios.

This study evaluates the feasibility of applying computer vision units to monitor the interior clean-
liness of public transportation vehicles. Two different types of hardware solutions and four different
computer vision solutions are implemented and compared based on the accuracy of detecting whether
trash is visible in the images.

Methods

Test setup. A test setup was constructed in a laboratory environment by the dimensions of a real
public transportation vehicle in Hamburg. The setup has two four-person booths and one double-seat
sideways. The dimensions are presented in Figure 1.

There are four separate two-meter long led strips installed in the roof to provide differing cold
(6000 K) and warm (3000 K) lighting. The brightness control of each strip is done remotely via WIFI
with ESP32 microcontroller. Different light colours and brightness simulate different possible natural
light conditions through windows and also changes some shadows and reflections due to different
light positions.

Camera Setups. In the test setup, two camera systems were constructed. A wide-angle camera
that was similar to commonly applied surveillance cameras and a linearly actuated camera setup with
an operational length of 1.2 m. These camera setups were installed above the corridor in the centre
of the ceiling and were using different cameras with specifications shown in Table 1. These cameras
were connected to small Raspberry Zero W computers.

Data Gathering. Data gathering was done by placing different kinds of trash on the test scene and
running a script that automates picture collection from all positions possible with our camera setup.
At each camera position, cameras were kept still and the lighting was changed to different scenarios
consisting of warm and cold led brightness. The six different cold and warm power percentages used
were: (24, 0), (0, 24), (20, 20), (0, 100), (100, 0), (100, 100). The linear rail camera was moved into
three or five evenly spaced positions for each trash scenario.

After discussing with officials in the public transportation industry, we found that the most usual
trash was food and beverage packaging, like fast food trash, bottles and cans. We gathered approx-



imately 40 different trash objects mainly from this category. After collecting all pictures, they were
tagged manually to contain information about whether trash was present and the bounding boxes
around the objects. The number of collected images are listed in Table 1.

Fig. 1: Constructed laboratory setup.

Fig. 2: Examples of images containing trash. Cropped images were used with certain computer vision
methods to eliminate visible changes in the curtains.

Fig. 3: Image of camera setups.

Table 1: Camera and image specifications.

Type Linear Wide-angle
Resolution 8 MP 5 MP

FoV vertical 48.8 ◦ 119 ◦

FoV horizontal 62.2 ◦ 132 ◦

Collected clean images 176 52
Collected dirty images 756 258
Collected images total 932 310

Average trash per image 3.5 6

Algorithm Specifications and Testing Procedure. Several well-established computer vision tech-
niques were trained and tested with the gathered data to perform an exhaustive comparison. The whole
testing process is summarised in Figure 5. The models were trained separately on the images captured
from the different cameras.Three train and test splits were acquired randomly from both datasets. Train
and test splits contained roughly 80% and 20% of the dataset they were drawn from, respectively. All
models were evaluated by training them on a train split and acquiring an accuracy for the respective
test split. Accuracy is defined as the number of correct evaluations over the total number of test im-
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Fig. 4: Histograms of the number of trash objects visible in the images. The linear-rail camera has
less trash per image on average. More trash is generally easier to detect.

ages. Each test split was unique, not containing any images in the other test splits. Furthermore, the
test splits did not contain differently lit images of the same trash arrangement in the train set.

Fig. 5: Flowchart of the testing procedure.

The first applied classification method was background subtraction based on a Gaussian mixture
model. A background ratio of 0.99 and 15 mixtures was used in the model. Acquired foregrounds were
eroded by a single pixel to remove noise. In order to classify an image to contain trash, a threshold
was placed for the foreground over the full image to be larger than 10−5.

A more complex classification method was designed by acquiring visible edges with Canny edge
detector, and feeding them to a random forest classifier which outputs the final evaluation. The random
forest classifier consisted of 50 decision tree classifiers. For the wide-angle camera, confidence of 60%
was required from the random forest to classify an image to contain trash. For the linearly actuated
camera, confidence of 50% was sufficient.

SURF was one of the classification methods that was tested, where SURF features were clustered
with the K-means algorithm with number of clusters being 100. With the K-means model found,
feature vectors could be found by building a histogram of classified keypoints, which then was fed to
XGBoost classifier to make predictions for the pictures.

Object detection SSD was used with VGG-16 base network as in the original SSD article [11].
Image input size used was 512x512. Other settings were: cosine scheduler with Tmax = 120, learning
rate of 0.001 except for base net 0.0001 and batch size of 5. The training was done five times, and
after 200 epochs, the best result was selected across checkpoints from all five runs. Visualisations of
applied computer vision methods are presented in Figure 6.



Fig. 6: On the left, from top left to bottom right: original image, background subtraction, canny edge
detection and SURF keypoints. On the right: Output of the SSD network.

Results

The accuracies achieved with algorithms on the train-test splits are presented in Figure 7. The pre-
sented results showcase that the SSD was superior compared to the other methods, consistently achiev-
ing results over 95%. Although all compared algorithms performed well, SURF with k-means clus-
tering and XGBoost did not reach as high accuracies as the others and had the highest variance. Edge
detection with random forest had the single worst result with a train-test split, only scoring accuracy
of 75%. Overall, the results indicate that the linearly actuated camera does not provide a notable dif-
ference in the performance compared to the wide-angle camera.
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Fig. 7: Accuracies of algorithms categorising images as clean or dirty with different train-test splits
of the data.

Conclusion

In this study, a computer vision system for monitoring public transportation cleanliness was developed.
The feasibility of the approach was evaluated in a laboratory setup, using a stationary wide-angle
camera and a linearly actuated camera with multiple different computer vision algorithms. Acquired
results indicate that litter can be accurately detected with computer vision in a public transportation



environment. The linearly actuated camera system was found inconvenient for the application since it
did not provide notable improvements in accuracy.

A more reliable comparison of the applied computer vision algorithms could have been made
had the gathered dataset contained more images. Especially a higher number of clean images could
have influenced the results, as some algorithms found high variance in the clean images. However,
the acquired results still indicate that the approach is plausible, and highlight the properties of the
compared methods. SSD fared well in our comparison, partly because many images had more than
one trash giving it multiple changes to learn or detect a trash object.

The presented application could be extended to distinguish valuable items from litter, and notify
the transportation authorities accordingly. Another addition could be to detect people and also monitor
their behaviour to prevent violence or other unwanted behaviour.

In the future, such computer vision system could be utilised to improve the customer satisfaction
of public transportation, as well as reduce the cleaning costs. Further research of the system will be
carried out in real public transportation vehicles. A U-Bahn in Hamburg will be equipped with similar
systems, that will be utilised for developing further improvements.
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Abstract 
Quantum computers use quantum mechanical phenomena known as superposition to manipulate and 
store information. To do this, they rely on quantum bits, or qubits. To maintain the qubits in a stable 
state the quantum computer must be kept as cold as possible. A cryostat is used to keep the quantum 
chip in temperatures near absolute zero. Coaxial lines are used to communicate with the quantum 
chip inside of the cryostat. The coaxials are currently cut and bent manually, which create a bottleneck 
in production. 

In this study a fully automated device was designed for bending and cutting the coaxial wires used 
in quantum computing cryostats. It is based on Arduino MEGA microcontroller and NEMA 23 size 
stepper motors. The device is capable of feeding, bending and cutting the coaxial wire automatically 
according to desired geometry. It is being assumed that the device can meet the demands of cryostat 
industry that the quantum future needs. 

Introduction 

Quantum particles can move forward or backward in time, exist in two places at once and even 
“teleport” [1]. This property of quantum particles is used in quantum computing. Quantum computers 
can solve problems that are impossible or would take a traditional computer an impractical amount 
of time to solve [2]. Quantum computers use quantum mechanical phenomena known as 
superposition to manipulate and store information. To do this, they rely on quantum bits, or qubits. 
Where a traditional bit is binary and can either hold a value of 0 or 1, qubit can be in a superposition 
of both. Qubits store information in percentages of probabilities. To maintain the qubits in a stable 
state and for the quantum computer to work reliably it must be kept as cold as possible. A cryostat is 
used to keep the quantum chip in temperatures near absolute zero. 

This study will deal with the research, design, experimentation and correct tuning of a machine to 
bend and cut 0.86 mm superconductive CuNi-SCuNi coaxial lines to be used in quantum computer 
cryostats. These coaxial lines are used to communicate with the quantum chip inside of the cryostat 
because of their fast data transfer ability and low thermal conductivity [3]. The coaxial lines installed 
to cryostats have to be bent to withstand the thermal expansion caused by the temperature dropping 
below 10 mK. 

Fig. 1 depicts an open cryostat and the coaxial lines with bent loops can be seen between the level 
plates. These lines have to be fabricated by hand, but the exponential increase in demand requires 
automation to take over in the manufacturing of the lines. The main goal of this project is to solve the 
automation of the bending process. The bending process is currently done by creating a loop and 
tying it with a cotton thread to eliminate vibration, since the line touching itself would generate an 



unacceptable amount of heat (Fig. 2). This phase of manufacturing is extremely time consuming and 
also the loops require so much space that they do not allow any more lines to be assembled in the 
same space. 

The proposed solution is to bend the wires as shown in Fig. 3. This doesn’t only eliminate the 
vibration and tying but allows for automation and expandability of production. With this shape it is 
possible to fit multiple lines very close to each other without them touching and generating heat. The 
device created for this project is the desired solution for the problem. One of the main issues this 
device faces is the fact that the coaxial lines comes from the manufacturer only in a maximum length 
of 2 meters, so there will always be an extra piece of wire which has to be discarded. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Development of the Device 
The device’s functions are feeding, bending and cutting. It feeds the coaxial line from the container 
to itself with the feeder rollers. The coaxial is fed to the bender, which bends the coaxial using a 
moving pin. The pin pushes the coaxial against the counterpart to bend it. Then the line is fed forward, 
bent, fed more, bent again and that is repeated until the decided radius for the complete bend is 
achieved. Then the coaxial is fed until the starting point of the second bend. The pin is moved to the 
other side of the coaxial, because the next bend will be to the opposite direction than the first was. A 
bend is created with the same process as the first and this is continued until the coaxial has been bent 
to the desired geometry. 

The first design of the device is presented in Fig. 4. Because of thin coaxial wire and because it 
was assumed that the feeding wheels should be as close to each other, the device was planned as small 
as possible, using NEMA 8 stepper motors. As soon as the 3D printed model was ready it became 
instantly apparent that it was not going to work and that the parts would be too complicated to 
manufacture because of their small size. 

Figure 2. Looped coaxial tied with cotton thread 

Figure 1. Open cryostat 

Figure 3. Zigzag bent coaxial 



The second step in the design can be seen in Fig. 5. Every part was enlarged and NEMA 14 stepper 
motors were selected because it was again assumed that the feeding wheels needed to be as close as 
possible, to consider the remaining piece of the two-meter coaxial line. This design printed fast and 
it seemed to be a more appropriate size. However, the coaxial lines, even though they are very thin, 
are extremely stiff, which resulted in the motor torque being too low to achieve the speed and angle 
desired, unless the motors were pushed to the current limit. 

 
 
 

 
 
 
 
 
 
 

 
 
 

 
 
 

 
The next iteration of the bender can be seen in Fig. 6 and the final list of selected components is 

presented in Table 1. One important difference is that the walls of the machine are not part of it 
anymore, but instead aluminium extrusions are used to hold the machine together and to make it more 
rigid and easy to access. Bearings were added to the rotating assembly for a smoother operation and 
reduced friction. An upper support was added to stiffen the rotating assembly and bigger stepper 
motors were implemented. This last design was more focused in manufacturability with the flat 
portions being designed to be cut in a water jet out of 6 mm steel plate. The gears and central shaft 
were made in a way where they can be easily machined, and the stepper motor supports were planned 
to be 3D printed. 

