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Abstract—This paper describes a sensor which is designed to
help golf players to increase their capabilities by tuning their
movements. The proposed solution is characterized by having
the sensing unit to be attached to the golf club near to its head
so that the sensor placement is easy and the sensor can be moved
when the club is changed by the player. The sensor is able to
communicate with either a smart-phone or a PC by using the
bluetooth LE protocol so that there is no reason to remove the
sensor from the club during its use. A GPS unit is used to track
the club position so that it is also possible to recreate a golf
session including the stroke positions to review the procedure.
The system is arranged by using all commercial off-the-shelf
components embedded into a 3D printed case. The overall cost
is of less than 100$ making it an easy and simple tool for assessing
and improving the player skills.

Index Terms—Sport training, Golf, Environmental monitoring,
Inertial sensors

I. INTRODUCTION

Nowadays, the design and employment of smart sensors and
new techniques strongly influence the world of sports. In the
last ten years, many electronic devices and sensors have been
developed to support athletes during their training as well as
to help amateurs to play their favorite sport [1,2]. A large
number of different devices such as wearable sport computers
employed to monitor athlete physiological parameters [3], or
smart trackers for ball game, which allow collecting data
about each shot, ball speed, swing, ball spin, ball impact spot
and so on are now available on the market, in particular for
sports such as swimming and tennis which are followed by
thousands of people around the world. Often, these devices use
wireless communication protocols, like Bluetooth Low Energy
(BLE) for short range communication or LoRaWAN [4] for
longer range applications and this lets such smart sensors to
be employed seamlessly and non-invasively in many different
sport fields.

Golf is one of the sports where the precision of any single
hit has a high importance and which requires strong discipline
and control of the players. In this scenario, a smart sensor
which is designed to be used both during training and real
matches for a-posteriori analysis of the match would be of
great importance.

Such a sensor could be used during training to record and
characterize each hit done by the user to let him/her enhance
his/her capabilities by immediately reviewing each stroke.
During a match, the sensor could be used to record the features

of player hits, recording at the same time the environmental
conditions (temperature, humidity and pressure) and the path
followed during the match. All these values could be reviewed
at the end of the match to perform a SWOT analysis (Strengths
Weaknesses Opportunities Threats).

In addition, a sensor of this type would give the possibility
to let players download, process and share the performance
with both friends and other players simply by using their
smart-phones, provided that a suitable connection capability
would be available.

Few commercial devices offering these types of function-
alities are already available on the market [5], ZeppGolf [6],
Arccos 360 [7], and they have some disadvantages which limit
their use in practical application.

The authors are proposing therefore a system that should
achieve better measurement performances due to the position
of the sensor on the golf club. In virtually all commercial
devices the sensor is placed close to the club grip. With
this configuration, only the player hand speed and movement
can be directly measured; information about the real head
movement must be obtained through post-processing.

The proposed system, instead, is designed to be positioned
close to the golf club head, so that its trajectory and speed
is directly measured. In order to do this, the sensor has to be
extremely light so that it does not alter the club mass and its
moment of inertia.

II. THE PROPOSED SYSTEM ARCHITECTURE

The proposed tracking system is intended to be directly
fixed on the golf club, close to the club head. Thanks to
its very reduced dimensions and the low weight, the system
does not interfere significantly with the club balance and does
not change the experience of the player. This way it can be
a reliable assistant, which provides useful information to the
users in order to improve their game experience and enhance
their performance.

The proposed system takes advantage of the SensorTile De-
velopment Kit, which is produced by STMicroelectronics and
is commercially-available at a very low cost. The SensorTile
consists of a very small wireless module that integrates most
of devices required in this application. The overall size of the
module is 13.5 mm x 13.5 mm. Fig. 1 shows the tiny module
and highlights the main devices that are used in the system:



Fig. 1. The SensorTile Wireless module: in the figure the main devices
employed in the proposed application are highlighted.

A The STM32L476 microcotroller. This 32-bit ultra-low-
power CortexM4F processor performs all the operations
required for the proper operation of the system. It takes
care of the interfacing with all the sensors, fetches their
measurements, processes such measurements in order to
evaluate the key parameters and the information for the
player and manages the Bluetooth Low-Energy commu-
nication.

