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ABSTRACT

The highly accurate, high-speed acquisition of cutting force data is a fundamental
prerequisite for the real-time monitoring and optimization of machining processes. To date, the
predominant focus of research has been on the mechanical design and calibration accuracy of
dynamometers, with comparatively limited attention devoted to the optimization of embedded data
acquisition architectures.

This study addresses this gap by presenting a systematic performance comparison of four
distinct data acquisition strategies implemented on a three-axis real-time force measurement system
in turning process. The architectures: (i) Polling, (ii) Polling with Interrupts, (iii) a Real-Time
Operating System (RTOS) with Interrupts, and (iv) an RTOS with Direct Memory Access (DMA)
utilizing a double buffering mechanism were evaluated on an STM32 microcontroller platform
integrated with a 24-bit ADC operating at 32 kSPS.

Performance was quantitatively assessed based on CPU utilization and sampling rate
stability. The empirical results demonstrate that while conventional Polling and Interrupt-driven
methods achieve the target sampling rate, they do so at the cost of nearly 100% CPU utilization.
The RTOS-Interrupt architecture offered a substantial improvement, reducing the CPU load to
approximately 97.51%. Most significantly, the RTOS-DMA configuration demonstrated superior
efficacy, achieving an average CPU load time of 87.23% while maintaining high sampling rate
stability (33,145.09 + 36.64 samples/s).

These findings validate that the RTOS-DMA architecture provides an optimal balance
between high data throughput and computational efficiency. This approach effectively decouples
data acquisition from the CPU, thereby enabling parallel execution of critical tasks such as signal
processing and communication, establishing it as the most suitable architecture for robust, multi-
tasking smart machining monitoring systems.

Keywords: Embedded system; Dynamometer; Turning process, Real-time operating
system,; Direct memory access embedded architecture,; Real-time force measurement.
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TOM TAT

Viéc thu nhén dir liéu luc cdt véi do chinh xdce cao va toc dé 1om la diéu kién tién quyét cho
cong tdc gidm sdt va t6i wu héa qud trinh gia céng theo thoi gian thiee. Cho dén nay, phan lém cdc
nghién cuu chu yéu tdp trung vao thiét ké co khi va dé chinh xdac hiéu chudn cua thiét bi do luc
(dynamometer), trong khi viéc t6i wu héa kién triic thu thap dir liéu trén hé thong nhing van chuwa
dwoc quan tam day di.

Nghién ciru nay nham lap day khodng trong d6 thong qua viéc so sanh hiéu ndng mot cdach
co hé théng gitta bon chién lwoc thu thap dir lieu khac nhau, dwoc trién khai trén hé théng do luc
ba truc thoi gian thue trong qud trinh tién. Cdc kién triic bao gom: (i) Polling, (i) Polling két hop
Interrupts, (iii) Hé diéu hanh thoi gian thwe (RTOS) két hop Interrupts, va (iv) RTOS két hop truy
cdp b nhé truc tiép (DMA) sir dung co ché dém kép. Cac kién triic nay dwoc danh gid trén nén ting
vi diéu khién STM32, tich hop bo chuyén doi tiwong tw 56 (ADC) 24 bit hoat dong o téc do 32 kSPS.

Hiéu ndng hé théng du"oc danh gid dinh lwong dwa trén hai tiéu chi chinh: mirc do sir dyng
CPU va do on dinh ciia tan s6 lay mau. Két qua thuc nghzem cho thay, mdc du _cac phiong phap
Pollmg truyén thong va diéu khién bang Interrupts co thé dat dwoc tan sé lay mau muc tiéu, nhing
diéu nay di kém véi mirc siv dung CPU gan nhw 100%. Kién triic RTOS két hop Interrupts mang
lai s cdi thién dang ké khi giam tai CPU xuéng con khoang 97,51%. Pdng chii ¥ nhdt, cdu hinh
RTOS-DMA thé hién hiéu qua vuot troi, voi muec tai CPU trung binh 87,23%, déng thoi duy tri do
on dinh cao cua tan sé ldy mau (33.145,09 + 36,64 mau/s).

