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Abstract In Hungary, according to the Physics curriculum in National Core Curriculum 2020, quantitative 
description and examination of motions are required. Teachers and students are suggested to use the 
available computer tools and programs during the measurements and evaluation. We present and 
recommend microcontroller-driven measurements displaying the physical quantities of the mentioned 
movements as a function of time. The measurement setup consists of a linear air track, BBC micro:bit, 
some optical sensors and 3D-printed elements. The event-driven measurement software running on the 
micro:bit was developed in C++ (CODAL). The microcontroller sends measurement data to the PC 
through wireless communication (radio or BLE), and the Excel Data Streamer and a self-developed add-in 
for Excel serves to receive and display real-time data. Linear and non-linear regression analysis of 
measurement data was performed by built-in Excel functions, Trendlines and the Solver add-in. These 
measurements can also add interesting extra material to the curriculum in IT classes. 

Keywords: BBC micro:bit, event-driven measurement, simple motions, optical sensors, serial 
communication, Excel Data Streamer 

1. Introduction 

In the 16th century, the examination of movements with scientific rigour became a natural science 
based on quantitative measurements. Galileo formulated a precise relationship between time and the 
displacement during the free fall of an object, also he slowed down the motion using a slope [1]. He 
also discovered that the period of a simple pendulum is independent of mass [2]. These simple motions 
form the basis of the topic of high school mechanics, including kinematics, even today [3]. The effect 
of his research method can be observed even after hundreds of years: The so-called scientific method 
remains an important part of the National Core Curriculum 2020 of science education in Hungary. 
One of the most important steps in the process is experimental data collection and analysis, which in 
the 21st century can be implemented not only with traditional measurement techniques but also with 
modern tools of technical informatics. The curriculum also recommends the use of available computer 
tools and programs in measuring and evaluating them [4]. This innovation is to be welcomed because, 
on the one hand, it provides an opportunity for a kind of interdisciplinary education, i.e. one that 
treats computer science and science as a whole, and, on the other hand, for student activity. 

At the same time, the topic of robotics plays a significant role in the education of digital culture, which, 
of course, includes sensory measurements [4]. In this way, a kind of fusion of physics and computer 
science can be realized in education. In digital culture textbooks [5–8], the programming of the BBC 
micro:bit device, which is very popular and recognized internationally and designed specifically for 
educational purposes [9–12], plays a prominent role in this topic, one of the probable reasons for 
which is that a possible temporary shortage of the physical devices can be partially skipped using 
MakeCode, or the micro:bit Python Editor simulator [13,14]. Many studies can be accessed by 
interested teachers and students on the website of the program called ’Stumbling of micro:bits’ 
organized by ELTE Faculty of Informatics[15], among which their after-school program curriculum 
[16] stands out. With the help of these, one can learn the basic use of the built-in sensors of micro:bit 
V2 (brightness, sound, acceleration, temperature, magnetism sensor), so they can also help those 
involved in physics education. 
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The HAS Research Group of Technical Informatics Methodology, in which the authors of this article 
also participate, among other things aimed to develop methods and tools to support students in 
learning the basics of engineering thinking through computer-aided measurements and programming 
easily accessible microcontroller-based devices (Arduino, BBC micro:bit) [17]. In addition to this, 
several experiments have been developed and published, which can be included in the classroom 
following the curriculum requirements described above [18–20]. On the website of the research group, 
both physics and computer science teachers can find aids in Hungarian for the inclusion of technical 
information technology content in their subjects [21]. 

In addition to the recording of the measured data, the precise evaluation of the data is of particular 
importance. The spreadsheet program Microsoft Excel has been among the software recommended 
by subject pedagogy researchers who wish to modernize the methodology of physics education with 
the inclusion of computers for a long time. [3,22,23]. Several publications have been published 
showing how to connect the BBC micro:bit or Arduino with Excel in computer-aided measurement 
experiments. [24–29]. 

In this study, we present for the first time an experimental setup based on the BBC micro:bit, 
containing 3D printed and homemade elements. Next, we describe the measurement algorithm and 
its software implementation written in C++, running on the micro:bit. and an Excel add-in (Data 
Streamer) for receiving the measured data on a PC. The evaluation is carried out using Excel's built-
in functions and extensions. This hardware-software combination can be suitable for the application 
of microcontroller-controlled measurements in education, including the computer-aided, quantitative 
examination of kinematic phenomena prescribed by the framework curriculum. 

2. An experimental setup based on the BBC micro:bit 

In addition to the built-in sensors of the BBC micro:bit, additional sensors can be connected to the 
micro:bit. At first, sensors can be connected to wider pins (0, 1, 2) on the edge connector of the 
micro:bit with alligator clips, but using a panel, a so-called breakout board with a simple row of pins 
(or possibly with pin holes) is recommended [30], with the help of which circuit elements can be easily 
and stably connected to all I/O connectors (even the narrow ones), which is not possible with wide 
alligator clips. 

