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Abstract—This paper presents the design and implementation
of a compact multi-axis vibration measurement system
for gamepad haptic actuators. Three MPU-6500 MEMS
accelerometers are interfaced to a Raspberry Pi Pico
(RP2040) microcontroller via SPI, enabling synchronized tri-
axial acceleration acquisition at a range of different sampling
frequencies. Measurements across gamepads employing different
haptic actuation technologies demonstrate spatial differentiation
of vibration profiles across the device body, with amplitude
peaks clearly correlated to actuator placement. The system is
a low-cost, open instrumentation platform suitable for objective
characterization of haptic feedback devices.
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I. INTRODUCTION

Haptic feedback has become a standard feature of consumer
gaming peripherals, providing a tactile communication channel
that complements visual and auditory outputs. Despite
widespread deployment, the vibration profiles produced by
gamepad actuators are characterized with spatial resolution:
existing studies [1] describe the perceptual and semiotic
dimensions of vibration but do not quantify the underlying
physical parameters (amplitude, frequency, RMS). Objective
measurement is a prerequisite for correlating haptic signal
structure with user experience.
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Modern gamepad controllers employ a range of haptic
actuator technologies, most prominently eccentric rotating
mass (ERM) motors and linear resonant actuators (LRAs),
with additional electromechanical trigger actuators present in
newer designs. Voice coil actuators (VCAs), which operate
on a linear electromagnetic principle, are also encountered
in contemporary controllers and represent the actuation
technology examined in this work.

Eccentric Rotating Mass (ERM) motors, the dominant
actuator type in mid-range gamepads, generate complex
vibration fields that propagate non-uniformly through the
device chassis. Performing such measurements requires
simultaneous multi-point measurement with bandwidth
sufficient to capture harmonics up to at least 500 Hz,
implying a minimum acquisition rate of 1 kHz by the Nyquist
criterion [2]. During the initial prototype phase, operating at
1kHz under the MicroPython runtime, only ERM-equipped
controllers were measured, as this acquisition rate was
sufficient to characterise the lower fundamental frequencies
typical of ERM devices.

VCA-based controllers, which exhibit higher operating
frequencies and correspondingly richer harmonic content,
demanded a higher sampling rate than the first prototype
could not reliably sustain. Following the firmware migration
to C and the achievement of a 2kHz acquisition rate, VCA
measurements became feasible.

The results presented in this paper therefore focus on a
VCA-equipped controller, as this actuator class poses the more
demanding measurement challenge and better demonstrates
the capabilities of the upgraded system. This work addresses
that need by developing an embedded instrumentation system,
motivated by ongoing research into the usability of haptic
devices.
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II. SYSTEM ARCHITECTURE

A. Hardware

The measurement platform comprises three MPU-6500
three-axis IMUs connected to a Raspberry Pi Pico board
(RP2040 dual-core Arm Cortex-M0O+, 133MHz, 264kB
SRAM). The sensors are mounted at three locations: the left
grip, the right grip, and the central body of the gamepad,
enabling separate measurement of vibrations from each handle
as well as their combined propagation through the central
structure. Physical attachment uses elastic bands rather than
rigid adhesive, minimising damping of the measured vibrations

(Fig. 1).

Fig. 1.
measurement system.

Sensor placement and hardware configuration of the gamepad

The MPU-6500 integrates a MEMS capacitive
accelerometer with a 16-bit ADC providing simultaneous
sampling across all three axes [3]. The measurement range is
configured to +4¢ (8192LSB/g, sensitivity ~ 1.19 mm/s?),
selected experimentally: the +2g range produced register
overflow at actuator saturation, while +4g preserved full
dynamic range with measured peak accelerations near 30 m/s>.
This choice is further supported by Rodrigues et al. [4], who
demonstrated that the MPU-series exhibits greater behavioral
uniformity and smaller inter-axis reading deviations compared
to alternative low-cost sensors such as the ADXIL.345, with
differences remaining within 10% across all tested cases
under random vibration inputs, validating its suitability for
vibration characterisation applications.