Nhitng két qua nay khang dinh rang kién triic RTOS—-DMA cung cdp sw can bang toi wu gitta
théng lwong dir liéu cao va hiéu qud tinh todn. Cdch tiép cdn nay givip tach roi qud trinh thu thdp
dit liéu khoi CPU, tir do cho phép thuc thi song song cac tac vu quan trong nhu xu Iy tin hiéu va
truyén thong, va dwge xdc dinh la kién triic phit hop nhat cho cdc hé thong gidm sat gia cong thong
minh, da nhiém va co do tin cdy cao.

Tur khoa: Hé théng nhung; T) hiét bi do luc; Qua trinh tién; Hé diéu hanh thoi gian thue,
Truy cdp bo nho truc tiép, Kien truc hé thong nhung; Do luc thoi gian thuc.

1. INTRODUCTION

Accurate and high-speed measurement
of cutting forces is critical for understanding
tool-workpiece interactions and optimizing
machining performance. Multi-component
dynamometers have been developed to capture
the three orthogonal forces tangential, feed,
and radial during turning operations. Rizal et
al. introduced a three-axis strain-gauge-based
turning dynamometer achieving a dynamic

bandwidth of 766 Hz and a sensitivity of 0.001
N, enabling precise real-time observation of
transient cutting forces [1]. Similarly, Yaldiz
and Unsal proposed a piezoelectric-based
dynamometer capable of measuring forces
with a bandwidth up to 1 kHz, ensuring high
linearity and repeatability [2]. More recent
works by Gomez et al. focused on displacement-
based and low-cost dynamometers to improve
portability and dynamic range [3], [4]. However,

most existing studies emphasize mechanical <~
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design and calibration accuracy, while limited
attention has been given to real-time data
acquisition and embedded implementation for
online monitoring. Moreover, prior studies
in embedded real-time systems have shown
that interrupt latency and DMA-based data
movement play a decisive role in achieving
deterministic timing, reducing CPU load, and
lowering power consumption under high-
throughput sensing workloads [5], [6].

Meeting  real-time  requirements
in embedded systems demands effective
scheduling and data-transfer mechanisms.
Polling-based dataacquisitionis straightforward
to implement but becomes inefficient at high
sampling rates. RTOS such as FreeRTOS or
nC/OS-II enable deterministic task scheduling
and priority management [7], [8]. Interrupt-
driven acquisition improves responsiveness
by minimizing CPU (Central Processing Unit)
idling, while DMA enables high-speed parallel
data transfer, reducing CPU load and power
consumption [9]. Y. R. Shen et al. demonstrated
that combining RTOS scheduling with DMA
offloading achieves significant reductions in
transfer latency and jitter while maintaining
stability across multi-channel sensor platforms
[10]. However, existing research rarely
provides comparative evaluation of different
scheduling and data-transfer strategies within
the same embedded system for dynamometer
applications. To address this gap, this work
systematically compares four architectures:
(1) polling alone, (ii) polling combined with
interrupts, (iii) RTOS with interrupts, and (iv)
RTOS with DMA. The study assesses latency
CPU utilization, and sampling rate stability
during three-component force acquisition in
turning, providing insights into the optimal
configuration  for  real-time embedded
dynamometer systems.

2. SYSTEM COMPONENT

Figure 1. System component overview

The proposed system is implemented on
an STM32 microcontroller platform integrated
with an external precision ADC (ADS131M03)
to realize a three-axis real-time measurement
system operating at 32 kSPS. The hardware
architecture is designed to ensure deterministic
timing, high sampling accuracy, and efficient
data throughput.

The ADS131MO03 is a 3-channel, 24-
bit delta-sigma analog-to-digital converter
capable of simultaneous sampling at rates up to
64 kSPS per channel, providing synchronized
acquisition of tri-axial cutting force components
with high resolution and low noise (Texas
Instruments, 2021). The ADC communicates
with the STM32 MCU through a high-speed
SPI interface configured to operate at 8§ MHz.
Each data frame from the ADC consists of 72
bits, corresponding to the 24-bit samples of
three channels.