 
Figure 1. Connecting a photoresistor and resistor in series on a breadboard and wiring them to the edge connector of 

the BBC micro:bit a) with crocodile clips1, or b) using a breakout board2 

 

1 The figure was created in the Tinkercad simulator. 

2 The figure was created in the Fritzing application. 
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2.1. BBC micro:bit supplemented with a reflective photosensor (line tracking sensor)  

The continuous detection of the position of a body moving in a straight line can be realized with an 
experimental setup that works analogously to the quadrature encoder transmitters used to measure 
angular rotation [31,32]. In the first step, we can stick a self-adhesive encoder tape with alternating 
black and white (IR absorbing and reflecting) matte surfaces to the path of the movement (in our case, 
to the bottom of the side wall of a linear air track3, under the rows of air blower holes), we have 
attached an A4 printable design for this [34]. A micro:bit and a reflective IR transceiver (e.g. 
TCRT5000-M line tracking sensor module) connected to one of its digital inputs can be placed on the 
cart so that the sensor is positioned above the tape during movement. The output signal of the sensor 
is thus a binary square signal: there are edges in the signal at the borders of the black and white fields 
(at every 0.785 cm). When these events occur, the position as a function of time can be measured 
together by recording the time stamp and incrementing the position counter.  

If the direction of the movement also changes (so the position counter should be decremented) during 
the movement, adding another sensor to the setup is advised. When the two sensors are placed at a 
distance appropriate to produce signals with a phase shift of about a quarter of a period, the so-called 
quadrature signal appears on their output (Figure 2). Deciding which signal follows the other one, 
makes it possible to detect movement direction and position. A similar experiment rail equipped with 
an encoder tape and a small cart equipped with sensors and a controller [35] is available commercially 
[36], but this assembly can be implemented at a fraction of the cost.  

 
Figure 2: A circuit consisting of the TCRT5000-M modules and the BBC micro:bit. Sensor modules placed above the 

tape with distance of 𝑛 ∙ 𝑃 +
𝑃

4
, where  𝑃 = 1.58 𝑐𝑚, 𝑛 ∈ ℕ (and in this figure n=1), produce a square wave signal with 

a phase difference of a quarter of a period  

 
3 A low-cost DIY version can be made instead of air tracks available commercially [33]. We tested our experiments at the SzeReTeD 

student laboratory of the University of Szeged. 
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2.2. Implementation of wireless data transfer between the micro:bit and the computer 

Since we designed a wireless measurement experiment on the air track, there is naturally a need to 
implement a simple microcontroller system moving with the cart to ensure sending the logged data to 
the computer. The micro:bit card is controlled by the Nordic Semiconductors brand NRF52833 
(BLE) [37], which also enables wireless communication for the device as a built-in radio frequency 
module.  

One possibility is based on radio communication of two micro:bits, the circuit of the moving micro:bit 
can be mobilized with real-time data transmission [38–40]. The micro:bit placed on the cart serves as 
a wireless measurement system and also as a radio transmitter of measurement data, while the other 
device as a radio receiver is connected to the PC via USB.  

Another option is to establish a Bluetooth Low Energy connection by pairing the micro:bit with a 
suitable computer. In this way, the wireless transmitter moving on the rail can send the measured data 
directly to the computer. 

These two ways we can implement wireless data transmission between the measurement device and 
the computer [41,42].  

For experiments on an air track, it is needed to find a power supply that is not too heavy for the air 
track experiments and can provide the system with the necessary current intensity at 3V operating 
voltage so that the operation of the sensors and communication would work reliably. Therefore, it is 
not advisable to power the transmitter with 2 heavy, 1.5V AAA batteries connected in series, though 
those would provide enough intensity of current. We also dismissed the possibility of using a CR2032 
3V coin cell despite its lightweight, since its current output capabilities are too small to be used with 
the system the low intensity of current. The small, 190 mAh rechargeable Li-Po battery (3.7-4.2 V) 
would match the two criteria above, however, it cannot be connected directly to the power socket 
based on the circuit specification. However, the micro USB connector is equipped with a suitable 
voltage regulator, through which the battery power can be connected, e.g. with the help of a JST-USB 
adapter obtained by soldering a line of pins to a broken micro USB cable, so we can provide a stable 
and light-weight power source for the micro:bit that moves with the cart. The block diagram of the 
setup providing communication and power supply is shown in Figure 3. 