B The LSM6DSM iNEMO inertial module. This chip in-
tegrates a 3-axis accelerometer and a 3-axis gyroscope.
The device is employed as the main inertial sensor in
the application for the acquisition of acceleration and
angular velocity which are used for estimating the club
head trajectory and the ball velocity after the hit.

C The MP34DT04 digital microphone. The microphone is
used together with the accelerometers to detect the hit
time. This way, the club head deceleration can be better
identified and used for estimating the ball velocity at hit
time. From this information it is also possible to estimate
the free ball distance.

D The LSM303AGR eCompass module. This chip inte-
grates a 3-axis accelerometer and a 3-axis magnetometer.
The devices are used to assess the player orientation,
which is required to assess the ball direction after the
hit. In addition, this information is also used to know the
exposition of the player with respect to the sun at the hit
time. The accelerometers are also to enhance the accuracy
of the iNEMO module, especially during the calibration
process.

E The LPS22HB barometer. This sensor is able to measure
the atmospheric pressure and it is employed together with
the temperature and humidity sensor for monitoring the
environmental conditions during the play.

F The BlueNRG-MS chip. This chip together with a chip
antenna and a balun adapter provides the module with the
Bluetooth Low-Energy (BLE) connectivity. This connec-

tion is used to transfer in a quasi real-time the acquired
data to either the player smart-phone or to a PC.

Fig. 2. The SensorTile Cradle module: in the figure the main devices
employed in the proposed application are highlighted.

In addition to the SensorTile module also the SensorTile
Cradle is used in the application. The SensorTile Cradle is a
small board on which the SensorTile module can be soldered
and that can be used to expand the functionalities of the basic
module. Fig. 2 shows the Cradle board which is designed to
host the SensorTile board and provide additional components
used by the proposed system:

A The place where the SensorTile has to be soldered
B The battery charger which is employed to charge the

system battery from a standard source, like a standard
USB power adapter.

C The microSD slot. This slot is connected to the SensorTile
and it is used to store permanently the measurements
taken by the system. This is a very useful feature because
it makes possible to download the acquired data on a
PC after a match for analyzing the performance or the
errors. Furthermore, having a backup copy of all the data
is useful in case a possible wireless link failure occurs.

D The HTS221 temperature and humidity sensor. This sen-
sor is used to monitor the environmental condition during
the play in conjunction with the environment pressure
and the player exposition to the sun, already described.
Correlating player performance and play results with the
environmental conditions can be very useful, being the
performance significantly affected by many environmen-
tal parameters.

E The microUSB connector. The USB interface is used
primary for charging the battery through a standard 5 V
power supply. In addition, the interface can be used for
downloading data on a compatible computer running a
dedicated application. This can used for analyzing the
match performance.

F The battery connector for the rechargeable battery that
power the whole system.



G The programing interface. The programming connector
is employed during the system development and the
firmware debugging in order to upload the microntroller
firmware. In order to reduce the size and the weight of
the final system, the connector can be removed from the
board after the final firmware version has been uploaded.

H The power switch. The system has a low power sleep
mode that is automatically activated when no movement
is detected for a given period of time. However, the power
switch can be used to turns off the whole system when
it is not used for a prolonged period of time.

All the system is allocated inside a 3D printed box whose
dimensions are of about 33 mm x 25 mm x 21 mm, including
both the boards, the GPS receiver module, the battery and
the enclosure itself. The reduced size of the system makes
easy to attach it to golf clubs without obstructing the player
movements.

The total weight is of about 20 g. Considering that the
typical weight of a golf club is in the order of 300 ∼ 500 g, the
addition of the system to the club close to the head (that is the
heaviest part a club) has a minimal effect on the balance and on
the inertial moment of the club itself. The overall increase of
the club inertial moment can be estimated in the range 5 ∼ 7%.
Thus, it can be concluded that the addition of the system does
not affect significantly the experience of the player.

