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Abstract—This research presents the design, multi-threaded software implementation, and empirical evaluation
of an active, electromyography (EMG)-driven upper-limb orthosis utilizing a distributed master-slave embedded control
architecture. Engineered specifically to address the clinical challenges of severe upper-limb paresis—such as those resulting
from brachial plexus trauma—the system bypasses traditional localized muscle control by acquiring voluntary surface EMG
signals from the sternocleidomastoid (SCM) neck muscle, utilizing it as a stable proxy for motion intent. To ensure hard
real-time deterministic execution and high-fidelity signal processing, the system is physically and logically decoupled into
three operational layers. A dedicated analog front-end (AD8232) and an STM32F407 microcontroller handle localized
biosignal conditioning and digitization. A Jetson Nano single-board computer operates as the supervisory node, executing
a strictly governed finite state machine (FSM) to perform digital filtering, feature extraction, and motion classification.
Finally, an ESP32 microcontroller paired with a BTS7960 high-current H-bridge manages real-time brushed DC motor
actuation. Communication across these distinct hardware layers is achieved wirelessly via a TCP/IP protocol over Wi-Fi,
eliminating cumbersome physical tethers and establishing a foundation for advanced Internet of Things (IoT) integration.
Software execution relies on a multi-threaded, mutex-protected environment capable of achieving an average sample-to-
result latency of 6.02 milliseconds. Real-time joint angle feedback is continuously provided by an AS5048A absolute magnetic
encoder via an SPI interface, ensuring kinematic safety and rigid adherence to predefined anatomical limits. Experimental
results validate the system's capacity for safe, highly responsive operation, demonstrating that complex classification algo-
rithms and wireless distributed topologies can successfully meet the rigorous latency requirements of wearable rehabilitation
robotics, though future iterations may necessitate the integration of brushless actuators to mitigate static friction and low-
speed operational limitations.
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Most EMG-controlled upper-limb orthoses rely on
signals acquired from the muscles directly involved in
the assisted motion [4]. However, in patients with partial
or complete paresis, these muscles may exhibit weak,
noisy, or inconsistent activation patterns. To address this
limitation, alternative muscle groups that remain volun-
tarily controllable can be exploited [5]. In particular, neck
muscles such as the sternocleidomastoid (SCM) have

l. INTRODUCTION

Upper-limb motor impairments caused by neurologi-
cal disorders or trauma often result in reduced functional
independence and limited ability to perform activities of
daily living. Wearable robotic orthoses and exoskeletons
have emerged as a promising solution to support reha-
bilitation and functional assistance by providing con-
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trolled mechanical support to impaired joints [1][2].

A critical challenge in the design of such systems is
the development of intuitive and reliable human—
machine interfaces. Conventional control strategies
based on residual limb motion, joint torque sensing, or
manual input devices may be unsuitable for users with
severe motor deficits. As a result, electromyography
(EMG)-based control has gained significant attention as
a means of directly capturing user intent through neuro-
muscular activity [3].

been shown to provide stable and repeatable EMG
signals even in cases of severe upper-limb impairment

6], [71.

This work presents the design of an EMG-controlled
elbow orthosis that utilizes SCM muscle activity as
the primary control input. The system integrates a dedi-
cated on-board EMG acquisition module, consisting of an
AD8232 analog front-end [8] and an STM32 microcon-
troller, enabling local biosignal preprocessing and feature
extraction directly on the wearable device. This approach
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improves signal robustness, reduces communication
bandwidth, and decouples biosignal acquisition from
high-level processing tasks.

The proposed architecture employs a distributed
control framework, in which EMG acquisition and pre-
processing, motion intent recognition, and real-time
actuation are implemented as independent software
layers. High-level decision-making is separated from
safety-critical motor control, ensuring reliable operation
and fault tolerance in wearable conditions.

The objective of this study is to demonstrate a mod-
ular and scalable EMG-based control system for elbow
assistance that supports natural, hands-free interaction
and can be adapted to users with limited residual limb
function. By combining neck-muscle EMG sensing with
embedded signal processing and distributed control [9],
[10], the proposed solution aims to advance the practi-
cality and usability of assistive upper-limb orthoses,
developed in our previous work [7].