  
Figure 3: Block diagram of wireless data transmission (radio communication above, BLE communication below) 
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2.3. A 3D-printed cart moving on a linear air track for the micro:bit and its accessories 

3D-printed devices are becoming more and more popular in science education as well, including 
physics laboratories, which can be enriched with self-designed devices [43]. We can design (e.g. in 
Tinkercad or Fusion 360) a unique cart that is suitable for the stable carrying of the above circuit, i.e. 
it provides a suitable place for the micro:bit, its battery and the sensor modules. In the case of the 
latter, special attention must be paid to the fact that, on the one hand, they are located above the 
encoder tape, and on the other hand, the sensors must be positioned to produce a quadrature signal. 

It is worth considering a few more practical aspects when designing. It is recommended to reduce the 
air resistance as much as possible, by rounding the edges. The air coming out of the rail must be able 
to lift the cart away from the wall of the rail, thus one aim is to limit its mass, and on the other hand, 
the appropriate mass distribution for balance and stability must be ensured. For stability, it is worth 
designing the side walls hanging from the rail to be long enough. By placing the sensors on the same 
sidewall, our cart may become unbalanced, which can prevent the airflow on that side, so it is advisable 
to place internal long cavities in the walls. By throwing small metal balls into these, the object can be 
balanced. At the inner edge under the spine of the cart, it is also worth making a small longitudinal 
hole (approx. 1 mm in diameter) to ensure airflow, which can significantly reduce friction. We have 
attached the 3D design of the cart, designed in Fusion 360 together with our students [34].4  

The complete experiment setup, with which the position-time dependence of rectilinear movements 
can be examined, can be seen in Figure 4. 

 

Figure 4: An experimental setup for position-time measurement of movements on an air track: 
a) PC, b) micro USB cable, c) wired micro:bit (radio receiver), d) wireless micro:bit (radio/BLE transmitter)  

e) breakout board, f) reflective IR transceiver (A TCRT5000-M), g) Li-Po battery  
h) micro USB adapter, i) 3D-printed cart j) encoder tape k) linear air track 

 
4 Since the encoder tape must be glued to the air cushion rail in such a way that the air flow is not disturbed, the length of the side walls 

and the location of the sensors might be modified when using our model. 
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3. Software development for the implementation of kinematic experiments 
based on the BBC micro:bit 

We see far fewer examples of measurement experiments with the micro:bit in the literature than with 
other popular platforms, like Arduino. Therefore, we considered it important to describe the structure 
of the software tools used for the experiments in detail. 

3.1. Programming a micro:bit as a measurement device 

In Section 2, we described the structure of the experimental setup, from which it was also revealed 
that it is necessary to decode square signal(s) to be able to determine time and position. We developed 
a basic version of the measurement program suitable only for investigating one-directional movement 
and then a more complicated version for motion with alternating directions. Both versions were 
created for both radio communication and BLE communication as well. We provide the complete 
program codes in the supplementary of this paper (both the C++ codes and the .hex machine codes 
as well) [34].  

3.1.1 Programming the micro:bit in different environments 

BBC micro:bits can be programmed with block programming on the MakeCode web application [44], 
or in JavaScript [45] or Python (MicroPython) [14]. It is perhaps less well-known that a wide range of 
function libraries are also available in the Arduino (C/C++) language [46]. Both MakeCode and 
MicroPython are based on the DAL/CODAL abstraction layer written in C++, which is based on 
the NRF5 SDK [47,48]. In general, it can be said that the lower-level language the device can be 
programmed in, the greater time accuracy can be achieved [49]. For the current experiments, the 
measurement software was developed in the C++ language using CODAL which supports micro:bit 
V2 [50].5  

3.1.2 Handling events and scheduling tasks in C++ language using CODAL  

In CODAL's C++ code, the main() function we place setting-type commands to be executed once 

e.g. we initialize the instance of the micro:bit class typically called ‘uBit’, we set our digital pin to 

input by calling once the getDigitalValue() function and also set the pull mode of this input 

to pull-up. 

In CODAL, it is possible to implement a kind of multithreading, on the one hand, through its non-
preemptive fiber scheduler, which enables the coordinated operation of several concurrent tasks, and 
on the other hand, through the event management system called message bus, which allows writing 
reactive code The scheduler is initialized for uBit by calling 

scheduler_init(uBit.messageBus) [47].  

MessageBus serves on one hand to record an event that occurs in a specific hardware block (e.g. 
button press or loud sound detection, or the arrival of a radio message), and this event is monitored 
at runtime. The MessageBus also delivers the occurring events to the program through event handlers. 
By calling the listen(), we attach a callback to a function when a specified event occurs.  