III. THE SYSTEM FIRMWARE

All the operations required for the proper working of
the system are carried out by the firmware running on the
STM32L476 microcontroller available on the SensorTile basic
module. The firmware is based on the Free RTOS Operating
System [8], which is capable of managing the different tasks
running in a system according to a deterministic protocol. This
makes it possible to know the response time for each task
and simplifies the task synchronization. The RTOS is widely
diffused in the embedded field for its robustness and light
weight, and allows to reduce the developing time of complex
software system keeping low, at the same time, the hardware
resource requirements.

In the proposed application the operating system manages
all the required tasks and guarantees a synchronization be-
tween all the operations. Fig. 3 depicts the basic structure of
the system highlighting also all the tasks running and how
they operate in order to acquire sensor data and elaborating
them. The figure shows on the left all the sensors embedded
into the SensorTile and the GPS receiver, which is the only
sensor added to the system.

All the embedded sensors and the GPS receiver are con-
nected to the microcontroller using the supported digital inter-
faces (SPI, I2C and UART). Sensor data are acquired using the
dedicated drivers for both the microcontroller digital interfaces
(low-level drivers) and the sensor devices (high-level drivers).
These drivers, with the exception for the GPS receiver, are
provided by STMicroelectronics in a bundle featuring several
libraries ready to be added in the application.

The driver for the GPS has been ad-hoc developed for
this system and supports all the basic operations required to
communicate with the module and to decode the position
data. Data reception is managed through specific hardware
interrupts in order to minimize the microntroller load.

Several primary tasks are defined in order to acquire, decode
and process the sensor data. Each task is responsible for a
specific processing, specifically:

• Trajectory and Movement Tracking System. This task
is responsible for data acquisition from the embedded
inertial sensors (accelerometers and gyroscope) and for
their processing. Once data are acquired, the task merges
them together and extracts the estimated trajectory of
the club head in order to provide information on the
movements performed by the golf player during each
swing. The same task is responsible to detect the absence
of movements and is able to put the whole system in a
sleep mode in order to save battery power.

• Ball Hit Detector and Distance Estimator. This task
uses the accelerometer data and acquires the microphone
digital signals. When the club head hits the ball, there is
a small deceleration of the club that is recorded by the
accelerometers. At the same time, the microphone records
the hit sound. Both the information are merged together
in order to achieve a more accurate and reliable timing
of the ball hitting. From the estimated club head velocity
and deceleration the task estimates the ball velocity at
the hit time and, thus, it can get a rough estimation the
free-path distance.

• Environmental Condition Logger. This task acquires and
decodes the data from the atmospheric pressure sensor
and the temperature and relative humidity sensors. These
data are used to relate the player performance with the
actual environmental conditions he/she is exposed to.

• Global Position and Exposition Logger. This task is
responsible to collect data related to the actual position
(GPS coordinates) and estimate the player heading. The
coordinates as well as the absolute time are provided
directly be the GPS receiver, while the player heading
is estimated by processing data from the magnetometer,
used as a digital compass. This makes possible to estimate
the player position and orientation in respect to the global
positioning system for checking the direction of each
ball hit. All these data are stored and can be useful for
analyzing the performance of the player and how these
are related with the player position.

The tasks for trajectory estimation and ball hit detection
are constrained by severe time requirements. They have to
perform a real-time acquisition from the sensors and a real-
time pre-processing of the data during all the phases of a golf
swing, from the addressing to the impact and finish. Thus,
those tasks are granted of the highest priority. Furthermore,
it is very important to guarantee the synchronization of the
two tasks in order to achieve coherent information of the club
trajectory and the ball hit. The other primary tasks have more



Fig. 3. The structure of the firmware which manages all the operations performed by the system. All the components except the GPS receiver are embedded
into the Sensor Tile Ensemble. The firmware is based on the FreeRTOS Real-Time Operative System and it is executed on the SensorTile microcontroller.
The SensorTile embeds also the battery which is required for powering the system and the bluetooth transceiver which is used for the communication with
PC and Smart Phones

relaxed time constraints, having just to acquire the data with
a low sampling rate.

A specific task, the Data Merging and Collection System,
is responsible to collect all the data provided by the other
tasks. In particular, it creates in the RAM a temporary buffer
of all the acquired and decoded data, as they are provided by
the primary tasks. Data are allocated in a specific structure
according to the type of the sensor they refer to. It is required
to have this task always synchronized with the primary ones
to avoid any possible misalignment of the data.