Figure 5. First iteration of the device with 
NEMA 8 sized stepper motors 

Figure 4. Second iteration of the device with 
NEMA 14 sized stepper motors 

Figure 6. Final design of the device with NEMA 23 sized stepper motors and without walls 



Table 1. Components of the final design of the bending device 
Component Specification Purpose 

NEMA 23 Stepper 
motor x3  

3.6 [V], 0.9 [Nm], 1.8[º] step 
angle (200 steps/revolution) 

Move the wire from one position to 
another and bend the wire. 

Arduino  
microcontroller  

MEGA, 54 digital I/O pins Microcontroller for all electronic 
components. 

Push pull solenoid 12 [V], 5 [N] / 10 [mm] It pulls the bending pin so it can bend 
the line from both sides. 

H21A1 Optical 
Sensor 

Gap 0.118[’’] (3 [mm]), 
response time 8 [us] 

Computer logic circuitry, detect 
whenever a new wire enters the 
machine. 

RC Servo motor Towerpro MG995 Moving the cutter blades. 

Power supply 12 [V], 10 [A] Power source for all electric 
component. 

 
The device is controlled using an Arduino Mega with RAMPS 1.4 shield attached to it. This allows 

expandability since it has five stepper motor controllers, four servo motor outputs and a screen to 
create the UI. In addition, support for configuration is easily accessible. 

Stepper motors for bending and feeding are used because of their high torque output at small 
speeds [4], high precision and compatibility with the controller. A RC servo motor was chosen to 
power the custom-made blades for the line cutter. A pull solenoid is used to pull the bending pin 
inside the bender in order to change the direction of the bend. 

Since the stepper motors have no feedback and it is not possible to know their absolute position, 
an optical sensor phototransistor will be used to detect when a new wire enters the machine. The 
sensor is located before the feeding rollers. This will be complemented with limit switches to be able 
to calibrate the position of the bender and feeder wheels. 

The code for the machine was written in Arduino IDE and it was designed to be easily scalable in 
case the shape or sizes of the bends would change, the code was separated in smaller functions which 
can be simply called, for example; bend, feed and cut, this makes it easy to program different lengths 
of wire and different amount of bends. 

The device design is finely tweaked at this point, with no upcoming changes required to increase 
the functionality, the code is in a rough state and large amounts of testing are required before the 
expensive coaxial line can be put through. The main point of the project was to increase productivity 
and quality, which requires time and great attention to the testing phase. 

Discussion 
This project showed the importance of planning and testing before even starting the design of a 
machine, not testing the motors and only relying on the spec sheets created a great challenge when 
the completed machine could not fulfil its purpose. It also demonstrated how important prototyping 
is compared to only relying on a CAD model in which it is hard to comprehend and visualize the 
actual size of parts. As next steps the machine will be manufactured to final specs and tested until a 
fully functioning commercial unit is achieved. This is also only the first phase which the coaxial lines 
go through in the process to a finished unit, it would be optimal to continue scaling the machine with 
attachments to strip, solder the connectors and test the signal to ensure quality. 
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Abstract 
The current state of bowling performance analysis is focused on the events happening after the ball 
leaves the hand of the bowler. Typically, the current systems emphasize on the movements of the 
ball. In this study a different approach was taken, and the measurement system is centered on the 
movements of the bowler. The feasibility of methods applying inertial measurement systems was 
evaluated, and the results indicate that adequate performance can be achieved with the low-cost 
inertial measurement units. 

Introduction 
Interest in wearable sensors for human activity monitoring is increasing due to recent rapid 
improvement in microelectromechanical systems (MEMS) technology. The small size and low power 
consumption of the inertial measurement units (IMU) makes the technology well suited for tracking 
human movement. The mass production and widespread distribution of MEMS sensors has made a 
wide variety of low-cost applications feasible [1]. The latest sensor technology has not only improved 
cost-wise, but also in measurement capabilities. The newest low-cost accelerometers are capable of 
up to 4 kHz sampling rate in internet of things (IoT) applications, with wireless data transmission [2]. 

Most of the improvement in the field of MEMS technology is due to their extensive use in mobile 
devices. Typical smartphone integrated IMU sensors can detect reasonably minute movements, such 
as handwriting with the edge of a phone [3]. The main difficulties in trajectory tracking with such 
sensor systems is the inertial measurements tendency to signal drifting, and accumulating error in 
integration of acceleration data. The magnitude of measurement error varies greatly depending on the 
quality of the measurement system, though proper signal filtering can be used to diminish the sensor 
related measurement errors [4]. 

Multiple approaches for human movement tracking with wearable sensors have been studied in 
the literature. Biomechanical modelling of the human body can be utilized to greatly decrease the 
error in trajectory tracking with wearable IMU sensor systems [5]. With multiple sensors, the 
movement of the entire body can be captured for the analysis of sports performance [6]. 
Quantification of body pose of an athlete during highly dynamic sports performance is possible with 
multiple IMU sensors using sensor fusion [7]. For simplistic solutions, just the Kalman filtering based 
methods for the common three axial accelerometer and gyroscope of an IMU sensor can be used for 
reasonable results in body orientation tracking [8]. Similar methods have also been considered for 
bowling performance metrics [9]. 

 



 

The purpose of this study is to further improve the current state of sports performance analytics 
with wearable inertial sensors. An inertial sensor based low-cost solution for performance analytics 
in bowling is presented. The measurement system consists of modular wearable IMU sensor-based  
measurement units. Use of wireless communication methods and microcontrollers are proposed for 
flexible data transmission and rapid performance feedback for the user during the performance. In 
addition to trajectory tracking, the system can extract key features of the bowling performance in 
order to increase the usefulness of the metrics. Validation of the proposed method was conducted 
with a reference device, and the results were evaluated with experts of the sport. 

Methods 
In this study, the popular five step method of bowling is considered, which is presented in Figure 1.  

Figure 1. Movement of a bowler using five step method during a shot 
 

The five-step method is broken into five key actions, Figure 1. 
1. Starting position: Player holds the ball in his arms, feet close to each other. 
2. Push: Player pushes the ball away from his body and takes the first step. 
3. Swing: Player swings his arm back, simultaneously stepping forward. 
4. Swing peak: Ball reaches the peak position on the swing. 
5. Release: Player lets go of the ball. 
 

In order to measure the movement trajectory of the bowler, multiple degrees of freedom of 
different body parts need to be considered. For this reason, the proposed application concept features 
a modular sensor unit that can be attached to the body of the bowler. This approach allows multiple 
configurations for optimization and development of the system in order to yield more useful metrics. 

 
Components of the sensor unit. A wireless modular sensor unit was built for testing the proposed 
application. The system consists of easily available, low-cost components. Casing for the sensor unit 
was 3D printed from PLA. Main components of the system are displayed in Table 1. 

The ESP32 chip has a dual-core 32-bit microprocessor, built in radio transmitter for WIFI data 
transmission. The chip has two I2C interfaces, which can be used for communication between the 
chip and the IMU sensors. One I2C interface can be used to communicate with multiple devices. 
  



 

Table 1. Components of the sensor unit 

Component Specifications 

Adafruit HUZZAH32 ESP32 
microcontroller and development board 

Processor: 240 MHz Xtensa dual core 32-bit LX6 
Wi-Fi: 802.11b/g/n with on board PCB antenna 
SRAM: 520 KB 
SPI Flash: 4 MB 

MPU6050 IMU sensor AD-converter: chip built-in 16-bit 
Gyroscopes range: +/- 250 500 1000 2000 DPS 
Acceleration range: +/- 2 4 8 16 g 

Li-ion battery Energy capacity: 500 mAh 
Output voltage: 3.7 V 

MicroSD card module and SD card Memory: 2 GB 
 
An application concept (Figure 2) is presented for the use of the measurement unit which consists 
of the modular sensor unit and web-based software. 
 

 
 

Figure 2. Application concept 
 

The application consists of a wireless modular sensor unit and a web-based user interface, which 
is designed for mobile devices. The main function of the proposed system is to evaluate the 
performance of the bowler with numeric metrics, which are derived using the measurement data form 
the shot. The sensor unit measures movements with an IMU sensor. This design allows for 
configuration of multiple IMU sensors with I2C communication on the same interface, but the ESP32 
chip used has two I2C interfaces, both of which may also be used simultaneously. In this research, 
only one IMU sensor was used. 

Having two processor cores, the ESP32 can run two parallel tasks. The concept leverages the 
parallelization by serving the web software on one core, and the I2C communication with the IMU 
sensor on the other core. Transmission control protocol (TCP) WebSockets are used in the data 



 

transmission through Wi-Fi to the mobile device. Due to the memory limitations of the ESP32, an 
external SD-card module is used for intermittent data storage. For short measurements, the volatile 
memory of the ESP32 may also be used. 

The static website content is stored in the SPIFFS memory of the ESP32 and can be sent to the 
client when the client connects to the sensor unit. This approach enables effective data processing, 
since the far more capable CPU of the mobile device can be used for extracting the definitive metrics 
from the data. 
 
Reference device and test setup was built in order to 
determine the suitability of the IMU sensor for tracking 
dynamic movements of the human body. The device is 
presented in Figure 3. The setup consisted of a pendulum 
with two degrees of freedom, modelling the elbow joint of 
a bowling person. With a rotary encoder on the main 
rotating axis, the pitch of the pendulum was measured 
with high accuracy.  

An IMU sensor was attached to the tip of the pendulum, 
and an ESP32 microcontroller was used for the data 
acquisition, similarly to the real use-case with the 
proposed sensor unit. The device features two rotary 
encoders, of which only one was used due to limitations 
of the microcontroller chip.  

 
 

 
 
 
 

Figure 3. 3D model of the reference device  
 
Measurement procedures. The sensor unit was slightly modified to enable the measurements. 
Wireless communication was not used in order to simplify the measurement procedure and in addition 
to the IMU sensor, an incremental rotary encoder with 2000 PPR resolution was parallelly measured 
on the ESP32 for reference. The results were directly written to a file on a computer using universal 
asynchronous receiver-transmitter (UART) connection. 

Figure 4. Measurement process flow 
 

Multiple measurement cases with varying sideways rotations were created with the reference 
device. The measurement flow (Figure 4) represents one of the measurements. Same principal steps 
were reproduced on each repetition. The duration of one measurement was between 5 and 15 s, 
representing the length of a bowling shot. Varying amount of sideways rotation was applied during 
the measurements in order to simulate the human body movements. 
 
Signal processing and algorithms. The built-in digital motion processing of the MPU6050 chip was 
used for the sensor fusion, which is capable of directly outputting Euler angles, and gravity 



 

compensated acceleration data. Simple rotation matrices could be used for transforming the Euler 
angles to cartesian coordinates. Similarly, basic matrix algebra can be applied in order to determine 
the reference position of the sensor with the encoder data. 

Results 
Results of the measurements are displayed in Figures 5 and 6. The pre-processed yaw, pitch and roll 
data directly from the IMU sensor data is plotted against the reference data from the encoder. During 
heavy shaking (Figure 5), the largest error in pitch angle was 17 degrees, and 6 degrees during minor 
shaking (Figure 6). Reference for yaw and roll was not measured. 

Figure 5. Reference measurement with heavy shaking 

Figure 6. Reference measurement with minor shaking 

Discussion 
The results imply that the developed sensor system can detect fast dynamic movements. Information 
of the movement can then be used to extract various performance characteristics from the data, and 
the described application concept can be used to give accurate feedback to the user. According to a 
bowling expert, the achieved accuracy of the sensor is enough to give informative feedback about the 
shot, however more practical testing is needed for confirmation. With the enough sensors attached to 



 

the body, the system could be developed to determine the pose of the bowler, yielding even more 
informative metrics. 