1. SYSTEM ARCHITECTURE

The developed elbow orthosis is implemented as
a distributed embedded system, in which high-level
supervisory control is separated from low-level actuation
and sensing tasks. This architectural approach improves
system reliability, simplifies software development, and
enables future scalability. The overall system consists of
a EMG acquisition unit, supervisory embedded com-
puter, a microcontroller-based actuator unit, sensing
elements, and a wireless communication interface, as
illustrated conceptually in

The system architecture follows a master—slave
model. EMG acquisition unit collects data and transfers
data to a single-board computer (Jetson Nano) which
operates as the supervisory controller, responsible for
user interaction, system state management, and network
communication. An ESP32 microcontroller serves as
the actuator-level controller, executing real-time motor
control commands and managing hardware-level safety
states.

EMG Acquisition Unit
(AD8232 and STM32F407) -

+ Acquition surface EMG signals |+ Input Signal Preprocessing Wi (TCPIP)

Supervisory controller ) Actuator controller (ESP32)
(Jetson Nano)
+ Command Parsing
 PWM Generatin
+ Safety Logic
 Status Feedback

o Userlneriace
+ TCP/IP Commuricaton

|
1
'
|
. |
« Digiization the signal 1 !
« Transmission via UART !
! PWM and !
! Enable Signal !
" I
: Motor driver module (BTS7960) @l i
i
. + Diecton Conirol |
. + Speed Contol
i « Enabe Lne |
! [ mge | !
! Foocack | |
|
i I
i I
' |
1 '
) '

Elbow Orthosis__ AS5048 Magneti |
Joint Angular Encoder

DCMotor  —>

Communication between the supervisory and actua-
tor layers is realized via a Wi-Fi connection using a TCP/IP
protocol [8], [11]. This design choice eliminates the need
for physical communication cables between control
units, which is beneficial for wearable and modular reha-
bilitation devices.

The core architectural components include:

e EMG Acquisition Unit (AD8232 and STM32F407)
e  Supervisory controller (Jetson Nano),

e  Actuator controller (ESP32),

e  Motor driver module (BTS7960),

e Angular position sensor (AS5048A),

e DC motor and mechanical elbow joint interface.

A. EMG Acquisition Unit

Surface electromyographic signals are acquired using
an AD8232-based analog front-end, optimized for low-
amplitude biopotential measurement. The conditioned
EMG signal is digitized and preprocessed by an
STM32F407 microcontroller.

The EMG acquisition unit operates independently
from the actuator control loop and transmits processed
EMG features to the supervisory unit via UART protocol.
This separation reduces noise coupling from power elec-
tronics and improves signal stability during motor opera-
tion.

B. Supervisory Control Layer

The supervisory layer is implemented on a Jetson
Nano embedded computer running a Linux-based oper-
ating system. This layer hosts a Python-based control
server responsible for:

e establishing and maintaining network connec-
tions with actuator nodes,

e transmitting control commands and configura-
tion parameters,

e receiving status feedback from the orthosis,

e maintaining global system state variables (e.g.,
enabled/disabled state, motor activity).

The supervisory software is designed around
a socket-based TCP server, enabling reliable bidirectional
communication. Each connected actuator node is han-
dled in a separate execution thread, allowing future
extension to multi-node or multi-joint orthotic systems.

A key architectural feature is the explicit separation
between system enable/disable control and motor acti-
vation. Upon startup, the orthosis is forced into a disa-
bled state, preventing unintended motion. Only after an
explicit enable command from the supervisory layer can
motor-related commands be executed. This state-based
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logic enhances operational safety and reduces the risk of
accidental actuation.

C. Actuator Control Layer

The actuator control layer is implemented on an
ESP32 microcontroller, selected for its integrated Wi-Fi
capabilities, sufficient computational resources, and suit-
ability for real-time motor control tasks [12]. The ESP32
firmware is responsible for:

e interpreting commands received from the super-
visory controller,

e controlling motor direction and speed via PWM
signals,

e enabling or disabling power delivery to the
motor driver,

e generating status reflecting the

current system state.

messages

The ESP32 operates as a TCP client, initiating and
maintaining a persistent connection to the supervisory
server [11]. Command messages are parsed as text-
based instructions, simplifying debugging and system
integration. This lightweight protocol allows rapid
modification and extension of command sets without re-
quiring changes to the underlying communication stack.

D. Motor Drive and Power Interface

Motor actuation is achieved using a BTS7960 high-
current H-bridge motor driver [13]. This driver is capable
of supplying sufficient current for assistive elbow motion
while providing electrical isolation between control and
power stages. The ESP32 generates pulse-width modula-
tion (PWM) signals on two independent channels to con-
trol motor direction and speed.