Finally, there are the secondary tasks which use the data
stored by the Data Merging and Collection System. There is
a specific task for each communication interface available on
the system. Specifically:

• The Bluetooth Manager is responsible for the Bluetooth
Low Energy communication. The manager is built over
the Bluetooth stack and the driver provided by the STMi-
croelectronics. It manages the specific functions related
to the system: data exchanging and system configuration.

• The MicroSD Manager creates a backup copy of all
the acquired and processed data on the microSD card
available on the system. The manager employs a freely
available library for the management of the FAT filesys-
tem used to store data in the memory card. This way,
the card is compatible with most of the computers and
data exchanging can be performed without a specific
application.

• The USB Manager is used to interface the USB port. The
USB communication provides similar functionalities of
the Bluetooth, but requires a dedicated program running

on the host PC.

IV. SYSTEM CALIBRATION

The system has been subjected to a preliminary calibration
in order to acquire useful information regarding the expected
performance. The ranges of the inertial sensors employed in
the application have been selected: 8 g for accelerometers and
20000 mdps for gyroscopes (the employment of the STMicro-
electronics drivers allowed the reduction of the development
time even if it limited the maximum acceleration range to 8g).
Selected sampling rate is 200 Hz. The calibration has been
performed on the inertial module iNemo LSM6DSM with the
goal to compensate for intrinsic misalignments of the sensor
coordinate system, sensitivity errors and biases [9]. Periodic
calibration of the system can be required in order to address
thermal derives of both sensitivity and biases. The calibration
procedure provides a set of parameters (sensor bias, sensitivity
and cross-axis effect) that can be used to correct measured
acceleration according to the following matrix equation:

A = Ca ·Ka · (Am −Ab) (1)

where A is the compensated acceleration vector, Am is the
acceleration vector as measured by the sensor using nominal
sensitivities, Ab is the bias vector of the accelerometers,
Ka is a diagonal matrix containing the sensitivity correction
coefficients, and Ca is a matrix which takes into account the
cross-axis effects. The Ca matrix can be simplified if the x
axis is considered coincident with the x sensitivity axis. In
this case it can be written:



Ca =


1 ja−xy ka−xz

0 1 ka−yz

0 0 1

 (2)

being ja−xy , ka−xz , ka−yz the projection coefficients.
A similar approach can be used also for compensating the

angular velocities measured by the gyroscope:

ω = Rω ·Kω · (ω − ωb) (3)

where ω is the vector of the angular velocities as measured
by the gyroscope using nominal sensitivities, ωb is the bias
vector the gyroscope, Kω is the diagonal matrix containing the
sensitivity correction coefficients, and Rω is the matrix which
takes into account the cross-axis effects. No simplification can
be performed on the Rω matrix, which can be written as:

Rω =


1 jg−xy kg−xz

ig−yx 1 kg−yz

ig−zx jg−zy 1

 (4)

The employed calibration procedure is able to provide the
nine parameters required to fully compensate acceleration er-
rors according to (1). It should be noted that the accelerometers
are ever subjected to local gravity acceleration and no zero-
acceleration measurement can be performed. For this reason
calibration is performed measuring static gravity acceleration
along the three axis at several inclinations on the three possible
orientations of the sensor. The acquired data are processed
taking into account that the total acceleration has to be always
equal to the local gravity acceleration:

|A| =
√
ax2 + ay2 + az2 = g (5)

The calibration parameters are calculated in order to mini-
mize the acceleration error in (1) employing the least square
estimation algorithm. Static acceleration is measured at 12
different inclinations (step of 30◦) turning the sensor around
each coordinate axis. Fig. 4 reports the calibration results
obtained using the explained procedure.

The acceleration values measured by the sensor without
performing any calibration are affected by a significant mean
errors (∼ 0.2 m/s2) and are not consistent on the three axis.
Instead, after calibration and compensation, the acceleration
mean error is minimized. The standard deviation is reduced to
0.0531 m/s2, and consistent results are obtained on all of the
three axis.