The proposed sensor unit and application concept are not limited for use in bowling, but the system 
could also be used in different body orientation or movement tracking scenarios. All the components 
used in the sensor system are cheap and easily available for anyone, making this research a platform 
for versatile future development. 
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Abstract 
Due to their engaging nature, escape rooms are an interesting alternative teaching method. Studies in 
other fields have shown educational escape rooms to improve motivation and learning. As many 
conventional escape room puzzles are mechatronic, the concept should also work well for educational 
purposes in engineering. In this study, an escape room with three mechatronic puzzles is created. The 
puzzles are designed for high-school students with a combined time limit of 10 minutes. The results 
are presented as 3D models of the puzzles along with extensive descriptions. A participant survey to 
analyze the results of the room is also described. 

Introduction 

Escape rooms are games in which participants solve puzzles placed inside a room in order to achieve 
a goal - usually, getting out of the room. These games have risen in popularity particularly during the 
2010s. Simultaneously, demand for engineers in Finland has also increased, and new ways to attract 
people to take on engineering studies are sought. As escape rooms usually include puzzles that utilize 
mechatronics themselves, their suitability for teaching the basic principles of mechatronics and 
motivating potential students poses many possibilities. In other fields, there has also been interest in 
using escape rooms in teaching due to the co-operative and engaging nature of the game [1]. 

In the field of mechatronics, similar tools such as remote laboratories [2] and puzzle-like modular 
components [3] have been studied, but so far, escape rooms have only been utilized in other fields. 
For example in the nursing field, students that participated in a “Nursing escape room” believed that 
it helped them learn the subject, as well as motivated them to study. [4] An educational escape room 
for pharmacy students produced similar results, as students showed statistically significant increases 
in knowledge after completion of the game. [5] 

The aim of this study is to develop an escape room with three puzzles for use in demonstrating 
common mechatronic principles, such as gear trains, remote control and system identification. With 
a short completion time limit of 10 minutes, the main goal is to motivate potential students to take on 
technical university studies rather than teach new concepts. To evaluate the impact of the room, short 
questionnaires were developed to be filled by the participants before and after the game. Data from 
the questionnaires can be analyzed to find if the room improved motivation, and if the improvement 
happened also for people who originally were not very interested in the field. Before entering, the 
questions focus on success in studies and previous interest in the field, while questions after the game 
focus on the escape room experience. 

 



 

 

Methods 
Setting. The mechatronic escape room was constructed inside an office room at the Aalto Industrial 
Internet Campus in Espoo, Finland. Inside the room, three different mechatronic devices function as 
puzzles. These puzzles have to be completed in numerical order, starting from puzzle 1. Puzzles 2 
and 3 are locked in the beginning of the game and players can unlock them after completing the 
previous puzzle. After completing puzzle 3, players gain access to a key, which opens the exit door 
and ends the game. The game can be played in groups of 2-6 persons, with the optimal group size 
being four. Players are given a time limit of 10 minutes to complete all three puzzles and exit the 
room.  

Design.  As opposed to the usual time limit of around one hour, our time limit of 10 minutes 
requires the puzzles to be relatively straightforward. The room being aimed for high school students 
and prospective university students, the puzzles should ideally utilize only high school level physics 
or mathematics but also have some relevance in university studies. In the general design, “a danger 
in using the trappings of escape games, such as boxes with combination locks, is that designers can 
focus too heavily on “unlocking boxes” as the primary goal instead of exploring a narrative” [1].  

Another consideration is that the puzzles should use the advantage of having a hands-on 
environment, rather than just revealing a new set of equations to solve after completing previous ones. 
With our time limit, the puzzles should be easily understandable, as opposed to the usual mystery of 
finding the puzzle itself. The common escape room experience of mystery can still be maintained 
using different kinds of cheat sheets [6] that can reveal more information if in doubt. If possible 
without spoiling aforementioned mystery, plenty of instructions should be given beforehand in order 
to efficiently use the given time limit. 

Puzzle 1.  The first puzzle is intended to demonstrate capabilities related to Internet of Things 
(IoT), digitalization and remote control, as well as motivate participants by involving video streaming 
as an everyday phenomenon into engineering problems. A smartphone is used for the remote control, 
which is an important and reliable device for most of the target group. The mechanical components 
of the puzzle are also left visible to show the mechanical and practical aspects of the puzzle. 

Puzzle 2.   The second puzzle demonstrates mechanics, in particular gear ratio selection. As such, 
it shows the participants the importance of simple mechanisms, and rewards them through making 
the machine operational. The participants gain hands-on experience on building and using a  simple 
mechanism, as well as practical experience on gears and mechanics. 

Puzzle 3.   The last puzzle shows high school physics in action, making theory into something 
concrete. It also encourages system identification, as the puzzle is difficult to solve with random 
attempts. The main motivator is the connection of familiar concepts with real-life phenomena and 
practical mechatronics.   

Participants.   The escape room was designed mainly for high school students and other 
participants with similar knowledge or backgrounds. The puzzles are designed to motivate high 
school students and utilize concepts that should be understandable with high school level knowledge. 
Other groups, such as other second degree level, upper comprehensive school and university students, 
as well as professors etc. can also attend. However, these groups might find the difficulty level to be 
either too high or too low, as well as have problems with increasing their motivation regarding 
mechatronics. 

Participant survey.  In order to evaluate the feasibility of an escape room as a form of 
mechatronics teaching, participants are asked to complete a short survey before and after the game. 
The data can be then analyzed demographically. The pre-game survey consists of three claims 
intending to chart knowledge in the field and future study plans: 

 
1) I’ve had good academic success in physics and mathematics 
2) I have practical experience in mechanics or electronics (e.g. related hobbies) 
3) I am considering studying engineering in the future 
 



 

 

The post-game survey consists of five claims, which focus on the escape room experience to find 
out which particular factors would contribute to improving motivation: 

 
1) I enjoy going to escape rooms 
2) The escape room puzzles were interesting 
3) Knowledge of physics or mathematics helped me in the puzzles 
4) I enjoy hands-on working similar to solving puzzles 
5) The escape room motivated me to apply for further studies 
  
The responses to the claims are assessed on a 5-point Likert-type scale, with 5 corresponding to 

totally agree and 1 corresponding to totally disagree. 

Results 

Final design of the puzzles. The final design of the puzzles was done by using 3D CAD modelling 
software as well as the design guidelines described in the design chapter. The models are sketches 
and have deliberate nonspecificity in order to make small design changes possible during building. 
All of the puzzles utilize microcontrollers and motor drivers, as well as electric motors. Puzzle 1 uses 
two servo motors and a stepper motor, while puzzles 2 and 3 use DC motors. 

Puzzle 1. The puzzle consists of a web camera placed on a tray, which moves on a linear guide 
rail. The position of the camera tray (movement, rotation & tilting angle) can be adjusted using an 
IoT platform called Blynk, which is preinstalled in a mobile phone placed inside the room. The 
assembly is placed inside a sealed box and users have to find clues inside it by changing the angle 
and placement of the camera using Blynk. In order to see inside the box, live video feed from the web 
camera is shown on a screen placed next to the box. Participants can see the camera and mechanical 
components of the assembly through a small window, so that the relationship between camera 
movement and smartphone controls can be figured out. The clues are located on the inside wall of the 
box and cannot be seen from the window. After finding all the clues and solving the puzzle, a number 
lock can be opened. Inside the number lock there is a key, which can be used to access the next puzzle. 
A CAD model of puzzle 1 can be seen in figure 1. 
 

 

Figure 1. CAD model of puzzle 1. The web camera and linear guide rail are placed inside a sealed 
box, operated remotely from a smartphone. Clues are placed on the inside walls of the box. 

 
 



 

 

Puzzle 2. The key from the previous puzzle can be used to open a locker, where the user will find 
a timing belt and six matching pulleys. The puzzle itself has a DC motor and an empty freely rotating 
shaft. The DC motor runs at a constant speed when a momentary button is pushed. The user must 
insert the right combination of pulleys into the assembly in order to achieve the requested speed at 
the freely rotating shaft. This velocity is measured by an encoder and the current rotational velocity 
is shown on an LCD screen. When the correct combination of pulleys is set, the assembly will move 
a lever mechanism that releases the key to open the next puzzle. A CAD model of puzzle 2 can be 
seen in figure 2. 
 

 

Figure 2. CAD model of puzzle 2. The DC motor is connected to the freely rotating shaft with a 
timing belt and pulleys. The design allows small horizontal movement of the shaft in order to fit 

different size pulleys with only one timing belt. The belt is kept tight with a spring system. 
 

Puzzle 3. The key received from puzzle 2 fits to a locked box, which has an adjuster for an encoder 
and a release button inside. The puzzle itself is similar to a small minigolf track. After opening the 
box, players are able to set the angle of a pendulum, which acts as a minigolf club. The angle is set 
using the encoder adjuster. When the angle has been set, the release button releases the club and the 
club will hit a ball causing an impulse. The task is to adjust the club to the correct angle, which will 
result in the ball landing inside a hole at the end of the track. The purpose of this puzzle is to help the 
user understand how the club’s potential energy transforms into the ball’s kinetic energy and that the 
release height of the club is the exact same height as the hole minus losses (friction between the ball 
and the surface). When the ball enters the hole, it will release a key for the last door of the escape 
room. A CAD model of puzzle 3 can be seen in figure 3. 
 
 
 



 

 

 

Figure 3. CAD model of puzzle 3, which resembles a small minigolf track. After the angle for the 
club is set, it will fall freely and strike the ball. If the angle is set correctly, the ball will fall inside 

the hole and drop the key placed on the mechanism (right) into the trough. 

Discussion 

Analyzing the puzzles, the time limit of 10 minutes proves to be very restricting in terms of puzzle 
design. Especially with three puzzles, the problems have to be simple enough to consist mostly of 
using high-school physics rather than learning new things, which could have a significantly higher 
impact on motivation. Having only one, more complicated puzzle might achieve this better, but we 
feel that the escape room format still lends itself better to longer time periods of at least half an hour.  

Suitable participants can be invited to the escape room in individual 2-6 person groups or in larger 
batches of said groups. However, for optimal data gathering and efficiency, the escape room should 
be organised in a larger public event, for example as part of a student or engineering convention. With 
the time limit of 10 minutes and an optimal group size of four, an eight hour convention could result  
in up to 96 participants (this number includes set-up times, breaks etc.).  

If the results (from both practical aspects and from the survey) gained from a public event etc. turn 
out as positive, future uses could include expanding and further developing the escape room. This 
could include for example developing the existing puzzles according to the data gathered, as well as 
adding more puzzles to the room. Modern escape rooms typically consist of multiple rooms, which 
would add to the experience. Expanding the space would be necessary especially if more puzzles 
were to be added. In any case, expanding or further developing the room would most likely have to 
include expanding the duration of the game. By extending the duration, the escape room could also 
be used for teaching purposes, not only for motivation. More time would allow for more complicated 
puzzles and concepts, which in turn would encourage a deeper thinking process while completing the 
puzzles. 
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Abstract 
Suspension is an important vehicle system because it provides steering stability with good handling 
and comfort in different road conditions. Among the various types of suspension system, semi-active 
hydraulic suspension systems are becoming increasingly popular since they require minimal energy 
to be driven while offering very good performance compared to other solutions. The damping 
coefficient of semi-active dampers can be varied by adjusting the spool inside the proportional valve. 
To obtain the desired performance and damping force, a proper control system should be created and 
tested. However, currently testing and tuning suspension systems are time consuming and expensive 
and software-only simulations are not very accurate due to phenomena like fiction and hysteresis. 
This study proposes a light and cost-effective single board computer (SBC) based hardware-in-the-
loop (HIL) simulation test setup for testing and tuning semi-active suspension systems. Another goal 
for test setup is improving usability of control units of HIL systems. The hydraulic test bench was 
built and tested by driving it through Raspberry Pi (RPi). The necessary signal processing circuits 
were developed and tested separately from the system. The IoT capabilities of the RPi were also 
validated by uploading and running Simulink model on the board and tuning model parameters during 
control system simulations. 