An additional enable line is used to physically activate
or deactivate the motor driver. This hardware-level
enable mechanism operates independently of software
motor commands, providing an extra safety layer. When
the orthosis is disabled, the enable line is forced low,
ensuring that no motor motion can occur even in the
presence of erroneous control signals.

E. Sensing and Feedback Integration

Angular position feedback is provided by a magnetic
absolute encoder (AS5048A), mounted coaxially with
the elbow joint rotation axis [14]. The encoder supplies
high-resolution angular measurements, enabling precise
monitoring of joint position and motion range.

The sensor data are used to enforce predefined
angular limits and to support closed-loop motion control
strategies. In the current implementation, the sensing
subsystem is integrated to provide real-time joint posi-
tion awareness and system monitoring, forming the basis
for future adaptive control extensions.

1. SOFTWARE IMPLEMENTATION

The orthosis software is implemented as a multi-
threaded, event-driven system ( ) running on the Jet-
son Nano, designed to integrate EMG acquisition, signal
processing, classification, motor actuation, and joint
angle feedback in a deterministic and safe manner.
The software is organized around a central finite state
machine (FSM) [15], which governs state transitions and
coordinates the execution of all threads to ensure that
actuation only occurs in response to validated EMG input
and within safe joint limits.

EMG signals are continuously streamed from
the STM32F407 acquisition module over Wi-Fi. The
Acquisition Thread on the Jetson Nano continuously
reads these samples and stores them in a circular buffer
which size is 500 samples. To prevent data races, access
to the buffer is protected by a mutex [16], and when
a full window of EMG samples is collected, a
window_ready_flag is set to trigger signal processing.

The Processing Thread is triggered by the window-
ready event. It applies digital filtering, rectification, and
normalization to the EMG window and extracts relevant
features, which are stored in a feature buffer protected
by a mutex. Upon completing signal conditioning,
a processing_done_flag is set, signaling the Classification
Thread. This thread evaluates the feature buffer and clas-
sifies intended motion such as elbow flexion or exten-
sion. Validated motor commands are enqueued into
a thread-safe command queue, also protected by
a mutex.

The Actuation Thread executes on the ESP32 and per-
forms two critical functions: it continuously monitors
the command queue to execute motor commands via
the BTS7960 H-bridge, and it performs real-time acquisi-
tion of joint angle measurements from the AS5048A
magnetic rotary encoder. The encoder is read over
the SPI interface, and angular positions are stored
in a mutex-protected angle buffer. Each angle sample
is timestamped and immediately used for local safety
checks and feedback to the FSM on the Jetson Nano.
Safety routines monitor joint limits, preventing over-
extension, and when a new angle sample is available,
an angle_ready_flag is set to synchronize the Jetson
Nano motion control [17].

processing_done_fag = 1
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Synchronization between threads is achieved
through atomic flags, mutex-protected buffers, and
thread-safe queues, while timeouts prevent deadlocks
and discard stale commands. All threads operate under
the governance of the FSM, which defines states includ-
ing Idle, Signal Conditioning, Onset/Offset Detection,
Classification, Actuation, and Return-to-ldle. State transi-
tions are triggered by EMG acquisition events, feature
processing completion, activation detection, classifica-
tion results, joint angle feedback, and safety timeouts.
This architecture ensures low-latency, deterministic
execution, isolates acquisition, processing, classification,
and actuation into concurrent threads, and maintains
safe, responsive operation of the orthosis.

V. RESULTS

The implemented orthosis system was evaluated
to measure its real-time performance and the latency
of EMG-driven motor actuation. All tests were conducted
under standard operational conditions, with EMG signals
acquired at 1 kHz [18], motor commands executed via
the BTS7960 H-bridge, and joint angles monitored using
the AS5048A encoder.

Real-time performance metrics were collected for
each software stage, including windowing, filtering,
onset/offset detection, classification, and total pro-
cessing. The windowing stage exhibited an average
execution time of 1.20 ms, with a maximum of 16.94 ms
and a standard deviation of 1.48 ms. Signal filtering was
performed efficiently, with an average of 0.36 ms, a max-
imum of 0.67 ms, and minimal variability (Std: 0.03 ms).
The onset-offset detection module required on average
0.32 ms (Max: 0.71 ms, Std: 0.04 ms), reflecting low-
latency detection of muscle activation. Classification,
which is the most computationally intensive stage, aver-
aged 46.14 ms, reaching a maximum of 48.86 ms, with
a standard deviation of 1.06 ms. Across all stages,
the total processing time per EMG window averaged
1.69 ms, with a maximum of 53.22 ms and Std of
8.03 ms.