The sensors share a single SPI bus operating in Mode 3
(CPOL =1, CPHA =1). Initialisation uses a 1 MHz clock to
configure sensor registers; acquisition uses 20 MHz, enabling
rapid burst reads of all three sensors within a 1 ms interrupt
period. Each sensor is individually chip-selected, eliminating
bus contention.

The internal Digital Low-Pass Filter (DLPF) is disabled via
the ACCEL_FCHOICE_B bit, placing the sensor in bypass
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mode and enabling the maximum internal output data rate of
4kHz, well above the 1 kHz system acquisition rate.

B. Firmware

The initial prototype was implemented in MicroPython
to enable rapid development and ease of testing on
the RP2040 platform. However, due to the performance
limitations and reduced low-level control inherent to high-
level interpreted languages, the implementation was later
migrated to C, allowing for improved timing determinism,
higher sampling rates, and more efficient utilization of the
same microcontroller.

The MicroPython firmware structures acquisition around a
hardware timer interrupt at 1kHz. On each interrupt, the ISR
invokes a function which reads 6 raw bytes from each sensor
via SPI and writes them sequentially into a pre-allocated
buffer. It is done in a way that functionally emulates DMA
behavior within MicroPython’s constraints.

The C firmware implements a fully deterministic acquisition
pipeline using a hardware repeating timer with a period
of 500 ws (2 kHz sampling rate). At each timer interrupt,
the function store_sample_fast () performs direct SPI
reads of 6 raw bytes per sensor and writes them sequentially
into a statically allocated buffer. Unlike the MicroPython
implementation, this approach relies on native memory
access and interrupt-level execution, eliminating interpreter
overhead and enabling precise timing without the need for
memoryview-based optimizations.

After acquisition completes (8000 samples), the timer is
stopped and the buffered data are transmitted over UART.
For each sample, three 9-byte packets (one per sensor) are
constructed using start (0xAA) and stop (0xBB) delimiters,
with byte-order correction applied prior to transmission, as
shown in Fig. 2. Calibration is performed at startup by
averaging 50 samples per axis for each sensor, with the
resulting offsets transmitted once as dedicated 15-byte packets
containing three floating-point values per sensor.

Z axis

X axis y axis

START STOP
A pe pe
byte ~ ~ S ~ byt
OxAA Sensor data data data data data data OxBB

ID

Fig. 2. Structure of the data transmission packet.

C. Haptic Stimulus Delivery Setup

Haptic stimuli were delivered using a custom Unity editor
tool for gamepad haptic effect design developed by Bursaé
and Iveti¢ [5]. The tool enables definition of time-varying
motor speed profiles via curves, with independent intensity
multipliers for the left and right actuators and configurable
stimulus duration. Stimuli are transmitted to the gamepad
via Unity’s gamepad API, which handles platform-specific
communication with the controller hardware transparently. The



tool is compatible with all gamepad controllers recognized
by the Unity engine, including both the Xbox and Sony
DualSense controllers. The tool additionally features a
flexible preview system with configurable measurement
sequence options, including a initial burst for sensor trigger
synchronization, silence and decay windows, and automatic
calculation of total stimulus duration.

D. Measurement Protocol and Calibration

To the best of our knowledge, one of the few studies
addressing vibration measurements in gamepad controllers
is [6]. However, the reported results are not presented in a
fully detailed or quantitative manner, as the controllers are
primarily compared in relative (percentage-based) terms and
against recommended exposure limits, rather than through
absolute measured values.

Certain methodological aspects are not fully specified.
Vibrations are induced through gameplay rather than a
controlled input signal, which may limit repeatability and
precise control over excitation conditions. In addition,
the sensor placement is described only briefly (attached
using adhesive tape), without explicit information on exact
positioning, controller orientation, or whether measurements
were conducted on both sides. Figures suggest that the
controller is placed on a surface, with the sensor mounted
on the right handle across devices.