Introduction  

Hydraulic dampers are widely employed in the suspension system, especially on heavy vehicles, in 
order to provide good vibration isolation, high ride comfort level and better handling stability [1]. 
However, they suffer from a significant disadvantage due to the change in high-frequency 
characteristics. In order to mitigate the consequent negative effects, semi-active control strategies for 
hydraulic dampers have been developed to enhance the performance of passive suspensions [2].    

Semi-active hydraulic suspension systems are becoming more widely used because they require 
minimum amount of energy to function and they exhibit good performances [3]. In fact, in semi-
active damping systems, the damping coefficient can be varied, and the desired damping force can be 
obtained by adjusting the spool displacement of an electro-hydraulic proportional valve [4]. 

In order to obtain the characteristics of a suspension system it is necessary to simulate the 
suspension system, but there are several challenges associated with the simulation process. Several 
simulation models have been developed to test hydraulic suspension systems, but the results of the 
simulations are relatively inaccurate. Phenomena like friction or hysteresis of the damper are very 
difficult to accurately simulate using software. On the other hand, testing the real process has proved 
to be difficult, expensive or time consuming. [5]  

Hardware-in-the-loop (HIL) simulation is an alternative which offers various benefits. HIL 
simulation system is a simulation system where some of the control-loop components are replaced 
by real hardware in order to get more accurate results. The HIL-system requires less time and costs 
compared to both software-only simulation system and real process simulation [5]. HIL simulations 
have been widely used in industry to simulate suspension systems of heavy vehicles [6].   

HIL simulations are commonly made using high-performance electronic platform Field-
programmable gate arrays (FPGA) [7]. However, the FPGAs require PC add-on cards for efficient 



communication interfaces for simulation which are significantly more costly than single board 
computers (SBC) such as Raspberry Pi (RPi) boards. In fact, the same study showed that the cheap 
and relatively easy-to-use RPi meets the requirements of real-time simulation. 

Another benefit of using RPi as main hardware for HIL simulation control is MATLAB support 
for Simulink block diagram environment for modeling the simulation system. The tool makes the 
development and tuning of the algorithms for simulations more convenient and efficient. In addition, 
the support package enables IoT communication with PC. The IoT-tool can be used to tune the 
parameters of Simulink control system of uploaded to Raspberry Pi and receive the data from 
simulations remotely from PC [8].   

The primary purpose of this study is to design a framework for a light SBC based HIL test setup 
to enable easy development of control systems for semi-active hydraulic damping. The designed 
framework could prove to be beneficial in several fields. Employing cost-effective and relatively easy 
to use SCBs, a simple, modular control system with IoT capabilities can be built for a test bench to 
test and validate suspensions systems. The framework would also ease the implementation of semi-
active suspensions, turning passive suspension systems into more efficient ones. It would improve 
the vehicle dynamics research, offering an easy and cost-effective way to obtain more accurate 
simulations results thanks to the hardware-software integration.  

System Description  

An HIL hydraulic test bench for examining the characteristics of suspension systems was designed. 
The HIL system is presented in Figure 1. In the test bench, a hydraulic actuator was coupled with a 
hydraulic damper to mimic a suspension system. A Simulink model with two control systems was 
created to control the hydraulic actuator and to adjust the damping coefficient. In the actuator control 
system, a simulated output signal, a road profile was generated and given as input for the hydraulic 
actuator. The damping control system controls the setting of a proportional valve connected to the 
damper in order to obtain the desired damping force. The Simulink model is uploaded from PC to 
RPi to run the control system standalone.  

 
The Hydraulic Test Bench. The hydraulic test bench consists of the following main components: 

the actuator, the damper and sensors. The test bench has two separate hydraulic circuits for the 
actuator and the damper. The hydraulic circuits of the test bench are shown in Figure 2.  
  

Figure 1 A simplified schematic presenting the working 
principle of the HIL system 



 

The actuator is a hydraulic cylinder which allows to generate a wide range of input so that the 
semi-active damping system can be tested in different road conditions. The actuator is in an open loop 
circuit with a fixed-pressure pump. The movement of the actuator is controlled actively by adjusting 
the servo solenoid directional control valve with the output of a simulation generated in the RPi. 

The damper is a double acting single rod cylinder. The damper system is a closed loop circuit, 
pressurized with an accumulator.  Both sides of the damper have a manually adjustable flow control 
valve, a proportional control solenoid valve and fixed pressure check valve. The manually adjustable 
flow control valves enable the pressure range in the damper circuit to be manually adjusted. The 
proportional flow control valves allow active control over the flow through the circuit. The fixed 
check valves limit the maximum pressure in the damper.  

As seen in Figure 2, the test bench has three sensors: two load cells and a position-velocity sensor. 
The load cells are attached to the cylinder rods and they measure the forces in both cylinders 
individually. A magnetostrictive linear sensor, with position and velocity outputs, is placed beside 
the damper to measure the position and velocity of the moving mass. 

 
Setting up Real-Time System. The SBC chosen for this research to run Simulink control system 

model was Raspberry Pi 3 B+ due to its cost-efficiency, accessibility and compatibility with 
MATLAB-tools. In a recent research, the RPi model 3B was used for validation of the SBC running 
real-time simulations standalone [7].  

The RPi model was missing analogue to digital converter (ADC), thus a 10-bit ADC hat was 
installed on the RPi board. In addition, the input and output signals of the RPi GPIO-pins have an 
operating voltage range of 0-3.3 V, while the voltage ranges for all the proportional valves and sensors 
are -10 V to +10 V. Thus, operational amplifier (OP-amp) circuits are required for converting signals 
in both directions. Since the proportional valves of the damper and the hydraulic actuator are 
controlled with PWM voltage, control shields were used for controlling the valves. A simplified  
schematic of the signal processing circuit is displayed in Figure 3. 

Figure 3 The signal processing circuit presenting the needed voltages for each component 

Figure 2 A schematic presenting the complete hydraulic circuit and sensor 
      



Since the signal from the sensor circuits are bipolar, a regular non-inverting OP-amp for scaling 
the amplitude of the signal is not sufficient for converting the signal to unipolar. Thus, a level shifter   
OP-amp circuit had to be designed for the conversion. The solution was to connect an offset voltage 
source to the ground. The electrical schematic of the level shifter OP-amp circuit can be seen from 
Figure 4.  

 
 

 

 

 

 

 

 

Figure 4 The circuit diagram for the designed non-inverting OP-amp level shifter 

Simulink support pack installed on RPi enabled the control of the RPi board I/O pins with Simulink 
blocks. The Simulink model was uploaded to the Raspberry Pi from PC via IoT communication. 
Another useful capability of the IoT-tool was the ability to tune parameters of Simulink model live 
PC when the algorithm is running on the RPi.  

 
Modeling the Real-Time Control System. A Simulink model, introduced in Figure 5, consisting 

of two control models was developed. The first one (green), was used to simulate the road profile and 
to control the actuator, the second one (blue), controlled the damping coefficient and so the damping 
force. The Simulink model was uploaded on the SBC, which worked as the system control unit.  

The first control model simulates the desired road profile employed to test the examined 
suspension system through the movement of a hydraulic cylinder, the actuator. In the developed 
control model, the digital PWM signal representing the road profile, in this case a chirp signal, was 
properly elaborated and employed to move the actuator piston by controlling the input pressure of the 
actuator. In the green subsystem, the sensor data, which would be used both by the control systems 
and during the analysis of the suspension system, is collected and postprocessed. The control system 
included a PID feedback loop which guarantees that the position profile of the actuator mirrors the 
generated profile. 

Figure 5 The Simulink model consisting of the road profile generator model (in green) 
and the control model (in blue) 



The second control model sets the proportional valve connected to the hydraulic damper in order 
to reach the desired damping force. To design the damper model, a simple model of a suspension 
system, presented in Figure 6, was developed. 

 
 
 
 
 
 
 
 
 
 
 
 
The variables and parameters used in the systems are: 
• Mass (𝑀𝑀𝑏𝑏), position (𝑥𝑥𝑏𝑏), velocity (�̇�𝑥𝑏𝑏) and acceleration (�̈�𝑥𝑏𝑏) of the sprung mass (body); 
• Mass (𝑀𝑀𝑤𝑤), position (𝑥𝑥𝑤𝑤), velocity (�̇�𝑥𝑤𝑤) and acceleration (�̈�𝑥𝑤𝑤) of the unsprung mass (wheel); 
• Road position (𝑥𝑥𝑟𝑟) 
• Spring stiffness (𝑘𝑘𝑠𝑠) and tire stiffness (𝑘𝑘𝑡𝑡); 
• Damping coefficient (𝑐𝑐𝑑𝑑). 

According to dynamic analysis, the governing equation of a suspension system are:  
 
𝑀𝑀𝑏𝑏�̈�𝑥𝑏𝑏 = −𝑘𝑘𝑠𝑠(𝑥𝑥𝑏𝑏 − 𝑥𝑥𝑤𝑤)− 𝑓𝑓𝑑𝑑        (1) 
 

  𝑀𝑀𝑤𝑤�̈�𝑥𝑤𝑤 = 𝑘𝑘𝑠𝑠(𝑥𝑥𝑏𝑏 − 𝑥𝑥𝑤𝑤)−𝑘𝑘𝑡𝑡(𝑥𝑥𝑤𝑤 − 𝑥𝑥𝑟𝑟) + 𝑓𝑓𝑑𝑑      (2) 
 
where the force 𝑓𝑓𝑑𝑑 from the damping device is given by:  
 
𝑓𝑓𝑑𝑑 = 𝐶𝐶𝑑𝑑(�̇�𝑥𝑏𝑏 − �̇�𝑥𝑤𝑤)  for passive suspensions     (3)  

𝑓𝑓𝑑𝑑 = 𝑐𝑐𝑑𝑑(�̇�𝑥𝑏𝑏 − �̇�𝑥𝑤𝑤)   for semi-active suspensions     (4) 

In particular, in semi-active hydraulic suspensions the damping coefficient, c𝑑𝑑, depends on the 
opening of electro-proportional valves which regulate the inlet and outlet flow in the damper 
chambers. Skyhook control strategy was chosen to control the valves opening. The damping factor 
switches between high and low damping coefficient according to the velocity of the sprung mass and 
the unsprung mass by employing the logical rule, implemented in the blue subsystem in Figure 5: 

 

𝑐𝑐𝑑𝑑 = �
𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚        𝑖𝑖𝑓𝑓  �̇�𝑥𝑏𝑏(�̇�𝑥𝑏𝑏 − �̇�𝑥𝑤𝑤) ≥ 0
𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚      𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �̇�𝑥𝑏𝑏(�̇�𝑥𝑏𝑏 − �̇�𝑥𝑤𝑤) < 0       (5) 

Results  
The designed framework for the HIL test setup was validated by prototyping and testing the individual 
parts of the test setup. A test Simulink model was successfully uploaded to RPi from PC when both 
devices were connected under the same Wi-Fi. The models ran on RPi standalone without any 
complications. In addition, parameters of the Simulink model could be changed during simulation 
test runs. The hydraulic test bench and the control signal processing circuits were also validated by 
driving the hydraulic actuator with test Simulink models running on the RPi.  

Finally, the level shifter OP-amp circuit was tested with a load cell circuit of the test bench. The 
functionality of the OP-amp circuit was successfully validated, but there was an issue with accuracy 
of received sensor data. The resolution of the sensor circuits of the test bench were 16-bit. In order to 

Figure 6 Suspension system sketch 



run the RPi board in real-time, serial peripheral interface (SPI) communication must be used [7]. 
However, the availability of 16-bit SPI ADC modules with sufficient number of channels was limited. 
Thus, the 10-bit SPI ADC hat was acquired for the RPi board which dramatically decreased resolution 
of the sensor data. 