To efficiently handle the large data
stream generated by the ADC, the STM32
microcontroller employs the Direct Memory
Access (DMA) peripheral in Peripheral-to-
Memory mode. This allows the DMA controller
to automatically transfer incoming SPI data
directly into the MCU’s RAM without CPU
intervention, thus freeing the Cortex-M4F/M7
core for digital signal processing (DSP) and
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other real-time tasks. For data transmission
to the host PC, a second DMA channel is
configured in Memory-to-Peripheral mode to
send processed data via a high-speed UART
interface. The UART is operated at a baud rate
of 3 Mbps, configured for 8 data bits, no parity,
and 1 stop bit (8N1), ensuring low-latency and
high-throughput data transfer.

The achievable data rate R, can be
estimated as:

8 8
Ry= T * Baudrate = 10 x 3,000,000 = 2,400,000 bps

Since each data sample requires 72 bits,
the theoretical maximum sampling throughput
is:

- 2200090 33.33ksps
max — T -~ :
This value exceeds the target rate of
32 kSPS, confirming that the communication
subsystem can fully sustain the required real-
time acquisition performance without data loss
or transmission bottlenecks. The combination
of DMA-driven SPI input and DMA-driven
UART output forms a fully pipelined data
path, enabling near-continuous data streaming
between the sensor front end and the host
processor.

3. METHOD
3.1. Polling

Polling is one of the most fundamental
techniques used for data acquisition and
peripheral control in embedded systems such
as STM32 microcontrollers. In this approach,
the CPU continuously checks the status of a
peripheral such as an ADC (Analog-to-digital
Converter), SPI (Serial Peripheral Interface),

or I?’C (Inter-Integrated Circuit) to determine
whether new data are available or a specific
condition has been met. Once the required data
are ready, the CPU retrieves them, processes
the results, and then resumes other tasks such as
updating an OLED display or transmitting data
via UART. After completing these operations,
the CPU returns to the polling loop to repeat
the process. This sequential and repetitive
mechanism allows straightforward control of
data flow but comes with notable trade-offs in
efficiency [11].
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Figure 2. Sequence diagram for reading force data
with polling method

The main advantage of the polling
approach lies in its simplicity and transparency.
Since the execution sequence follows a
predictable top-down flow, debugging and
verifying the correctness of program behavior
are relatively straightforward. Polling is
particularly suitable for simple or low-latency
applications where the sampling rate is
moderate, and system complexity is limited.
Its deterministic nature makes it easy to reason
about system timing, which is beneficial during
early-stage development and testing. However,
polling suffers from significant inefficiencies
in CPU utilization. Because the processor
must continuously check whether new data are
available, it effectively remains active 100% of

the time, even during idle or waiting periods. <~
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This behavior leads to unnecessary power
consumption and limits the system’s ability
to handle concurrent tasks. Moreover, polling
introduces blocking conditions: if a peripheral
fails to provide valid data due to signal loss,
transmission error, or sensor malfunction
the CPU may remain indefinitely stalled in
the waiting loop, preventing the execution of
subsequent processes. These limitations make
pure polling unsuitable for systems that require
strict real-time performance or multitasking
responsiveness.

To overcome these drawbacks, polling
can be enhanced by integrating interrupt
mechanisms. In this combined approach, the
system assigns a flag to indicate the availability
ofnew data. When the data transfer or conversion
is completed, the peripheral hardware triggers
an interrupt to set this flag. The CPU, instead
of continuously polling the device, periodically
checks the flag to determine whether valid data
are ready for processing. This hybrid method
allows the processor to perform other tasks in
the meantime, improving resource utilization
while still maintaining a relatively simple
control structure.

| WA TARE, | NTERALEY

HARDLEH

UART

Cala fimg e o i
- S -
B 2o

Timmated dats

Doagny o

Figure 3. Sequence diagram for reading force data
with polling and interrupt method

Compared to pure polling, the polling—
interrupt  combination  offers  improved
responsiveness and reduced blocking time,

as the interrupt immediately signals the CPU
when new data are available. The approach
also minimizes data loss or corruption because
data are fetched only when the corresponding
flag is set, ensuring synchronization between
acquisition and processing. However, since
the CPU must still check the flag regularly,
the overall system load remains relatively
high, and CPU utilization can still approach
full capacity under certain conditions.
Furthermore, designing such systems requires
careful balancing between interrupt frequency
and polling intervals to prevent unnecessary
context switching or timing jitter.