The overall sample-to-result latency, representing
the time from EMG acquisition to validated motor com-
mand execution on the actuator, was measured at an av-
erage of 6.02 ms, with a maximum of 58.64 ms and
a standard deviation of 8.52 ms. These results demon-
strate that the multi-threaded architecture, synchroniza-
tion via mutexes and flags, and FSM-based control allow
the system to operate with deterministic timing and min-
imal delays, ensuring that motor actuation closely fol-
lows muscle activation while respecting safety limits.

The integration of joint angle feedback from
the AS5048A encoder further confirms that the orthosis
responds accurately to EMG inputs, maintaining actua-
tion within predefined angular limits. These results high-
light the effectiveness of the real-time software imple-
mentation and validate the multi-threaded, FSM-driven

design in providing safe and responsive orthotic assis-
tance.

V. DIScUSSION AND LIMITATIONS

While the presented orthosis demonstrates effective
EMG-driven control and real-time responsiveness, sev-
eral limitations and practical nuances were identified
during system development and testing. The current im-
plementation relies on brushed DC motors [18], which
introduce audible noise during operation. To mitigate
the impact on EMG acquisition and user comfort, the sys-
tem is organized as two logically independent subsys-
tems, separating signal processing and actuation.
Although this architecture ensures safety and determin-
istic operation, it adds complexity in synchronizing state
transitions and feedback, particularly when both EMG-
driven and motor state events occur concurrently.

Another limitation is related to the mechanical char-
acteristics of the actuator and linkage system. At low
motor speeds, the orthosis exhibits limited responsive-
ness and may fail to initiate movement reliably. This is
partly due to the static friction and inertia of the mecha-
nism, which reduce actuation precision and limit the abil-
ity to perform fine-grained motions at minimal EMG
activations. Consequently, the system shows reduced
adaptability in scenarios requiring slow or subtle joint
movements.

Additionally, the current feedback loop, while effec-
tive for safety and FSM-driven control, depends on
the accurate and continuous sampling of the AS5048A
encoder. Any intermittent communication delays or
packet loss can slightly affect the real-time coordination
between EMG detection, classification, and motor actu-
ation. Despite these limitations, the system provides
a robust platform for upper-limb assistance, demonstrat-
ing predictable performance for voluntary movements
above the low-speed threshold and ensuring joint pro-
tection through integrated angle monitoring. Future
work may include the integration of brushless motors,
improved low-speed control, and more tightly coupled
hardware-software synchronization to enhance smooth-
ness and responsiveness.

CONCLUSION

This work presents a multi-threaded, EMG-driven
upper-limb orthosis integrating real-time signal acquisi-
tion, processing, classification, and motor actuation with
joint angle feedback. The system demonstrates deter-
ministic performance, with low-latency responses
between EMG detection and motor execution, enabled
by a finite state machine (FSM) coordinating acquisition,
processing, and actuation threads. The integration of
the AS5048A encoder ensures safe and accurate joint
movement, while thread-safe buffers and mutex-based
synchronization maintain data integrity across concur-
rent operations.
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Experimental evaluation confirms that the orthosis
reliably interprets voluntary muscle activations and exe-
cutes corresponding movements within safe angular lim-
its, with an average sample-to-result latency of approxi-
mately 6 ms. Despite limitations related to brushed mo-

EMG-controlled upper-limb assistance, offering potential
for rehabilitation and daily support applications. Future
improvements may include the adoption of brushless ac-
tuators, enhanced low-speed control, and more tightly
integrated hardware-software synchronization, further

tor noise and reduced performance at low speeds, the
proposed architecture provides a robust platform for
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@PaKkynbTeT €N1EKTPOHIKM

HauioHanbHWUI TEXHIYHWUI YHIBEPCUTET YKpaiHU

"KWiBCbKMI NOMITEXHIYHMUIA IHCTUTYT iMeHi Irops Cikopcbkoro” R 00syn5v21
Kwis, YKpaiHa