Discussion 

The SBC used in this research, Raspberry Pi 3B+, showed to have considerable limitations regarding 
the control and signal processing capabilities. The PWM output range and the analog input range, 
both being from 0 V to 3.3 V, pose challenges in the control system since industrial type sensors 
typically have an analog output range of 0 V to 10 V or -10 V to +10 V. Therefore, scaling the sensor 
output signal voltage range down to 0 V to 3.3 V results in larger error in given sensor data, making 
the system more sensitive to noise. Also, hand-soldered circuit boards for scaling the signal may be 
prone for disturbances. Therefore, using a more sophisticated SBC, namely industrial versions of RPi 
could be justified since they offer more flexibility regarding the PWM and analog input ranges.  

Utilizing an industrial RPi could result in a more simple and robust system, less prone for external 
signal errors, and it could provide better compatibility with 16-bit sensors. The control shields for the 
proportional valves and the signal processing circuits for the sensors would be replaced with one or 
two ready-made modules, depending on the manufacturer. However, since the main driver is still an 
RPi, the modules would still scale the voltage ranges down to 0 V to 3.3 V, so the error might still be 
significant. Furthermore, one of the key features of the presented system is cost efficiency. The 
control system was built with minimal use of expensive electrical components. The price of an 
industrial RPi is typically multiple times the price of a basic one and with additional modules the 
price range for the control system rises from some tens of euros to hundreds of euros [9]. 

Further research is required to validate the real-time capabilities of SBC running the control system 
model HIL simulations on the hydraulic testbench. Also, the capabilities of other industrial control 
applications in HIL simulations should be researched to compare SBC solutions with existing 
solutions. 
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Abstract 
Laser induced breakdown spectroscopy (LIBS) works by shooting laser light onto an optical system 
that initially expands the beam through an expanding lens and then focuses it on the sample through 
a focusing lens. Focusing the laser on the sample creates a plasma emitting light. This light is then 
focused on an optical fiber, through a light gathering optical system, which is connected to a 
spectrometer, where the results can be analyzed. In this research a design of a stand-off LIBS device 
is introduced.  

This research addresses a system that scans the environment, which means that the target distances 
vary. The system’s key components are a laser, lenses and mirrors to allow adjustments of the beam, 
to achieve ablation in the target sample, and the collection of emitted light from it. The importance 
of choosing the right components is significant in such optical setups where precision is of high 
priority. 

The research addresses a way to design a system that works as effectively as possible and gives 
high quality results regarding chemical composition of target material. The device is based on a 
Newtonian telescope model, whereas the target is to fit most of the optical components on the same 
optical axis. The results show that optically, such a setup is possible for a LIBS device. Results also 
show that the design of such a device allows parts to be made by additive manufacturing, as long as 
the optics are adjustable to maintain the precision. 

LIBS is a growing technology which can be used for many applications. There are still some 
limitations to the technology such as coatings of mirrors and lenses to allow wider wavelengths to 
pass through or reflect. 

Introduction 
Laser induced breakdown spectroscopy (LIBS) is not a new technology, but it can still be seen used 
in a variety of different applications. Most notable one being the ChemCam which is an integrated 
module on the Mars Science Laboratory Rover Curiosity. ChemCams purpose is to understand the 
chemical composition of rocks, minerals and soil on Mars using LIBS technology [1]. Another 
notable use of this technology comes from the U.S military that uses LIBS to detect explosives [2].  

LIBS works by shooting laser light onto an optical system that initially expands the beam through 
an expanding lens and then focuses it on the sample through a focusing lens. Focusing the laser on 
the sample creates a plasma emitting light. This light is then focused on an optical fiber, through a 
light gathering optical system, which is connected to a spectrometer, where the results can be 
analyzed.            

LIBS is a very useful technology to use for analyzing the chemical composition of different 
materials. LIBS as a technology has been around for a while, but there are lots of different variants 
and applications of the technology.          



 

In stand-off LIBS the range to the sample varies, which makes the device more complex since the 
position of the lenses and gathering optical fiber must be controlled so that the ablation point, and the 
gathering point of light stays optimal. A unique feature of LIBS is that samples can be detected 
remotely, which can be a valuable tool for determining different environmental samples [3].  

Receiving accurate data of the chemical compositions of rocks and minerals that are present in the 
mine, with the help of a stand-off LIBS system, is a lucrative option for the mining sector. Using a 
stand-off LIBS system is safe and gives accurate data of the structure and contents of the mine. 

The project is based on the Laine (2019) stand-off LIBS prototype, where optics related issues like 
focusing and energy reduction needed for ablation are to be improved. The key aspect to be improved 
is the focusing optics of the system. [4] The main challenge to tackle is that the device must collect  
plasma emission in a varying wavelength range, and that the device is able to work in varying 
distances. This means that the optics of the system must be controlled, in relation to distance to the 
sample. Béatrice Sallé et al. tested different setups in a laboratory environment that can be used to 
collect data at distances between 3 - 12 m [5].        

Gabriela Vítková et al. uses a three lens Galilean telescope to focus the laser and the collection is 
done with a Newtonian telescope equipped with a mirror which reflects the light into an optical fiber 
[6]. The ChemCam is able to collect data from 1 - 7 m distance by moving the secondary mirror 
which enables the laser to be focused onto different distances [1].      

The goal of this project is to improve the current optical setup which is not able to gather the 
desired amount of UV light and requires modifications. In this research the aim is to create an optical 
setup for a standoff LIBS system which can gather plasma emitting light from 200 - 950 nm. The 
optical setup must be able to gather the plasma emitting light from distances of 3 - 10 m.  

Methods 

The goal of the prototype was to get most of the lenses and mirrors to the same optical axis. In Fig. 1 
we can see an illustration of the system with light trajectory. The idea for the concept was based on 
the Newtonian telescope. 

 

     Fig. 1 The concept of the prototype with illustration of light behavior 
 
Optics. The laser was focused with a N-SF11 plano-concave lens (1) which breaks the laser light. 

The broken laser light was directed to a 45o laser mirror from which the light went through a N-BK7 
plano-convex lens (2) which focuses the laser light on to the wall. For the gathering optics a self-
made Newtonian telescope was used. The mirrors used for the telescope were UV enhanced 
aluminum mirrors for both the primary (3) and secondary (4) mirrors. The primary mirror is a 
spherical mirror that focuses the gathered light to one point which can be directed into the optical 
fiber. The secondary mirror is an elliptical mirror installed in a 45o angle to the primary mirror which 
was used for turning the gathered light 90o into the optical fiber. Focal point and sizes of mirrors and 
lenses can be found in table 1. 



 

Table 1 Mirrors and lenses used for the LIBS device. f = focal length. 
 Components Specifications 

1. N-SF11 plano-concave lens f = -15.0 [mm], Ø12.5 [mm] 

2. N-BK7 plano-convex lens f = 200.0 [mm], Ø75.0 [mm] 

3. Primary mirror f = 609.6 [mm], Ø150 [mm] 

4. Secondary mirror Minor axis: 22.23 [mm], Major axis: 31.42[mm] 

 
Prototyping. Some parts we had to customize ourselves to our specific needs, such as the telescope 

with necessary parts. The telescope frame and holders for the mirrors were 3D printed from ABS. 
These 3D printed parts were designed in a way that allowed adjustments of the positions and angles 
to achieve required precision for the system. 

Results 
Final 3D CAD assembly of the prototype (Fig. 3) was made in order to prove that the selected optical 
equipment can be fitted onto the given breadboard. Some parts were 3D printed to see if it was a 
viable option for manufacturing components for this kind of precise optical system.  

 

Fig. 3 Isometric view of the final LIBS setup with all the lenses and moving components visible 
 



 

 

Fig. 4 View from above of the LIBS setup 
 
 

 
 

Fig. 5 3D printed prototypes of the primary, secondary and laser mirror holders 
 

Design aims to maximize the utilized area of the primary mirror by keeping the area constructing 
the passage of the returning light at a minimum. By using this setup, over 50 % and up to 60 % of the 
primary mirror reflecting area gathers returning light from 3 to 10 m distances.  

 
Tests. This prototype can be tested to prove the concept of this kind of Newtonian telescope 

design. Aim of these tests are to determine the minimum laser power required for a successful 
spectrometry graph. Testing setup is going to have multiple ranges from 3 to 10 meters where a test 
sample can be reliably and reproducibly shot with the laser pulse using several different power levels 
of the laser. Then from the collected data from the spectrometer it can be seen what the minimum 
power level is to get a sufficient amount of plasma formation.       
  



 

Secondly, the ability to scan and adapt to the varying distance without affecting the data will be 
confirmed by a test setup. For this test, a uniform plane with a homogenous material is going to be 
placed in front of the laser. After this a LIBS scanning will be performed, and after this the gathered 
data will be analyzed to find if the device is able to perform a scanning with stable performance and 
without producing artefacts in the data. 

 
Controllers and Calibration. Stand-off LIBS means that the range varies, and the device is 

scanning the environment, which requires different controls, adjustments, and other techniques for 
calibration. For measuring distance, a laser rangefinder will be used, which measures the distance 
from the focusing lens to the sample. For achieving optimal ablation-point, the device will be 
calibrated by adjusting the negative laser expanding lens, and light receiving optical fiber linearly 
with stepper motors, to adjust the focus. Moreover, the optimal point is achieved by including the 
sound level, distance measurement from the rangefinder and light intensity in optical fiber, whereas 
maximum noise gives the best ablation effect. Measuring the sound level of the ablation effect will 
be captured with a microphone. The stepper motors for the negative lens uses Arduino based control 
to find the optimal position for highest sound intensity.        

Before scanning with the device, the calibration must be initiated. A test sample will be set at a 
distance, where both the rangefinder and laser beam hit the sample. A calibration point is then saved 
with information about distance of the rangefinder, and microphone reading. Furthermore, the LIBS 
is then turned on and the autofocus system drives the negative lens to the position with highest sound 
intensity, and the optical fiber drives to the position with highest light intensity. This calibration is 
done for multiple distances, and when finished, target positions for the steppers are calculated from 
the calibration curves.           

The primary mirror in the Newtonian telescope is manually adjustable by adjusting three points in 
the frame connected to the mirror. The optimal position of the mirror can be sought, by using a laser 
pointer as reference light to mimic the light emitting from the plasma in the calibration stage. 

Discussion 
Design that is presented in this research is a seemingly improved version of the LIBS scanner Laine 
built and described in his study [4]. Before making a definite claim that the prototype solves the 
problems, regarding the focusing and the amount of the gathered returning light, that Laine’s device 
struggled with, a working prototype should be built and tested. The usable primary mirror area is 5.9x 
larger. This then allows a lower laser power and higher pulse frequency. Lower power makes the 
device safer to the user and lower the energy consumption. Higher pulse frequency saves time as the 
scanning operation can be concluded faster. Next steps in the research and development are to make 
the system more reliable, mobile and robust. 
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Abstract  
The common problem with linear motors is the heat production which limits the performance and 
reduce the accuracy of the motor. In this research, temperature behaviour of Flat Type Linear Motor 
Carrier is simulated and verified with actual temperature measurements, and the accuracy of the 
applied methodology is evaluated. Simulation consists of two parts: (1) Estimation of power losses 
in heat generation, and (2) steady state heat transfer analysis at estimated power losses. Electric power 
losses are calculated based on the power loss equations, given in motor documentation. Heat transfer 
analysis is carried out with calculated power losses, at moderate convection coefficient of the air. 
Simulations and experimental evaluation prove that temperature behaviour of the linear motor carrier 
can be estimated precisely using this methodology. 