In contrast, in the experimental setup used in the present
study, measurements are conducted in a suspended (free-
hanging) configuration, as shown in Fig. 1, in which the
controller is hung by its cable above its center of mass,
ensuring minimal external contact, mechanical isolation from
the surface, and a stable power supply. The distance between
the suspension point and the connector is fixed at 10
cm to ensure consistent measurement geometry. After the
controller stabilises, the acquisition trigger is asserted via
GPIO. The calibration procedure records a static bias vector
a = (ag, ay,az) for each sensor at rest; subsequent samples
are corrected by element-wise subtraction. This tare operation
simultaneously removes the gravity projection caused by
imperfect sensor orientation and any static zero-g offset. The
dominant residual errors after taring are the full-scale tolerance
(£3%, ie. ~ +1.18m/s?) and output non-linearity (+0.5%
FS, ~ j:0.20m/s2); the zero-g bias (£60mg), which is the
largest contributor to a static reading, is eliminated by the
tare.

E. Desktop Application

The Python/PySide6 desktop application processes and
visualises the incoming data stream via three concurrent
components operating as Qt threads:

1) SerialWorker opens the USB-UART port, parses the
binary stream by scanning for OxAA/OxBB frame
delimiters, applies per-sensor calibration offsets, and
emits complete acquisition records as Qt signals.

2) ExcelWorker consumes acquisition records from a task
queue, appending each 8000-sample measurement to
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a new named sheet in a persistent .x1sx workbook.
Columns store per-axis acceleration and the scalar RMS:

Oms = ,/ai—i—a;—l—ag

which, after subtraction of the static calibration vector,
represents the purely dynamic vibration magnitude.
GraphWorker maintains a rolling 8000-point buffer for
each sensor, rendering four simultaneous curves (X, Y,
Z, RMS) using pyqtgraph PlotWidget. The user can
selectively toggle curves, constrain the visible x-range,
and switch between calibrated and raw values. Sheet
navigation allows retrospective inspection of any stored
measurement.

(D

3)

III. RESULTS

At 1 kHz under the MicroPython runtime, the ISR
scheduling was insufficiently deterministic to guarantee a
fresh sensor read on every interrupt cycle. The result
was a staircased signal where repeated values were held
between genuine samples, artificially smoothing the output and
destroying fine-grained vibration detail. This was confirmed by
the distinctly stepped appearance of the per-axis traces, which
is characteristic of a system that is undersampling relative to
the rate of change of the physical signal, as shown in Fig. 3.

L
2000

Fig. 3. Example of signals sampled at 1 kHz.

The firmware was rewritten in C using the RP2040 SDK,
achieving a sustained 2 kHz acquisition rate with deterministic
interrupt timing. C also allows the sample buffer to be sized
against the full available SRAM at compile time without
runtime fragmentation, giving a longer acquisition window
and more total samples per cycle than was practical in
MicroPython. At 2 kHz the output shows genuine sample-
to-sample variation, confirming that each sample is a fresh
sensor reading and that the vibration dynamics are being
captured at their true resolution rather than interpolated
between infrequent reads, as shown in Fig. 4.

3100 3150 3200 3250

Fig. 4. Example of signal sampled at 2 kHz.
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Fig. 5. Single-Motor Constant Vibration Response of a Sony PlayStation Controller

A. Constant Excitation

This measurement shown in Fig. 5 was taken with only
the right motor active under a constant drive condition (fixed
amplitude command after initial settling). Sensor 1 is mounted
at the center of the chassis, Sensor 2 at the left grip above the
inactive motor, and Sensor 3 at the right grip directly above the
active motor. This configuration explains the higher vibration
magnitude observed at Sensor 3.

Sensor 3 (right grip) exhibits the highest overall vibration
magnitude in the system, with the X-axis (blue) dominating
and reaching approximately 5-6 m/s? during steady state.
The Y-axis (green) follows at a lower level, while the Z-
axis (red) remains comparatively small. This strong directional
bias suggests that the dominant excitation component at this
location is aligned with the motor axis. A notable isolated
spike appears around the mid-recording region, which is likely
attributable to a transient mechanical event (firmware glitch,
or user-induced disturbance) rather than a sustained system
behavior.