In summary, while polling provides
simplicity and predictability, its inefficiency
limits its applicability in high-performance
embedded systems. The hybrid polling—
interrupt approach represents an intermediate
solution that improves system responsiveness
and reliability, though at the cost of increased
software complexity and partial CPU
occupation. These characteristics make it a
useful baseline for comparison against more
advanced scheduling strategies such as RTOS
and DMA-based architectures in real-time
measurement applications.

3.2. RTOS

ARTOS is designed to manage hardware
resources, execute multiple concurrent tasks,
and meet strict timing constraints required in
real-time embedded systems [12]. Although a
MCU (microcontroller unit) can only execute
one instruction stream at any given time, an
RTOS performs rapid context switching among
tasks, creating the illusion of true parallelism
[13]. Each task in an RTOS is typically
assigned a specific function, which improves
modularity and enhances code clarity. This
modular structure also simplifies debugging
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and maintenance, since individual tasks can
be independently tested, modified, or reused in
other applications [14]. Moreover, the RTOS
scheduler allows developers to assign priorities
to different tasks, ensuring that time-critical
processes are executed first. Such flexibility
facilitates scalable and maintainable system
design, especially in applications requiring
deterministic timing, such as multi-axis
machining force measurements [15].

v b e . wren rrrm

Figure 4. Sequence diagram for reading force data
with RTOS method

However, this approach introduces
additional system overhead. Each task requires
its own stack and memory allocation, which
can become a constraint in MCUs with limited
on-chip memory. Furthermore, the frequent
context switching between tasks consumes
CPU cycles and increases latency [16].
Therefore, the implementation of RTOS in
resource-limited embedded systems requires
careful optimization of memory usage and task
scheduling policies to balance responsiveness
and efficiency.

To enhance real-time responsiveness,
RTOS can be combined with interrupt-driven
mechanisms. In this configuration, when
an interrupt occurs, the CPU temporarily
suspends its current operations to execute
an ISR (Interrupt Service Routine). Instead
of performing heavy computation within
the ISR, it only signals the RTOS to activate

the appropriate task for processing [17].
This hybrid approach significantly improves
reaction time because the interrupt notifies the
system of time-sensitive events immediately,
while the RTOS ensures structured and
prioritized task execution. The main advantage
lies in minimizing blocking time and avoiding
long ISR routines that could otherwise delay
other critical processes [18]. Nevertheless, this
design increases programming complexity, as
developers must carefully partition workloads
between ISRs and tasks to maintain determinism
and prevent race conditions.

A further improvement in performance
can be achieved by integrating DMA (Direct
Memory Access) with the RTOS. DMA
controllers enable peripherals to transfer data
directly to and from memory without CPU
intervention, effectively offloading repetitive
data movement tasks. In an RTOS-DMA
combined system, the DM A transfers acomplete
block of data such as digitized signals from an
ADC and then triggers an interrupt to inform
the RTOS that the data is ready for processing.
This mechanism allows data acquisition and
computation to occur in parallel, significantly
reducing CPU workload and improving real-
time throughput [19]. By freeing the CPU from
routine data transfers, system energy efficiency
is also enhanced. However, such designs
require a deep understanding of the internal
operation of DMA controllers, interrupt
priorities, and RTOS task scheduling. Improper
synchronization between DMA completion and
task execution may lead to data corruption or
missed samples, especially in high-frequency
signal acquisition systems. Consequently,
although combining RTOS with DMA provides
high efficiency and responsiveness, it demands
careful hardware-software co-design and
thorough validation to ensure reliability in real-

time embedded measurement applications [20]. <~
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Figure 5. Sequence diagram for reading force data
with RTOS and DMA method