Introduction 
As a demand of speed and accuracy in modern manufacturing, linear motors are nowadays used in 
many high-performance machine tools and production machines. Linear motors offer high power 
density in compact design. Because of the direct drive mechanism, they can produce fast and precise 
movements with high forces without any backlash. There are no wearing drive components in the 
main actuator, which could break down or affect the accuracy, making the linear motors durable and 
reliable linear actuators. [1] The working principle of a permanent magnet linear motor (PMLM) is 
similar to a normal rotary servo motor. A Flat type permanent magnet linear motor consist of the coil 
section, called the primary section, and the permanent magnet track, called the secondary section. 
The primary is attached to the linear motor carrier, which moves along the secondary track. The 
motion force is generated by applying varying current to the primary section coils, which creates a 
magnetic field around the coils.  This magnetic field creates a magnetic force between the primary 
and secondary section, making the carrier to move along the track. The motor speed is controlled by 
changing the frequency of the current, and the force is controlled with the level of the current. [2] 

The major drawback of linear motors is the heat generated in the primary coils due resistance at 
high currents, which limits the performance and accuracy of the motor. Because the primary section 
is attached to the motor carrier, the heat conducts straight to the working area causing unwanted heat 
stress and deformation. Two studies can be found to investigate the deformation of the linear motor 
carriage due to the temperature [3] [4] using FEM-analysis as a primary tool. One of them [4] assumed 
the thermal deformation can be 70% of the total positioning error. The coils and other parts of the 
motor can also suffer significant damage due to the excessive heat, so the temperature behavior must 
always be considered when designing the working cycles. There is also research done on the effect 
of the water-cooling system used in the linear motor [5], and the effect of the different permanent  
magnet rotor configurations on temperature [6].  

In this research we are testing and simulating the temperature behavior of Siemens 1FN3-3050 
linear motor [1], which is a PMLM controller with Sinumerik 840d sl CNC-controller [7]. We are 
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developing a simulation model/method to analyze the temperature behavior of a flat type linear motor 
using Solidworks´ thermal simulation-analysis along with MATLAB Simulink. We are also using 
experimental tests to study the temperature behavior in real life by applying external load to the motor 
and running it over continuous duty-cycle while measuring the temperature on the top of the carriage. 
The experimental results and simulation results are compared to verify the accuracy of simulation.  

Methodology 
For the purposes of this study, the carriage section of Siemens 1FN3-3050 linear motor was modified 
in a way, that different loads can be attached to it. Two different temperature sensors were used to 
obtain the temperature values, close to the top surface of the coil section at two different locations. 
An intermittent cycle with rapid movement was utilized to study the long-term effect of the heat 
generation in the coil section. Water cooling which is used for cooling the coils section was disabled 
so, that the heat would only be transferred to the aluminum carrier. Test drive for linear motor was 
implemented with 15.6 kg additional mass and motor movement cycle was done with a speed of 
30000 mm/min for 150 mm with 0.2 s dwell periods between movements. This cycle was continued 
for 1 h 42 min. 

 

 
 

Figure 1. Empirical test setup. Carrier bottom (left side). Carrier top (right side).  

To simulate the behaviour of the linear motor, a Simulink model was created. Then, heat transfer 
analysis in Solidworks was performed to simulate temperature distribution, depending on the power 
losses obtained from Simulink model. Finally, data obtained from heat analysis was compared with 
sensors data to validate the study. 

 
MATLAB/Simulink Model. A simple MATLAB/Simulink model was developed based on 

temperature equations, coefficients and constants given in motor documentation at rated power 
consumption, when the motor operates at rated velocity exerting rated force, to estimate the electric 
power losses in heating the coils (Figure 2). 



 

 

Figure 2. Simulink model for calculating heat power loss from current data obtained from 
Sinumerik CNC-control data trace. 

For simulation of power losses into temperature, data was obtained from Sinumerik control user 
interface. In MATLAB/Simulink this data was accessed from a spreadsheet. Frictional and 
electromagnetic losses and water cooling are ignored in the Simulink model and disabled on the motor 
itself. The average of current data was supplied to electric losses equations to compute the average 
power lost in heating the coils. The average power obtained from simulation was utilized to perform 
Heat Transfer Analysis in Solidworks. All the graphs displayed in paper are according to simulation 
time and time step. The power loss was calculated using equation (1) 

PV,N = 3·RSTR(TN)·IN2          (1) 

Where PV,N is power loss at rated temperature TN , rated current IN and line resistance of the winding 
at a winding temperature of 20 °C, RSTR. The line resistance RSTR can be calculated for other 
temperatures as follows, with the temperature coefficients α = 0.00393 1/K for copper using equation 
(2) 

RSTR(T) = RSTR,20[1 + α(T - 20 °C)]       (2) 

For the sake of simplicity, it was assumed in simulation that the temperature rises linearly from 
20 °C to 23 °C within 10 s, while the motor operates at rated power. The constants used in simulation 
are given in the Table 1. 

 
Table 1. Constants used in Simulink modelling 

Rated temperature TN 120 °C 
Motor winding resistance at 

20 °C 
RSTR,20 4.8 Ω 

Rated current IN 2.82 A 
Rated Force FN 151 N 

 
Heat Transfer Analysis. The heat transfer Analysis was based on the energy efficiency of the 

coil. The supplied electrical power from the motor driver was transformed into mechanical power and 
heat loss. In a steady state mode, the dissipated heat loss leads to a heat equilibrium after the motor 
started working in the same cycle for considerable amount of time. This was observed by means of 
the implemented sensors on the top of the coil section and recording their values over time. Following 
this logic for heat analysis, steady state analysis was performed for the carriage component. Inputs 
and boundary conditions for heat power and heat convection were obtained with the following 
methods. 



 

 
Heat Power. The value for this parameter was the difference between power input from the driver 

and the mechanical power. Since the coil section was not in the complete contact with aluminium 
carriage, the CAD model was also modified as Figure 1 to comply with the real component as the 
way it was in contact through the aluminium contact plates presented on the left side of the Figure 1.  

Convection. The convection from the part and the surrounding area plays a major role in the heat 
dissipation. The governing equation for convection is (3): 

q=h(Tair-Tsurface)          (3) 

Where Tair is the ambient temperature. Since the movement of the carriage was rapid but quite 
short, convection coefficient of the air for the simulation was set at 11 W/m2K which was the value 
associated with almost still air over a surface [8]. Also, the ambient temperature for simulation was 
taken as the temperature of the test day. All the important and exposed surfaces to the open air were 
taken as the active surfaces and included in convection. 

Results 
Simulink simulation. The Simulink model simulation as shown in the Figure 3, shows the average 
electric power losses as a function of time. The value reaches to 49.68 W at the end of the cycle. This 
value was also used as the heat power which is induced to the aluminum carrier in heat transfer 
analysis. 

 

Figure 3. Electric power losses as a function from time from the Simulink simulation. 

Heat Transfer Analysis in Solidworks. Heat transfer FEM-analysis in Solidworks as shown in 
Figure 4 and Figure 5, demonstrate the temperature distribution in aluminum part. Based on the results 
from the analysis, at the locations where temperature sensors are located derived values are around 
57 degrees. 

 



 

 

Figure 4. Steady state FEM analysis results of the carrier with top and bottom view of the carrier. 

 

Figure 5. Steady state FEM analysis of the carrier with a temperature scale and a section view of 
the carrier.  

Empirical tests. After running the cycle for 1 h 42 min, temperature recorded by the thermistor 
temperature sensor at the top of the coil section is increased from 22.6 °C to 56.9 °C (Figure 6). This 
value is quite close to the value obtained from the heat simulation. It can be concluded that the heat 
loss value from Simulink model is quite close to the real heat loss and heat simulation is showing 
accurate temperature distribution. 
 



 

 

Figure 6. Actual measurement of test drive. 

Discussion 
The results from the simulation and empirical test are close to each other with final temperature of 
57 ℃. Some assumptions made for the simulation constants, like air convection from the motor 
carrier, have small effects of how accurate the simulation results are. To be completely sure about the 
accuracy of the simulation results, more tests and comparison with different kind of cycles are needed 
to be done. The results and methods used in this work can be used to further study the load and cycle 
effect on temperature in the flat type linear motors. With the same experimental setup motor could be 
driven with different loads and working cycles to study how they affect to the heat generation. The 
effect of the water-cooling system could be also studied by driving the different cycles with the water 
cooling on or off. The simulation model/method could be also expanded/modified to study the 
temperature behavior over other kind of cycles. The model can also be used as inspiration for studying 
performance of linear motors or the temperature behavior in other applications. 
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Abstract 

Major part of metal additive manufacturing is done with powder bed-based methods. When printing 
parts with overhangs, support structures are needed. Metal powder trapped inside the support 
structures needs to be removed before detaching the part from building platform and before post-
processing. Powder removal is intensive and time-consuming labour if it is done manually. Manual 
powder removal can also pose safety risks, such as respiratory damage. With the use of an automatic 
powder removal device the process can be performed without manual labour, while providing 
constant results and in a safe manner. In this study, a design for automatic powder removal device for 
metal additive manufacturing is proposed. The device is designed for research purposes with the focus 
in safety, simplicity and low cost. It provides a safe and simple way to perform powder removal by 
users with no prior experience. 

Introduction 
Metal additive manufacturing (AM) has been recognized as a useful way to produce complex metal 
parts [1]. In addition, the method offers a practical way to prototype machine parts with realistic 
properties. Major part of metal additive manufacturing is done with powder bed-based methods. This 
is a beneficial way to keep the durable structure of the metal while utilizing additive manufacturing. 

Major part of AM produced parts are so complex that their dimensional control and surface 
integrity is degraded during the AM process. Proper heat conduction and support for overhang 
structures are needed. These matters form a requirement for support structures to be included in the 
construct [2]. During the AM process, significant amount of the powder is left into these support 
structures. Residual powder must be removed before post-processing the surface and before the final 
heat treatments [3]. This creates the need for a powder removal device [4]. A careful powder removal 
will help preventing the potential risks related to the use of the powder, such as damaging organs if 
inhaled or triggering an explosion if heated [5].  

There is a low number of powder removal devices, since traditional ways are possible to use, 
despite being hazardous and inefficient [6]. Traditional ways mean for example removing the powder 
by hammering the AM build plate as it is placed upside down on a container. Hammering gets the 
powder moving out of the structures and then it falls to the container. Lack of cover and sealing is 
what makes the traditional removal process hazardous. The potential contamination risk is the most 
significant one. The lack of monitoring makes the method inefficient. It is impossible to confirm 
when all the powder is removed. Some existing powder removal devices are in industrial use, but 
they are expensive and not suitable for experimenting with different powder removal methods [6].  

In this research, a cost-efficient AM powder removal device design with removal method 
experimenting possibilities is introduced. The design covers the mechanical, electrical and control 
design for a functional device. With the completed design and some physical prototyping, it is 
proposed that this type of a design is possible to be implemented in practice. 



 

Methods 
When the printing has been finished, the workpiece is left attached on the build plate as the removal 
device is designed for the standard sized build plate. After the powder removal process the workpiece 
can be removed from the building platform for post-processing. The main requirement for the device 
is that it can remove all the loose powder from the printed part and building platform in a specified 
time. To realize the operating principle of the device, the intended operating procedure is listed phase 
by phase. Most common post-processes include heat treatments and surface treatments. The 
procedure phases are as follows:  

 
1. Operator detaches build plate from the printer.  
2. Operator attaches the build plate to the base on the rotational axle of the removal device.  
3. Operator closes the device and starts the removal process.  
4. Device turns the workpiece around two axes. This enables all the structure cavities to open 

upside down for the powder to flow away.  
5. Device vibrates in order to get powder to flow out.  
6. Procedure enables removal of powder and when the cycle has ended, the part contains no 

powder in its structures. 
 

Key components are the two axle constructions that enable the orientation changes around primary 
and secondary axes during the removal process, and the vibration motor which is used to get trapped 
powder to flow out from the support structures of the printed part. The axes can be seen in Fig. 1. 