 
5 Installation instructions and sample codes can be found on Lancester University's GitHub page [51]. The compiled .hex files must be 

copied to the micro:bit driver. 
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We applied one of the built-in pushbuttons of the micro:bit as a start button. When the MessageBus 
sends a notification of the click of the button, the attached event handler is called to change the value 
of the ‘toggle’ Boolean variable. 

Similarly, in our experiment unit jump (falling or rising edge) events occur in the digital signal 
(MICROBIT_PIN_EVT_FALL or MICROBIT_PIN_EVT_RISE, respectively) on one of the 

digital inputs (e.g. MICROBIT_ID_IO_P2). We note that listening to these events must be enabled 

on the specified pin by uBit.io.P2.eventOn(MICROBIT_PIN_EVENT_ON_EDGE). The 

MessageBus informs the program, and the scheduler calls the customizable event handler function 
(onEdgeA). Without setting the scheduler, all events have the same priority, however, after calling 

the scheduler, we can highlight these time-critical events with the keyword 
MESSAGE_BUS_LISTENER_IMMEDIATE.  

The code fragment that implements the monitoring of the event: 

uBit.messageBus.listen(MICROBIT_ID_IO_P2, MICROBIT_PIN_EVT_FALL, 

onEdgeA, MESSAGE_BUS_LISTENER_IMMEDIATE); 

By calling create_fiber(sendAvailableData) once in the main() function another fiber is 

initiated and its previously defined parameter function is called from this fiber by the scheduler. To 
help concurring fibers, it is advised to use fiber_sleep(delay_millisec) function in this 

non-time-critical fiber to let the scheduler run the time-critical event handlers. The main function 
also represents a fiber which in our case is released after initializing every component of the 
program. 

3.1.3 Producer and consumer - writing and reading a circular buffer  

One possibility to process data in the created fiber would be to check whether the currently available 
timestamp differs from the one stored when the previous event occurred because then we can know 
that a new event has occurred [28]. However, when the cycle time of the process is longer than the 
timespan between consecutive events, timestamps for some events may not be processed. To avoid 
that, we defined an array of timestamps serving a circular buffer.  

The event handler assigned to the rising edge events represents the producer task, storing 
measurement data at the index called ‘writePointer’. The created fiber for data process and 

transmission is used as the consumer, reading data from the buffer at the index called 
‘readPointer’. To imply a circular boundary condition, we set these indices back to zero when 

reaching the end of the array. The program also monitors the number of available samples: when an 
event occurs, its callback function writes a piece of data increasing the variable for the number of 
available samples, but when the sendAvailableData() is called by the fiber scheduler, the same 

variable is decreased.  

The code fragment that implements the event handler (producer): 

void onEdgeA(MicroBitEvent evt)  

{  

    if(toggle) 

    { 

        dataBuffer[writePointer]=evt.timestamp; 

        writePointer++;  

        if (writePointer == BUFFER_LENGTH)  

        { 

            writePointer=0; 

        } 

        if (availableSamples < BUFFER_LENGTH) 

        { 
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            availableSamples++; 

        } 

        else 

        { 

            processingTimeout = true; 

        }  

    } 

} 

When the elapsed time between two events is less than the process time, the number of available 
samples increases dynamically. When the buffer is full, i.e. number of available samples equals the 
buffer size, the timeout is handled by stopping the producer (setting the toggle flag to false), emptying 
the buffer by the producer, and afterwards freezing the program by an infinite loop [20]. 

The code fragment that implements the consumer and handles timeout: 

void sendAvailableData()  

{   

    while(1)  

    {       

        if(availableSamples) 

        { 

            if (processingTimeout) 

            { 

                uBit.display.scrollAsync("TIMEOUT"); 

                toggle=false; 

                if(availableSamples==0) 

                { 

                    while(1); 

                } 

            }           

            timeStampData = dataBuffer[readPointer];            

            … 

            readPointer++; 

            if (readPointer == BUFFER_LENGTH)  

            { 

                readPointer=0; 

            } 

            availableSamples--; 

        }     

        fiber_sleep(1);        

    } 

} 

3.1.3. Time measurement in the event handler function 

Although it is possible to sample the digital signal at equal intervals, only those events provide valuable 
information about the position of the body as a function of time, when a jump (rising or falling edge) 
occurs in the digital signal. If at this moment our event handler captures the timestamp 
(evt.timestamp) with microsecond accuracy, we assign a time to a very well-defined moment of 

the movement: the cart is switching between neighbouring black and white fields of the tape.  