V. EXPERIMENTAL RESULTS

In order to evaluate the effectiveness of the system in on-
field use, several measurements have been carried out using a
golf club and a golf ball and performing complete swings with
and without hitting the ball. The acquired data for acceleration
and angular velocity are reported in Fig. 5. Four complete

Fig. 4. Results of the calibration procedure for the accelerometers. (A)
static acceleration values acquired without any calibration, the mean error
is about ∼ 0.2 m/s2 and different values are obtained on the three axis. (B)
acquired values during calibration procedure compensated with the extracted
parameters, are clearly visible the 12 steps for each of the three axis. (C)
error evaluation after compensation, mean error is almost nullified and result
are consistent on all of the three axis.

swings are shown in the graph. For each episode the main
features of a typical golf swing are clearly visible: address,
back swing, top of swing, down swing, impact (in the fourth

Fig. 5. Data acquired with a golf club in real situations. Four complete golf
swings are reported, but only in the fourth the ball is hit. All the typical
features of a golf swing are clearly visible. The last episode, highlighted with
a red circle, shows the effects of the ball impact both on the acceleration and
angular velocity. Angular velocity components are expressed in terms of roll
(r), pitch (p) and heading (h).



Fig. 6. Data acquired with a golf club in real situations during an impact event
(episode highlighted with red circle in Fig. 5). The acceleration components
(A) exhibit dumped oscillations due to the club elasticity. Saturation of
acceleration components occurs during the swing. The problem is being
addressed increasing up to 16 m/s2 the acceleration full-scale range. The
impact event is clearly visible in the angular velocity components (B) and
in the total angular velocity (C). Integration of the three angular velocities
allows to obtain the angular position (D) of the golf club during the swing.

episode only) and follow through.
The ball is hit only in the fourth episode, reported in detail in

Fig. 6, where the effect of the hitting is clearly visible on both
the acceleration and the angular velocity. The accelerations
exhibit a resonance effect due to the club intrinsic elas-
ticity: dumped oscillations (with characteristic frequency of
∼ 30 Hz) appear just after the impact. Oscillations disappear
within about 0.2 s since the impact. This makes difficult to use
acceleration for detecting the ball hitting event. Fortunately,
the ball impact has very clear effects on the angular velocity.
An abrupt descending edge occurs on two of the three angular
velocities at the impact. This is even more clearly visible in the
total angular velocity computed from the three components.
After the impact event (which lasts few milliseconds) the
angular velocity rises again and goes on decreasing gradually
following the follow through of the player.

The integration of the angular velocities provided by the
gyroscopes allows the calculation of the angular position of
the club during the swing. This can be used to reconstruct
the trajectory of the club and evaluate the technique of the
player. The maximum rotation is, obviously, on the roll where
an almost complete rotation occurs.

The positioning of the sensor near the club head leads to

accelerations during the swing that exceed the full range values
of 80 m/s2. Sensor saturation is visible in Fig. 6, and authors
are addressing this problem increasing up to 16 g the full
range of the accelerometers. Also the whole microcontroller
firmware is being reviewed in order to increase sampling
rate above 200 Hz and improve resolution of the ball impact
events.

VI. CONCLUSIONS

The proposed golf aid system lets players both to verify their
performance and review their games. In the first use the system
can track the club swing and monitor the strike strength. In
the second use, the system is designed to record all strokes,
tagging them with the player position as provided by the GPS
and adding details regarding the environmental conditions and
the player orientation with respect to the sun. This way it is
possible to observe if correlations exist with respect to these
quantities and to help users to cope with them. The system
is designed to be installed close to the golf club head and
is light enough to avoid significant alterations of the game
experience. The extreme low cost, the capability of storing all
data for off-line analysis at game-end and the capability of
connecting to both player smart-phones and PC makes it an
interesting companion of most golf players. The preliminary
results are promising, even though some improvements in
the microcontroller firmware are required. In particular, the
accelerometer driver needs changes in order to increase the
maximum acceleration range up to 16 g and to reduce the risk
of saturation on the strongest hits. Furthermore, an increase
of the sampling rate well above 200 Hz would be beneficial
for augmenting data resolution during hit events, but this will
involve a general optimization of all the firmware.
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