 

 
Figure 1. Rotational axes of the mechanism. 

 
Components used to construct the powder removal device have several requirements concerning 

safety and torsional and vibrational stresses related to the operation of both axes and the vibration 
motor. As the axes are rotated, torque from the mass of the build plate and motors is applied to the 
stepper motors, which must be taken into account.  

A vital tool during the design process was CAD (computer aided design). Feasibility of the 
operational principle and each modelled component were ensured in the assembly before practical 
realization. Development of the design and placement was an iterative process of modification and 
adaptation. Additive manufacturing was utilized in the production of the modelled belt drive pulleys. 
PLA (polylactic acid) extrusion was utilized as it offers rapid prototyping possibilities and the 
resources for this were easily accessible. 

 In order to achieve safe operation, surrounding chamber walls must be airtight to keep the 
hazardous metal powder from spreading into the air around the device. This is achieved by using 
polycarbonate panels with rubber seals all around the chamber walls. In addition, reduced air pressure 
inside the chamber, achieved with a fan, helps to keep air born powder inside the system. 

Fig. 2 shows the main components of the device, their purpose and specifications. Rotational 
movement of the 3D printed part is achieved with two stepper motors, since they have suitable torque, 



 

and they are easily and precisely controlled with a microcontroller. The horizontal primary axle 
movement requires more torque (~7 Nm), and therefore a 50:1 reduction gear was used along a Nema 
23 sized stepper motor. The vertical secondary axle rotation will be achieved with another Nema 23 
stepper motor, but without gearing. 

 Arduino Mega was chosen as the controller of the powder removal device. Programming was 
done in C, using programming libraries LiquidCrystal for the user interface display and Stepper for 
the stepper motors. Main focus for the program structure was simplicity and intuitive user experience. 

 

 
Figure 2. Simplified circuit diagram. 

Results 
CAD model and physical prototype of the main mechanism of the device can be seen in Fig. 3, which 
includes the primary and secondary axes implemented with the specified stepper motors, vibration 
motor and belt drive components.  

 

 

       
Figure 3. CAD model and physical prototype of the main mechanism. 

 



 

The frame for the device was constructed mainly from aluminum T-slot profile and polycarbonate 
panels for easy modularity and low cost. Dampening rubber materials were used on bearing mounts 
and the polycarbonate panels to minimize unwanted vibrations from the vibration motor to the 
chamber frame. The inside chamber dimensions are 700 x 700 x 500 mm to enable easy and 
ergonomic installation of the build plate while allowing 360° rotation movement to take place. The 
chamber frame can be seen in Fig. 4. 

 

 
 

     Figure 4. The frame with airtight chamber for the device. 
 
Major benefit of the design of the device is the compatibility with different build plates. Initially 

the build plate base of the device is designed for standard medium sized building platform with 
dimensions of 250 x 250 x 36 mm and weight of 17 kg. This type of build plate is used in EOS M 
290 PBF printer, which was used as a guideline in the design. However, it is possible to fit similar 
build plates with various thickness dimensions if the attachment screw holes are in the same place. 
Regarding different build plate area dimensions, the designed base is possible to be modified by 
adding screw holes to fit the new build plate dimensions. 

The mechanism for rotating the build plate is assembled on an aluminum T-slot bar. The primary 
axle is suspended between two bearings, which are isolated from the rest of the frame with rubber 
mounts. Movement for the primary axis rotation is provided by a stepper motor and a reduction gear. 
The secondary axis is mounted perpendicular to the primary axis and rotated by a stepper motor and 
a belt drive with a gear ratio of 1:2. 

Vibration for dislodging the powder was achieved with an eccentric steel weight mounted to the 
shaft of a DC motor. The frequency of the vibration can be adjusted by changing the output voltage 
of the power supply, while the amplitude can be changed by changing the dimensions of the eccentric 
weight. Vibration motor assembly is presented in Fig. 5. 

 



 

 
Figure 5. Vibration motor assembly, with a DC motor, steel mounting bracket and an 

eccentric weight installed to its shaft.  
 
As the goal of this project was to design a user-friendly device, the program code for the user 

interface was designed to be as simple as possible. The code consists of five functions: main function 
where the user is advised to choose a duration for the removal process between four different levels, 
and a function for each duration. This gives the user only the necessary controls: start, stop and 
duration. 

Discussion  
This work presented a design of a metal AM powder removal device. Advantages of this design are 
cost-efficiency and simple mechanism. In addition, this design is possible to be modified with 
relatively low effort as the aluminium profiles provide rails to adjust the location of the motors and 
axles to be suitable for various powder removal cases.  

To further improve the device, a scale for measuring the amount of removed powder could be 
added. This would give more confidence to the user, since the device could inform the user that no 
more powder is being removed from the printed part after certain amount of time. The scale could 
also be used for optimizing support structures in terms of trapped build material powder, since the 
amount of removed powder could be quantified. 

Another possible future improvement is to add a second way of introducing an impact to the build 
plate for dislodging build material powder. For example, a pneumatic cylinder with a striker can be 
added to the primary axis, providing a greater impact force alongside the vibration produced by the 
current solution.   

The size of the chamber frame around the main mechanism could be made more compact as the 
depth does not necessarily need to be 700 mm as the workpiece does not need to be turned around 
360°. It is enough if the part is rotated around 180°, because this would already enable moving the 
part to all needed orientations to make the removal efficient. 
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Abstract 
While the need to reorient crane loads while in-air exists, only a few products are available on the 
market which attempt to fulfill this specific purpose, but there exist inherent limitations. This study 
describes an under-the-hook device, that allows re-orientation of a load during an overhead crane lift. 
To develop such a device, product development methods were used to create, evaluate and narrow 
down different solution concepts for the problem. The resulting system structure was mechanically 
and electrically designed, and portions of the system were tested. A control logic for the operation of 
the product was developed, showing that proposed system has the potential to proceed to full size 
prototype phase. From product development perspective, this study presents a solution for mid-lift 
load rotation and guides the future development possibilities for the device.  

Introduction 
The overhead crane has been a tool used for industry even as far back through time as the Roman 
Empire [1]. The major purpose of these tools is to lift and move large, heavy objects. These machines 
vary in form depending on their application. Mobile cranes attached to road-legal vehicles, tower 
cranes used to build ever taller buildings in modern cities, and overhead cranes used inside industrial 
buildings are among those used most commonly today [2]. 

While hoisting and movement are carried out by the crane, additional tools have been developed 
for use with the machines to enhance their capabilities. One such additional tool is coined the “below-
the-hook lifting device,” or a BTH device for short. This is defined as a tool which is used to secure 
the payload and attach it to the crane’s hoisting hook so that moving the object can be done safely for 
personnel and efficiently [3]. Common examples of BTH devices include coil hooks, gripping lifters, 
pallet lifters, and spreader beams and bars. The spreader beam is of key importance when lifting 
objects of greater length. This is a bar attached to the crane hook which provides multiple possible 
points for rigging to be attached, allowing for a more distributed load on the payload and an increase 
in stability of the system [4]. Existing versions of this design allow for adjustment of two to four 
hoisting points [5, 6]. 

Manipulation of a load once it is airborne can be of interest. This could simply mean changing its 
orientation. Examples of this exist in the form of die-turners and machines that complete the same 
process. With these machines, a strap is slung around the load when it is lifted. These straps are then 
fed through a pair of roller blocks such that they rotate the load over one axis of rotation [3], which 
resembles the motion of a workpiece in a lathe. Options which have the freedom to rotate a workpiece 
over two axes are not widely available.  

Devices capable of rotating a load 360 degrees about one axis are available in the form of “die-
turner” or “turnover” spreader beams [7]. This is achieved by feeding a continuous lifting strap 
through rollers and letting the load be cradled by the strap, allowing it to fall in a controlled manner 



 

as it is rolled end over end. This approach does not allow for solid connections to the work piece. 
Methods like the spreader beam constructions [5, 6] allow for this solid connection to the workpiece. 

In this study, system which has the capability of rotating a crane payload around two axes of 
freedom and can be adjusted remotely is developed, and its specifications described. 

Methods 

The primary goal of the development process is the creation of a BTH device capable of remotely 
controlling the rotating of a crane load about one or more axes. Operation is desired to be easy and 
safe. All motions of the frame in reaction to the changing orientation of the load should be made 
automatically. Control logic is therefore included as a key component of the solution. 

Research was conducted into the state of the art and pre-existing solutions to the problem 
statement. The results of the research led to product-development-inspired ideation sessions, during 
which potential systems, components, and functionalities were proposed. The identified major 
subsystems and solutions are documented as a morphological table in Table 1. From this pool of 
ideas, the four most promising designs were further developed into detailed product proposals. The 
proposals were evaluated using the following criteria: 1. rotation along first axis, 2. rotation along 
second axis, 3. number of parts in assembly, 4. end user usability, 5. manufacturability, 6. ease of 
coding, 7. level of innovation. 

 
Table 1. Morphological Table of Potential Components and Features for Novel BTH Device 

 

Support 
frame 

 
rectangular 

 
gimbal 

 
none 

 
arc-

shaped 
 

tubular 
Sling 

shortening 
method 

Screw rope drum twisting pulley gear 

Number of 
lifting 
slings 

3 pcs 4 pcs 8 pcs   

Degrees-of-
freedom 1 2 3   

Hoist 
method straps chains strings cables  

Orientation 
sensing 
method 

sensor on 
load 

sensor in 
frame 

inclinometers 
on the slings 

camera on 
frame  

Powering 
method 

battery on 
frame 

cable to crane 
superstructure 

cable straight 
from wall   

 
The concepts were further refined through iterative prototyping and validated with 3D modeling 

software. The concept to be developed has componentry based on the underlined subsystem solutions 
in Table 1. 

 
  

Solutions Subsystem
s 



 

Results 

The product development methods outlined in the methods section culminate in the following 
description of a potential product design. Figure 1 describes the geometry of the product, with 
numbers indicating points of interest. This spreader beam design brings together the final decisions 
of the design phase. These include attempting to control an object with fixed lifting attachment points. 
Furthermore, the range of motion desired included two perpendicular axes of rotation.  

 

 
Figure 1. Image of the proposed adjustable spreader beam. Isometric view on the left, 
side view on the right. Points of interest (POI) include: 1. Steel frame, 2. Four electric 
winches, 3. Two linearly translating trolley assemblies, 4. Two rails, 5. Two stepper 
motor driven ball screw assemblies, 6. Frame mounted inertial measurement unit, 7. 
microcontroller, 8. Two relay modules, 9. Bluetooth receiver, 10. Four lifting eyes.  

 
System Design. The primary frame is constructed out of steel tubing. Rotation of the load is 

achieved with four independently operable winches. Trolleys are attached to carts equipped with 
linear bearings which ride along rails mounted on the top side of the frame. Suspension of the frame 
utilizes lifting eyes attached to each corner. Stepper motors, along with ball screws, are used to 
translate the trolleys. 

To ensure safety and reliable operation, the frame is to be kept level with the ground. While the 
winches are operated by user input the frame will be kept level with a controller automatically 
actuating the stepper motors and, therefore, the trolley positions relative to the crane hook.  



 

Control. Operation of the winches is accomplished with the microcontroller mounted in the center 
of the frame. As shown in Figure 2 the microcontroller is controlled via Bluetooth from an external 
sender. The commands received by the main microcontroller are then interpreted and sent to the relay 
modules to operate the four winches based on what movement prompt the user has supplied. 

The electric and control systems schematic displayed in Figure 2 details the connections and 
functionality of the two subsystems: the user-input device, and the spreader beam. All the systems 
presented in the diagram have been tested individually for functionality. To test the application of the 
user-input device, a smartphone was used with the rudimentary interface illustrated in the top left of 
Figure 2. Power is supplied to the system from an external 230 V source. 