Since the event handler function should be executed as quickly as possible (since the scheduler handles 
it as time-critical), it is advised to keep it as short as possible. Further operations on the measured time 
data and its transmission to the PC will take place in an infinite loop placed in the fiber of the 
consumer. The timestamp in CODAL is an unsigned 32-bit integer, so reading data from the buffer 
is an atomic operation for the 32-bit processor of NRF52833.  
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3.1.4. Measuring the position of one-way movement by counting events 

When processing the signal of the reflective IR transceiver sensor module, in addition to recording 
the timestamp, we also want to assign a position value to the event. Since the width of the white and 
black stripes on the encoder tape is the same, it is advisable to record the timestamp for both the 
rising and falling edge events, and these can be handled alternately with the same event handler routine. 
In the case of one-way movement, each new edge means an increase of the location coordinate by 
0.785 cm, so in the endless loop of the consumer (in addition to processing and sending the 
timestamp), the position counter variable is also incremented.  

3.1.5. Measuring the position of alternating direction movement by decoding quadrature 
signal 

The direction and then the position of the alternating movement can be decoded from the 4 states of 
the quadrature signal measured by the two sensors, shifted by approximately ¼ period (Table 1).  

The logic behind our method of decoding the quadrature signal is as follows. The event handler of 
one signal (A or B) can derive the information of the edge type, that is falling or rising from the 
evt.value variable, from which we can deduce the binary state of the particular sensor (A or B) 

right after the edge event. By changing the value of a binary flag respectively, each time, the signal (A 
or B) can be reproduced. 

The code fragment that implements detecting Signal B: 

void onEdgeB(MicroBitEvent evt)  

{  

    if(evt.value==MICROBIT_PIN_EVT_FALL) 

    { 

        stateOfSensorB=0;  

    } 

    else 

    { 

        stateOfSensorB=1; 

    } 

} 

Ideally, we could ensure with sufficient geometric accuracy that there is exactly a ¼ period shift 
between the two signals. Then, a timestamp could be recorded in events fired by both types of (rising 
and falling) edges of the signals of both sensors (A and B), between which the position would change 
by 0.3925 cm in the positive or negative direction. The inaccuracy of 3D printing and the size of the 
sensor modules do not allow this level of accuracy. Therefore, as a compromise, we still record a 
timestamp only at the edges of the signal A, the distance travelled between consecutive events is 0.785 
cm. Instead of the one-dimensional array, we applied a two-dimensional one for the circular buffer to 
store the belonging timestamp, the state of signal A and the state of signal B. 

Based on Table 1, it is shown that if the binary state of signals after the edge events is the same, signal 
A is followed by B, otherwise, the direction of movement is reversed. In the code, we also assign a 
binary value to the movement direction and record this flag. 
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Changes of signal A 

(Events) 
Type of edge 

State of signal A 
after the event 

State of signal B 
after the event 

Direction of movement 
and change of position 

 

Rising 1 1 A is followed by B↦1 

 

Falling 0 0 A is followed by B ↦1 

 
Rising 1 0 B is followed by A ↦0 

 

Falling 0 1 B is followed by A ↦0 

Table 1: Events in the quadrature signal and the logical structure of the decoding 

Table 2 illustrates the conditions for incrementing and decrementing the position. The movement 
direction established in the current event must be compared with the movement direction recorded 
in the previous event, and if it has changed, the position counter must be increased or decreased. 

Movement phase 
Movement direction at 

the previous event 

Movement direction at 

the current event 
Change of position 

 
B is followed by A ↦0 A is followed by B ↦1 No change 

 
A is followed by B ↦1 B is followed by A ↦0 No change 

 A is followed by B ↦1 A is followed by B ↦1 Incrementation 

 B is followed by A ↦0 B is followed by A ↦0 Decrementation 

Table 2: Logical structure of position counting 

3.1.6. Radio communication between two micro:bits 

In the code of the micro:bit that plays the role of the transmitter, in the first part of the main() function, 
where we place the commands that are executed once, we enable the radio connection 
(uBit.radio.enable()), and then in the infinite loop, after the type conversion of the 

timestamp and after changing the position counter properly, the time and position data pair is sent to 
the receiver as a ManagedString type message, separated by commas and provided with a newline 

character (uBit.radio.datagram.send(message)). On the other micro:bit - functioning 

as a receiver - we also enable the radio connection, and this time the listen() function monitors 

the event of the arrival of the radio message [39,51,52]. 
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3.1.7. Serial communication between a micro:bit and a PC 

When data arrives, the data is loaded into a buffer, which is converted into a ManagedString type 

message and then sent to the PC via the serial port (uBit.serial.send(message)). Note 

that the default baud rate of communication, in this case, is 115200 bit/s [53].  