B. Linearly Ramped Excitation

This measurement shown in Fig. 6 was taken with both
VCA motors active simultaneously on a Sony PlayStation
DualSense controller, driven by a linearly increasing amplitude
command. Sensor 1 is mounted at the center of the chassis,
Sensor 2 at the left grip above the dominant motor, and Sensor
3 at the right grip.

The most striking feature is the clean linear growth
of vibration amplitude across all three sensors over the
acquisition window.

This confirms that the controller firmware is faithfully
executing the ramp command and that the measurement system
has sufficient dynamic range to track it.

Sensor 2, showing only the RMS component, produces the
largest amplitude, reaching peaks approaching 25 m/s? by
the end of the ramp. This places the dominant motor clearly
in the left grip, as the sensor closest to the source records
the strongest signal with minimal attenuation. The individual
oscillation cycles are visible at this scale, and their spacing
remains consistent throughout the ramp, confirming that the
motor frequency is fixed while only the drive amplitude
increases.

Sensor 3 on the right grip follows the same envelope
shape but at a noticeably lower amplitude, peaking around
12 - 15 m/s?. The vibration profile is similar in character
to Sensor 2, meaning the right-side sensor is largely seeing
energy radiated from the left motor propagating through the
body, with its own motor contributing a secondary component
on top. Sensor 1 at the center is the most informative for
understanding system-level behavior.

The VCA is an electromagnetic actuator operating on
the same fundamental principle as the linear resonant
actuator class [7], allegedly such devices produce the weakest
sensations and lowest power efficiencies among the three
major vibrotactile actuator types. The measured acceleration
magnitudes observed here, however, suggest that the Sony
implementation achieves meaningful vibration levels within
its intended operating range. With all three axes displayed, it
captures the superposition of both motors simultaneously.
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Fig. 6. Dual-Motor Linearly Ramped Vibration Response of a Sony PlayStation Controller

Given the sensor mounting orientation, with the X axis
directed vertically upward, the Z axis normal to the controller
face, and the Y axis aligned laterally along the left-right axis
of the device, this is consistent with the dominant vibration
component arriving from the lateral direction. The Y axis
(green) carries the most energy at this location, which is
consistent with the sensor mounting position.

IV. CONCLUSION

A compact multi-axis vibration measurement system has
been realised and validated on an VCA-driven gamepad. The
combination of MPU-6500 MEMS sensors, SPI at 20 MHz,
a 2kHz interrupt-driven firmware, and a multi-threaded
Python application achieves sufficient bandwidth and spatial
resolution to differentiate vibration profiles across the device
body. The RMS metric derived after tare-calibration provides
a physically meaningful, sensor-orientation-independent scalar
for haptic intensity. Measured results confirm that the
dominant actuator contributes to the vibration field throughout
the chassis, with the central sensor capturing a superposition
of both motor signatures.

V. DISCUSSION AND FUTURE WORK

Although this system was developed primarily to measure
gamepad haptics, its multi-point, tri-axial sensing and high
sampling bandwidth make it useful for many practical
vibration-measurement tasks. The measurement system is
being upgraded and refined for application in the monitoring
of electrical machines in industrial environments, with the

aim of enabling rapid and efficient responses in the event
of faults. With modest adaptation, the platform can support
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condition monitoring of small electromechanical actuators,
enabling routine motor health checks and early detection of
wear. In the case of induction machines, the system will
be applied to the detection of rotor faults in the presence
of interbar currents through the analysis of axial vibration
signals [8]. Axial vibrations increase due to elevated interbar
currents when broken rotor bars are present. By continuously
measuring these vibrations, such faults are detected at an
early stage, thereby reducing maintenance costs and preventing
more severe failures.
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