The four lifting winches installed under the trolleys are commercial winches, which are modified 
for the purpose by disassembling the control pendant. The control architecture of the pendants is 
rewired through two circuit boards hosting 8 digitally controlled relays each. These relays are 
controlled using a common microcontroller. This enables running the winches individually or at the 
same time. The winches are powered with standard 230 V / 50 Hz input, and the lifting hooks are 
moved at a constant speed of 4 m/min. 

 
Figure 2. Schematic of the product’s electrical system. The user interface device for the 
system is shown in the top left corner and the electric system mounted on the frame wraps 
around the image from lower left corner to top right corner. These two systems 
communicate through Bluetooth modules. Winches are controlled based on the user 
input from the controller. The steppers are controlled based on the IMU module output. 

 
The winches are controlled wirelessly through use of a Bluetooth device compatible with the 

Bluetooth module of choice connected to the frame microcontroller. The handheld controller has a 
joystick functionality. Each movement of the joystick indicates a change in the orientation of the 
workload. This command is then interpreted, and the winches are lengthened or shortened 
accordingly. For tilting there are four different commands the controller can send, one for both 
rotation directions for each rotation axis. In addition to this, a reset button was added to the controller. 
The purpose of it is to level the load by first pulling all winches up to their minimum length and then 
lowering them by some set amount. This allows inbuilt limit switches in the winches to let the winches 
which have reached max up to disregard the “up” command until they are all in the same position, 
after which they are lowered to be attached to the load. 



 

Automatic control of the trolley positions is achieved by implementing a control schema based on 
the data collected from the frame-mounted inertial measurement unit, IMU. This sensor produces a 
digital output based on the orientation of the frame. As the winches are adjusted to rotate the crane 
load, the center of gravity of the workpiece relative to the support connections may change. This 
change of balance can cause the frame to tilt in the direction of the center of gravity relative to its 
midline.  

To bring the frame back into level, the trolleys are moved in an attempt to bring the center of 
gravity of the load in line with the crane hook. This is done by actuating the stepper motors, thus 
moving the ball screw assemblies and therefore the trolleys. Each stepper motor is controlled 
individually with PID controllers. The input for the controllers is the tilt angle of the frame, which is 
obtained from the MPU-6050 accelerometer/gyroscope sensor, and output is the movement of the 
trolleys.  

The stepper motors include encoders, allowing the monitoring of their position by recoding the 
number of rotations that are made by the motor. This information combined with the tilt of the frame 
provided by the IMU allow the controllers to attempt to adjust the position of the trolleys to bring the 
frame into level. The most stable position for the trolleys is outboard of the lifting points on the load. 
Therefore, the zero position of the trolleys is at the full-out position. The controller attempts to move 
the center of gravity of the load back to the centerline of the frame by first moving the higher trolley 
toward the zero position if possible and lower towards centerline of the frame if not or the frame still 
is not level after moving the other trolley. This is to keep the trolleys as far apart from each other as 
possible, to keep the aforementioned stability of the load.    

The controller is tuned so that the trolleys are moved slowly, in order to minimize the effect of the 
movements of the frame on the output of the IMU. In this way, the system is assumed to operate in a 
quasi-static state. Also, after reaching a horizontal orientation, the stepper motors are not actuated 
again until there exists an angle greater than a small threshold value to minimize effect of noise. This 
is done to avoid running the steppers back and forth with low frequency. In addition to this, the 
automatic adjustment of the angle of the frame is not done when the crane is in motion. 

A saturation of 8 kHz is set for the input signal of the steppers so that the maximum speed is 600 
rpm, producing a torque of 1.2 Nm. The ball screws have a pitch of 4 mm This, combined with the 
stepper motor’s maximum speed yields a trolley movement speed of 2.4 m/min. Selected motors are 
running with 36 V power supply and closed-loop stepper drives. 

 
Analysis. During the individual subsystem experiments, an Arduino Mega was used as 

microcontroller. It was observed that an Arduino is not a suitable controller for the system, as the 
selected stepper motor requires a high-frequency series of commands to rotate. The stepper was run 
separately without a problem, but after adding the calculation of the tilt angle from the IMU raw 
values, the stepper movement became unstable. This was due that it took the controller 15 ms to read 
the angle, which caused too much delay in the loop. A controller which can execute parallel processes 
simultaneously is needed for this application. 

The working principle of the Bluetooth controller was tested by building a mobile phone app to 
connect to the microcontroller and simulate the output of moving a joystick. The winch motor control 
experiment proved successful, however, considering the use case, the mobile phone controller likely 
should be replaced with a more durable, universal, and user-friendly physical joystick controller. 

The commercially available winches used in experimentation proved to be more than adequate at 
only a modest price. They included their own control pendants, high lifting capacity, and max up and 
max down limit switches. Developing a stripped-down version for the product could reduce cost and 
minimize extra cables and wiring which, while needed for a pendant installation are unneeded for this 
control schema, thus simplifying the electronics of the system.   



 

Use of a self-leveling spreader beam, such as presented in this paper, could enable more diverse 
use of an overhead crane. Different pick-and-place and assembly operations could be achieved, when 
the payload can be rotated along 3 axes. There is no product on the open market available which can 
offer the same functionality. Thus, this product poses a significant, novel change to the current 
functionality of crane operation.  

Based on the original problem statement, the resulting design can be considered a success based 
on the following criteria. While maximum angle of rotation of the load is limited, the product offers 
more than one axis of rotation of the load, thus allowing complex manipulation of the load in a manner 
not otherwise available as a BTH device. The complexity of the system is relatively low. There is the 
possibility to expand the design to an H-frame as described in the introduction, thus increasing the 
devices ability to handle complex manipulations of the load. Finally, the controls are simple enough 
that when the BTH device is added to a crane setup, no interaction between the frame operation and 
the crane operation is needed, thus making the installation possibilities of the device myriad.  

Discussion 

The next steps for the development of the self-leveling spreader beam would be to build a working 
prototype and test it. The performance of the device should be evaluated quantitatively based on its 
ability to perform in a timely manner, and how large the manipulations of the load are measured to 
be. Additionally, quantitative analysis of the device can be recorded by implementing user tests with 
industry experts who regularly use cranes and BTH machinery.  

Suggestions for potential future steps can be made based on test results include: 
1. Add linear movement perpendicular to the existing direction of the trolley moment for each 

winch, thus allowing stabilization of the frame along two axes of rotation  
2. Develop a closed loop control system where the angle of the payload is known with 

inclinometers installed to the winch wires 
3. Optimize the frame structure for maximum strength-weight ratio 
4. Add control logic which stops adjustment of the trolleys when the main crane is moved 
5. Power the product with onboard installed batteries 
6. Determine the appropriate microcontroller capable of providing the high-frequency commands 

to the stepper motors, as well as accepting the user input and actuating the winches without 
running into parallel process problems.  

7. Develop filter for IMU signal to reduce effect of noise on the performance of the system.  
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	Abstract
	Due to their engaging nature, escape rooms are an interesting alternative teaching method. Studies in other fields have shown educational escape rooms to improve motivation and learning. As many conventional escape room puzzles are mechatronic, the co...
	Introduction
	Escape rooms are games in which participants solve puzzles placed inside a room in order to achieve a goal - usually, getting out of the room. These games have risen in popularity particularly during the 2010s. Simultaneously, demand for engineers in ...
	In the field of mechatronics, similar tools such as remote laboratories [2] and puzzle-like modular components [3] have been studied, but so far, escape rooms have only been utilized in other fields. For example in the nursing field, students that par...
	The aim of this study is to develop an escape room with three puzzles for use in demonstrating common mechatronic principles, such as gear trains, remote control and system identification. With a short completion time limit of 10 minutes, the main goa...
	Methods
	Setting. The mechatronic escape room was constructed inside an office room at the Aalto Industrial Internet Campus in Espoo, Finland. Inside the room, three different mechatronic devices function as puzzles. These puzzles have to be completed in numer...
	Design.  As opposed to the usual time limit of around one hour, our time limit of 10 minutes requires the puzzles to be relatively straightforward. The room being aimed for high school students and prospective university students, the puzzles should i...
	Another consideration is that the puzzles should use the advantage of having a hands-on environment, rather than just revealing a new set of equations to solve after completing previous ones. With our time limit, the puzzles should be easily understan...
	Puzzle 1.  The first puzzle is intended to demonstrate capabilities related to Internet of Things (IoT), digitalization and remote control, as well as motivate participants by involving video streaming as an everyday phenomenon into engineering proble...
	Puzzle 2.   The second puzzle demonstrates mechanics, in particular gear ratio selection. As such, it shows the participants the importance of simple mechanisms, and rewards them through making the machine operational. The participants gain hands-on e...
	Puzzle 3.   The last puzzle shows high school physics in action, making theory into something concrete. It also encourages system identification, as the puzzle is difficult to solve with random attempts. The main motivator is the connection of familia...
	Participants.   The escape room was designed mainly for high school students and other participants with similar knowledge or backgrounds. The puzzles are designed to motivate high school students and utilize concepts that should be understandable wit...
	Participant survey.  In order to evaluate the feasibility of an escape room as a form of mechatronics teaching, participants are asked to complete a short survey before and after the game. The data can be then analyzed demographically. The pre-game su...
	1) I’ve had good academic success in physics and mathematics
	2) I have practical experience in mechanics or electronics (e.g. related hobbies)
	3) I am considering studying engineering in the future
	The post-game survey consists of five claims, which focus on the escape room experience to find out which particular factors would contribute to improving motivation:
	1) I enjoy going to escape rooms
	2) The escape room puzzles were interesting
	3) Knowledge of physics or mathematics helped me in the puzzles
	4) I enjoy hands-on working similar to solving puzzles
	5) The escape room motivated me to apply for further studies
	The responses to the claims are assessed on a 5-point Likert-type scale, with 5 corresponding to totally agree and 1 corresponding to totally disagree.
	Results
	Final design of the puzzles. The final design of the puzzles was done by using 3D CAD modelling software as well as the design guidelines described in the design chapter. The models are sketches and have deliberate nonspecificity in order to make smal...
	Puzzle 1. The puzzle consists of a web camera placed on a tray, which moves on a linear guide rail. The position of the camera tray (movement, rotation & tilting angle) can be adjusted using an IoT platform called Blynk, which is preinstalled in a mob...
	Figure 1. CAD model of puzzle 1. The web camera and linear guide rail are placed inside a sealed box, operated remotely from a smartphone. Clues are placed on the inside walls of the box.
	Puzzle 2. The key from the previous puzzle can be used to open a locker, where the user will find a timing belt and six matching pulleys. The puzzle itself has a DC motor and an empty freely rotating shaft. The DC motor runs at a constant speed when a...
	Figure 2. CAD model of puzzle 2. The DC motor is connected to the freely rotating shaft with a timing belt and pulleys. The design allows small horizontal movement of the shaft in order to fit different size pulleys with only one timing belt. The belt...
	Puzzle 3. The key received from puzzle 2 fits to a locked box, which has an adjuster for an encoder and a release button inside. The puzzle itself is similar to a small minigolf track. After opening the box, players are able to set the angle of a pend...
	Figure 3. CAD model of puzzle 3, which resembles a small minigolf track. After the angle for the club is set, it will fall freely and strike the ball. If the angle is set correctly, the ball will fall inside the hole and drop the key placed on the mec...
	Discussion
	Analyzing the puzzles, the time limit of 10 minutes proves to be very restricting in terms of puzzle design. Especially with three puzzles, the problems have to be simple enough to consist mostly of using high-school physics rather than learning new t...
	Suitable participants can be invited to the escape room in individual 2-6 person groups or in larger batches of said groups. However, for optimal data gathering and efficiency, the escape room should be organised in a larger public event, for example ...
	If the results (from both practical aspects and from the survey) gained from a public event etc. turn out as positive, future uses could include expanding and further developing the escape room. This could include for example developing the existing p...
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