3.1.8. Bluetooth communication between a micro:bit and a PC 

CODAL's Bluetooth capabilities are currently under development by staff at Lancaster University. As 
of now, quite a few services are available, e.g. the Event Service, the IOPin Service, the Button Service, 
Magnetometer Service, etc. For wireless data transmission, we instantiated the UARTService ('uart' 

pointer) [54]. According to its library, it is possible to send ManagedString type messages as well as 8-
bit unsigned integer pointers (byte arrays). Another parameter of the uart->send() function is 

the mode, which can be SYNC_SLEEP or ASYNC. If we use the previous one, the function will 
perform a cooperative blocking wait until all given characters have been received by the connected 
device, thereby slowing down the fiber. For a multi-task fiber, one should choose the ASYNC option, 
which will copy as many characters as it can into the buffer when called and then return control so 
further commands can be run immediately, while ASYNC task runs in the background. If the data 
transmission is not possible for some reason (the buffer is full or the reading is delayed), the send 
function returns a negative error code, otherwise with the number of successfully sent bytes [55]. To 
ensure that each character is sent sooner or later, we iterated the send command using a for loop: 

The code fragment that implements sending a string message in asynchronous mode: 

int uartSendAsync(ManagedString string) 

{ 

    int length = string.length(); 

    int sent = 0; 

 

    while ( sent < length) 

    { 

        int bytes = uart->send( string.substring( sent, length - sent), ASYNC);  

        if ( bytes >= 0)  

        {  

            sent += bytes; 

        } 

        fiber_sleep(1);  

    } 

    return sent; 

} 

In both versions of our measurement program (adequate for one-directional or two-directional 
motions) a timestamp and a position value with a separator character and a newline character are sent 
to the PC. Since timestamps in microseconds are 8-9 or even more characters long, these messages 
turned out to be too long and the Bluetooth transfer rate slowed down. Messages can be shortened 
by sending both pieces of information as whole numbers (4 bytes) without extra characters. 
Conversion of an integer is implemented by bitwise operations as seen below [56]: 
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The code fragment to convert integer to byte array: 

int uartSendAsyncByteArray(int32_t num) 

{ 

    uint8_t numByteArray[4]; 

    

    numByteArray[0]=(num>>24)&0xFF; 

    numByteArray[1]=(num>>16)&0xFF; 

    numByteArray[2]=(num>>8)&0xFF; 

    numByteArray[3]=(num>>0)&0xFF; 

… 

} 

3.2. Receiving data on PC 

During the kinematic measurements, the micro:bit sends time-position data to the computer as it was 
described previously. In the radio communication version the receiver micro:bit sends data via USB 
to the computer through Serial COM Port. When data is sent through BLE, the micro:bit serves as a 
GATT Server and our self-developed add-in serves as a GATT Client to receive wireless data.  

3.2.3. Serial data reception with the Excel Data Streamer add-in 

There are several ways to receive serial data on a computer, the simplest of which is to use the serial 
monitor of a development environment (e.g. Arduino IDE, Visual Studio Code). Another solution is 
to use free add-ins for Excel, like PLX-DAQ and our choice, Microsoft Data Streamer for Excel, 
which is an optional and free COM add-in available for Excel users that becomes more popular in 
STEM projects because it makes it possible to evaluate the received serial data immediately, locally 
[24,29,57].  

 
Figure 5: Microsoft Data Streamer for Excel add-in on the ribbon menu 

The settings of the measurement software and the data-receiving add-in must be coordinated. In 
addition to adjusting the previously mentioned Baud Rate (in our case 115200 bit/s), we can specify 
how many pieces of data separated by commas (time and position values, so Channels number is 2) 
are received per line. In the current version of the program, the number of lines to be stored can be 
increased up to one million (the default number is 15).  

3.2.3. Data reception with the Micro:bit BLE to Data Streamer add-in 

One can find very few available software solutions for wireless data transfer from the micro:bit to a 
computer. In most applications, it is understandable that developers rather concentrate on data 
receiver applications on Android or iOS platforms, since for student experiments or IoT projects 
these are more adequate. However, these experiments on the air track are demonstration experiments, 
and the aim is to show measurement results frontal to a class. We decided to develop an MS Excel 
add-in as a supplementary application for Excel Data Streamer. 
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Microsoft provides several options for developers to create an Excel add-in. One of the most common 
and oldest options is macro development in the Visual Basic language. Visual Studio Tools for Office 
(VSTO) provides the opportunity to develop offline extensions based on the Windows operating 
system in the Visual Studio environment, in the .NET Framework, in both C# and Visual Basic 
languages. Another possibility is the programming of online, platform-independent Office Add-in 
extensions in JavaScript/TypeScript. 