To address synchronization challenges
and prevent data corruption or loss during
continuous data acquisition, a double buffering
mechanism is employed. Instead of using
a single memory array for incoming data,
two buffers: Buffer A and Buffer B operate
alternately in a ping-pong fashion. While
new data are being transferred into Buffer
A via DMA, the system simultaneously
processes the previously acquired data stored
in Buffer B. Once the DMA transfer to Buffer
A is complete, the roles of the two buffers are
swapped, allowing the DMA to begin writing
to Buffer B while Buffer A is being processed.
This alternating mechanism ensures that DMA
never overwrites data currently being accessed
by the RTOS task, and vice versa. It effectively
eliminates memory access contention between
the data acquisition and processing threads,
enabling uninterrupted, high throughput
operation. By maintaining a continuous flow of
acquisition and computation, double buffering
enhances system stability and guarantees real-
time responsiveness even under heavy data
rates.

4. EXPERIMENT AND RESULTS

Figure 6. Experimental set-up

The experimental evaluation was
conducted on a conventional lathe integrated
with a three-component force dynamometer,
which was mounted directly onto the machine
tool to monitor cutting forces during turning
operations. The sensor output was conditioned
and sampled by an ADC embedded within
the MCU, and the acquired data were
subsequently transmitted to a host computer
for post processing and visualization. Thirty
experimental trials were performed to
quantitatively compare the performance of
different data acquisition architectures Polling,
Interrupt, RTOS combined with Interrupt, and
RTOS combined with DMA under identical
cutting and sampling conditions.

The first experiment measured
the percentage of CPU idle time using an
oscilloscope to capture system activity. In the
purepolling and interrupt-driven configurations,
the CPU exhibited almost continuous activity,
corresponding to an idle time of approximately
0%, indicating full CPU occupation during
the acquisition cycle. In contrast, the RTOS-
based architectures demonstrated significant
improvements. Statistical analysis using a
Student’s t-distribution across 30 samples
showed that the RTOS combined with Interrupt
achieved an average CPU load of 97.51% =+
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0.45% at a 98% confidence level. The RTOS
combined with DMA configuration yielded
the best result, with an average CPU load
percentage of 87.23% =+ 2.15%, indicating
minimal  processor engagement during
acquisition and substantial efficiency gains.

A second experiment evaluated the
sampling rate stability by measuring the
number of valid samples acquired per second
from the ADC. The results were analyzed under
a normal distribution with a 98% confidence
interval. The RTOS and Interrupt configuration
achieved a mean sampling rate of 33,163.37
+ 33.74 samples/s, while the RTOS + DMA
achieved 33,145.09 + 36.64 samples/s. In
comparison, the pure Interrupt configuration
recorded 33,160.35 + 42.37 samples/s, and
the Polling configuration yielded 33,102.05 +
85.19 samples/s, showing higher variability
and reduced consistency.

The experimental findings indicate that
while traditional Polling and Interrupt-based
methods can achieve comparable sampling
rates to RTOS-based implementations, they
do so at the cost of full CPU utilization.
Such architectures are unsuitable for modern
embedded dynamometer systems, where the
processor must concurrently handle multiple
tasks such as data logging, filtering, and
communication. The integration of an RTOS
substantially improved system efficiency
by providing deterministic scheduling and
task prioritization. In particular, the RTOS
+ Interrupt configuration achieved a notable
reduction in CPU load, which allows concurrent
task  execution without compromising
data acquisition. However, the RTOS +
DMA configuration demonstrated the most
remarkable performance, with high stability,
validating its superior suitability for real-time
measurement environments.

5. CONCLUSION

Based on the experimental analysis, the
proposed architecture combining RTOS and
DMA proved to be the most efficient and reliable
solution for high-performance embedded force
measurement systems. This configuration
achieved an optimal balance between
throughput and computational efficiency
maintaining nearly maximum sampling rates
while minimizing CPU load. By decoupling
data transfer from CPU control, the RTOS +
DMA architecture enables parallel execution
of data acquisition and processing tasks,
significantly improving system scalability and
power efficiency. These results demonstrate that
employing RTOS with DMA is a practical and
robust approach for developing next generation
smart machining monitoring systems capable
of handling multi-task workloads in real-time
environments. %
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