AHoTauia— Lle gocnigKeHHs npeacraBase po3pobKy, 6araTonoToKoBy NpPorpamMHy peanisauito Ta emnipuyHy OLHKY aKTu-
BHOFO OpTe3a BepXHix KiHLiBOK 3 enekTpomiorpadiuHmm (EMT) KepyBaHHAM, WO BUKOPUCTOBYE po3nogineHy B6yaoBaHy apxi-
TEKTYpy KepyBaHHA TUNY «Beayuuii-BegeHuii» (master-slave). Cuctema cnpoekToBaHa cnewiasbHO ANA BUPILWEHHA KNIHIYHMX
npobsiem, NOB'A3aHUX i3 TAXKKMMM Nape3amm BepXHiX KiHLIBOK — HanpuKkAaag, BHACNiAOK TPaBM NJeY0BOro cnjieTeHHs. BoHa
06X0AUTb TPAAMLiHI MEeTOAN NOKANIbHOTO KepyBaHHA M'A3aMM, 3UMTYIOUM CUrHANM AOBINbHOT NoBepxHeBoi EMT 3 rpygHUHHO-
KNoUMYHO-cockonogibHoro (FKC) m’sa3a wui, BUKOPUCTOBYIOUM MOFO AK CTabiNibHMIA NPOKCi-curHan iHTeHuii pyxy. Ana 3abesne-
YeHHA AeTepMiHOBAHOrO BUKOHAHHA Y }KOPCTKOMY peasibHOMY 4Yaci Ta BUCOKOI TOYHOCTI 06po6Ku curHanis, cuctema $pismyHo
Ta IoriyHO po3aineHa Ha Tpm poboui piBHi. CnewjianizoBaHuii aHanorosuii iHtepdeiic (AD8232) Ta mikpoKoHTponep STM32F407
BiANOBIAAOTb 33 NIOKa/IbHY NiAroTOBKY Ta ouudpyBaHHA GiocurHanise. OgHonnatHUi Komn'totep Jetson Nano ¢yHKuUioHye
AIK KePYyounii By30/1, BUKOHYIOUM CYBOPO periaMeHTOBaHui cKiHueHHuit asTomar (FSM) gna uudposoi dpinbrpauii, BuaineHHs
O3HaK Ta Knacudikauii pyxis. Hapewri, mikpokoHTponep ESP32 y noegHaHHi 3 Bucokoctpymosum H-moctom BTS7960 Kepye
po60TOI LLITKOBOrO ABUryHa MOCTIMHOrO CTPyMy B peasibHOMY 4aci. 3B'A30K MiXK UMMM PiSHUMM anapaTHUMMU PiBHAMMU
3piiicHIOETbCA 6e3apoToBum cnocobom 3a npotokonom TCP/IP uepes mepexky Wi-Fi, wo ycyBae rpomisaki ¢isnuHi 3'eaHaHHA
Ta CTBOPIOE OCHOBY ANA iHTerpauii B po3wmpeHy ekocuctemy IHTepHeTty peueit (loT). MporpamHe 3a6e3neyeHHa 6a3yeTbcA
Ha 6araTonOoTOKOBOMY CepeoBMULLI i3 3aXMCTOM M'IOTEKCaMMU, WO A03BOAE AOCAITU CepeaHboi 3aTPUMKK «Big BUMBIpKM A0
pe3synbTaty» (sample-to-result) Ha piBHi 6,02 minicekyHAKN. 3BOPOTHMIA 3B'A30K LWOA0 KyTa cyrnoba B peanbHOMy Yaci 6e3nepe-
pBHO 3abe3neuyeTbca abCONOTHUM MarHiTHUM eHKogepom AS5048A uepes iHTepdeiic SPI, Wo rapaHTye KiHemaTUuHy 6e3neky
Ta CyBOpe AOTPUMAHHSA BUSHAaUEHUX aHaTOMIYHUX MeK. EKcnepumeHTanbHi pe3ynbTati NiATBEpANKYIOTb 34aTHICTb CUCTEMU A0
6e3neyHoi Ta BUCOKOUYTIMBOI PO60TH, @MOHCTPYIOUU, L0 CKAAAHI anroputmm Knacudikauii Ta 6e3apoToBi po3nogineHi Tono-
norii MOXyTb yCrilWWHO BiANOBiA4aTU CYBOPMM BUMOram LLOAO 3aTPUMKU B HOCUMIli peabiniTauiliHiii po6oToTtexHiui. BogHouac
MalbyTHiI iTepauyii MoXXyTb NoTpebyBaTn iHTerpau,ii 6e3wWiTKOBMX NPMUBOAIB ANA MiHIMI3aLii CTaTUYHOrO TepTa Ta obmerKeHb
po60TH Ha HU3bKUX LUBUAKOCTAX.

Knrouoei cnoea — opme3s eepxHix KiHYi6OK, cuzHan enekmpomiozpadpii, armusHicme m'asie wui.
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