We developed our data-receiving extension in C# using the VSTO toolbox. [58] The front-end page 
of the extension is the Ribbon built into Excel, which contains the buttons we specify, dynamic and 
static menus, drop-down lists (combo boxes), text fields, etc. There is a visual designer to design the 
Ribbon, but to access advanced functions (e.g. to write the code for dynamically expanding menus 
based on queries) we used the XML descriptive language. [59]On the backend page, in C# language, 
in the Ribbon class, we specify the event handler (callback) functions that will be called during the 
selection of various button presses and menu items (e.g. onAction, onPressed type event handler 
callback functions). The flexibility of the extension is made possible by the dynamic management of 
buttons and menus (e.g. getPressed, getLabel, getItemLabel, etc.)[60–62]. The .NET framework 
allows, for example, to create pop-up windows for more detailed setting options, or to create 
WinForms dialogs that convey warning or error messages. The user interface of our add-in can be 
seen in Figure 6.  

 

Figure 6: Micro:bit BLE to Data Streamer self-developed add-in on the ribbon menu 

To communicate from Excel with the micro:bit, the Bluetooth Low Energy in Universal Windows 
Platform Apps technology was applied [63]. When the micro:bit is programmed to send data by 
Bluetooth UARTService, the micro:bit as a GATT Server writes its Transfer GATT Characteristics. 
The UUIDs of both the service and the characteristics can be found in the Bluetooth Profile of BBC 
micro:bit [64]. To pair and connect the device, find its UARTService and create a connection to read 
its TX characteristic, i.e. to create a Bluetooth GATT Client in the backend of our add-in, we followed 
the official tutorial of Microsoft [65]. When the GATT Characteristic’s ValueChanged event is fired, 
the event handler reads from the transfer characteristic of the micro:bit to an argument buffer, from 
which a specified number of bytes, integers, strings, etc. can be read by an instance of the 
Windows.Storage.Streams.DataReader class. Depending on the user settings, received string messages, 
or four-byte integers converted to string are transferred to Data Streamer. We used a free virtual COM 
Port software to create a local bridge between the two add-ins [66]. We note that there is a possibility 
to read Excel cells right from a VSTO add-in, however, Data Streamer is optimized to write collected 
data to larger cell ranges at the same time with a user-defined rate. The other point of view is that it is 
advised to keep the ValueChanged event handler as short as possible to speed up Bluetooth 
communication, in our case received data is sent right after in the serial buffer, and no other data 
process tasks take place. We provided a downloadable installer for our add-in in the supplementary 
[34]. 

The running add-in has an Information window to inform users about connecting their micro:bit. By 
pressing the Refresh button, a query starts to list all available Bluetooth device paired with the PC, 
from which the BBC micro:bit can be selected. Similarly, all available COM Ports are listed, among 
which one-half of the previously created pair of Virtual COM Ports (local bridge) can be selected 
(while the other half must be selected for Data Streamer). Afterwards, connection can be asked, when 
the state of the Bluetooth device in Device Manager turns from Paired to Connected and the chosen 
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Virtual COM Port is opened. Users can choose which type of ValueChanged event handler is preferred 
according to the message format of the programmed micro:bit (ManagedString or integers). Also, the 
program needs a clue as to how much data is to be expected per line (in harmony with the Data 
Channels setting in Data Streamer). Afterwards, the press of the Start button results in reading TX 
characteristics by subscribing to notifications of its Indicate property and by starting the 
ValueChanged event handler.  

3.4. Evaluation of the results of kinematic experiments in Excel 

The measurement experiments were carried out on an air track and then evaluated in Excel. Our 
results show good agreement with the theoretical position-time correlations of the movements listed 
in the introduction.  

3.4.1. Linear regression analysis of the measurement data of the experiments in Excel using 
the Trendline 

Position–time data pairs were visualised on XY-point graphs in Excel. The option called Trendline 
offers the possibility to fit linear, logarithmic, exponential, polynomial, and power function curves on 
data or apply moving averages. In addition, equations of these curves and statistical R2 values can be 
visualised on the graph. Among the examined movements on the air track, the space-time dependence 
of the uniform motion in a straight line and uniformly accelerated straight-line motion can be analysed 
using the Trendline. 

3.4.2. Linear regression analysis of measurement data using Excel's built-in statistical 
functions 

The features characterizing simple straight-line motions needed to be determined, applying the well-
known equations for the position-time dependence of these motions. Though the coefficients can be 
derived from the equations of the Trendlines, one cannot change the accuracy of those values. Based 
on the least-squares method, Excel provides several functions of which output values can be used to 
determine those coefficients, thus features of motions like the initial position (𝑥0) and the velocity (𝑣) 
of the uniform straight-line motion, or the initial position (𝑥0), the initial velocity (𝑣0)and the 
acceleration (𝑎) of the uniformly accelerated motion (Table 3) [67,68].  

Before beginning the evaluation, data ranges are advised to be named dynamically [69] e.g. Named 
Ranges x and t are for position and timestamp values, respectively. Afterwards, these ranges can be 
referenced in Excel formulas as can be seen in Table 3 [70]. 

Type of motion Equation Parameters evaluated in Excel 

uniform motion in a 
straight line 

𝒙 = 𝑣𝒕 + 𝑥0 
𝑣 SLOPE(x,t) 

𝑥0 INTERCEPT(x,t) 

uniformly accelerated 
straight-line motion 𝒙 =

1

2
𝑎𝒕𝟐 + 𝑣0𝒕 + 𝑥0 

𝑎 2*INDEX(LINEST(x,t^{1,2}),1,1) 

𝑣0 INDEX(LINEST(x,t^{1,2}),1,2) 

𝑥0 INDEX(LINEST(x,t^{1,2}),1,3) 

Table 3: Parameters, equations and formulas to analyse position-time data for straight-line motions.  
Bold letters refer to Named Ranges 
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In Figure 7, the linear position-time dependence of uniform motion in a straight line can be seen. To 
gain parameters of the fitted linear function, simply SLOPE() and INTERCEPT() functions can be 
used to evaluate the velocity and initial position, respectively.  

 
Figure 7: The position of the cart on an air track as a function of time in case of uniformly accelerated straight-line 

motion. Measurement data in orange and Trendline in blue are plotted. 

While barely noticeable in Figure 7, we note that the time interval spent above a black stripe is not 

equal to the one above a white stripe. The reason for this is the fact that the analogue sensor signal 

edges are not quite sharp. A comparator on the module converts the signal to binary using signal 

cross-level detection, so it possibly happens that the edges in the signal emerge not exactly above the 

edges of the encoder tape. For more adequate position sensing one can choose to monitor events 

only on either falling or rising edges and compute position with a distance of 1.57 cm. Another 

solution can be to apply a moving average with a window size of 2. 

We raised one end of the hover rail compared to the other end, so we got a slope with a small angle 
of inclination. Figure 8 illustrates that, as expected, a quadratic function describes the position as a 
function of time. The LINEST() Excel function can be used to extract the parameters of the quadratic 
function, which generates a table containing all the parameters and statistical characteristics of the 
regression. Using the INDEX() Excel function, we can select the coefficients of the members of the 
appropriate order of the fitted quadratic polynomial function from this data set [67]. 
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Figure 8: The position of the cart on an air track as a function of time in case of uniformly accelerated straight-line 

motion. Measurement data in orange and Trendline in blue are plotted. 

3.6. Non-linear regression analysis by using Solver for least-squares optimization in Excel 

In our modified experiment setup, the cart was attached between two relatively loose spiral springs. 
When we moved the object out of its equilibrium position, a damped vibration was created. When 
harmonic oscillation is damped by a force proportional to speed, the time dependence of the position 

can be estimated in the form of y(t)=a∙e-bt∙sin (
2π

T
∙t+φ

0
) +y

0
 [25]. It is not possible to fit a non-linear 

function like that using the previously used Trendline or the LINEST() built-in function. In recent 
years, step-by-step guides were published on how least-squares regressions can be applied to fit non-
linear curves [71]. 

First, a, b, T, φ0 and y0 parameters were guessed as close to real as possible using the measurement 
data. Parameters a and b determine the exponential envelope, T means the period time of the 
oscillation, φ0 is the initial phase, and y0 is the offset of the damped sinusoidal function, i.e. the position 
of the equilibrium. We note that this estimation process might be very useful for the students helping 
them understand the meaning of each parameter. Second, with those parameters, the estimated yest 
values, as well as the residuals (y - yest) were counted. Then the sum of the squared residuals was 
determined and minimized by the Solver resulting in optimized values of the parameters. Using these 
parameters, a curve fit like the Trendline can be realized with the y(t) formula on a uniform, densely 
spaced time series as shown in Figure 8. We note that this more generalized method is suitable for the 
other types of motion, too.  
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Figure 9: The position of the cart on an air track as a function of time in case of damped oscillation. Measurement 

data in orange and Trendline in blue are plotted. 

4. Summary 

In the study, we presented a hardware and software assembly that, based on the BBC micro:bit 
teaching tool, can function as a complex measurement system for physics education. 3D printing 
played an important role in the experiment setup. During the presentation of the structure of the 
measurement software, we highlighted some of the possibilities inherent in the CODAL (C++) 
environment, regarding the potential inherent in event-driven programming. When evaluating the 
data, we used popular Excel extensions (Data Streamer, Solver) and functions (e.g. LINEST()). Our 
experimental results show a very good agreement with the theoretical description of the movements. 

We believe that the tools and solutions presented above can also be useful for IT teachers: it is 
important to build relationships between subjects since education in these scientific fields can 
contribute to students choosing a career in the area of STEAM. 
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