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Abstract:

Introduction/purpose: SMART orthopedic systems use fixators with remote
monitoring, processing, and communication capabilities to leverage healing
progression data for personalized, real-time monitoring of a healing
process. The fixators incorporate small and compact piezoelectric sensors
that generate electrical signals upon the application of force to the
piezoelectric diaphragm. This enables doctors to remotely guide fixation
devices using indirectly and remotely controlled stepper motors known for
their precision and accuracy. Reliability of stepper motors makes them a
viable alternative for the mechanical tools traditionally used by doctors for
fixator extension.

Methods: This study focuses on the evaluation of sensor-based technology
in orthopedic applications. The paper presents a theoretical framework for
the application of SMART devices in the bone fracture healing process. It
delves into the structure and functionality of piezoelectric transducers,
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offering a comprehensive insight into this technology and various
engineering aspects of SMART systems.

Results: The implementation of SMART systems has significantly
enhanced doctor-patient communication. This improvement is facilitated
through a dual-phase process involving gathering, processing, and
transmitting the data wirelessly from the patient’s (sensor) interface to the
doctor who uses specialized software for data analysis and wireless
transmission to the stepper motor actuator. Subsequently, the data is
forwarded to the decoder at the motor site, where a motor controller
generates the control signal for the stepper motor driver.

Conclusion;: SMART implants can provide doctors with quantitative data
that can be used in directing a rehabilitation plan. The sensor-based
technology offers insights into the stress induced by the callus formation
enabling bidirectional communication between the doctor and the patient.
The stepper motor is a tool that aids in personalized treatment from the
distance.

Key words: SMART implant, piezoelectric sensor, fracture healing,
stepper motor.

Introduction

Traditional technologies used to monitor fracture healing mostly rely
on imaging techniques such as radiography, computed tomography (CT)
scans, magnetic resonance imaging (MRI), and ultrasound, which are
subjective, involve radiation, and expensive (Bizzoca et al, 2023;
Nicholson et al, 2021; Coneicao et al, 2023). Efforts in improving bone
healing were firstly focused on measuring fracture stiffness based on
external fixation (Pelham et al, 2017). However, internal fixation is now the
preferred method for treating lower limb fractures due to the drawbacks
associated with external fixation, such as patient discomfort, prolonged
recovery time, and infection risks (Friis et al, 2017; Sellei et al, 2015; Antic
et al, 2023a). To monitor interfragmentary movement, implanted devices
with internal power sources and instrumented bone plates are commonly
used (Ernst et al, 2020). Recent advancements in long bone healing
involve innovative methodologies using both external and internal fixators,
introducing new remote detection, processing, and communication
systems. The development of multifunctional Self-Monitoring Analysis and
Reporting Technology (SMART) implants incorporating various sensing,
actuation, processing, and power systems, represents an emerging trend
in this field (Soares dos Santos & Bernardo, 2022). SMART implants have
the potential to provide personalized, real-time monitoring of the healing
process even after the patient has been discharged from the hospital
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(Antic et al, 2023a). In their study, Borchani et al. (2016) describe sensor-
based monitoring devices equipped with an internal power source and an
instrumented bone plate for monitoring interfragmentary movement. At the
site of a bone fracture, these devices gather data on the patient’s activity.
The collected raw data is subjected to statistical processing, storage,
and/or transmission. A significant challenge arises from the fact that
sensor packages are too large to be integrated into small orthopedic
components such as fracture fixation plates, microcontroller units, and
power sources (Sun, R. et al, 2018). The design based on piezoelectric
sensors eliminates the need for an external power source, which simplifies
the construction and implementation of fixators.

Piezoelectric materials have the ability to generate electrical signals
without external stimulation. The distortion of the internal dipole caused by
applied mechanical force generates surface charge, resulting in the
generation of electrical signals (Tandon et al, 2018). When a force is
applied to the piezoelectric diaphragm, an electric charge is generated
across the crystal faces. The output is measured as voltage that is directly
proportional to applied pressure (Antic et al, 2023b). Consequently,
piezoelectric sensors can function as self-powered, battery-free sensors
with inherent mechano-electric energy capabilities. These sensors enable
the accurate capture of various information from the environment.
Parameters such as fracture stiffness, void geometry deformation, bending
moment, and other relevant factors can be monitored to facilitate the
healing process of a fractured bone (Claes & Cunningham, 2009; Antic et
al, 2023a).

The SMART sensor system must be designed to utilize data related
to healing progression in order to provide doctors with information about
fracture healing, which necessitates that it incorporates acquisition and
processing systems capable of detecting electrical changes in various
stages of fracture healing including not only sensors but also analogue-to-
digital (A/D) and digital-to-analog (D/A) converters, data processing and
storage devices, as well as communication system for data transmission
(Coneicao et al, 2023).

The use of remote data monitoring and acquisition of the fracture
activity profile is considered a distinguishing feature of the SMART sensor-
based concept compared to passive techniques for in vivo monitoring
(Green & Gianchandani, 2009). Through remote monitoring, doctors can
guide fixation devices from a distance, if necessary, to align bone
fragments and facilitate the formation of new callus tissue. This can be
achieved using indirectly and remotely controlled devices such as
miniaturized stepper motors known for their precise and accurate
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movements, fine resolution, low noise, high torque capabilities, reliability,
and durability. Stepper motors translate electrical pulses into precise
mechanical movements, while the controller keeps track of the number of
steps taken. Their excellent dynamic characteristics enable quick starts
and stops, making stepper motors widely used in medical applications for
controlling critical aspects of patient care, such as infusion pumps, systolic
pumps, respiratory devices, dialysis machines, CT scanners, MRI
machines, surgical instruments, and medical robots (Kumar, 2021). The
reliability of stepper motors makes them suitable for replacing mechanical
tools used by doctors to extend fixators.

This article highlights the use of SMART implant systems consisting
of the piezoelectric sensor and data processing, storage, and transmission
units. It is shown that communication between the sensor transmitter and
the receiver at the doctor’s site can enhance the personalized healing
process. Furthermore, the use of stepper motors is discussed,
demonstrating their ability to adjust external fixators without the doctor’s
physical presence.

SMART orthopedic implant systems

Bones form a solid structure known as the skeleton which provides
the support and protection of internal organs (Andrew, 2024). The bones
contain one of the hardest tissues that make up the human body
representing a suitable medium for biomechanical analysis, the results of
which could be applied in the treatment of bone fractures. The healing
process of bone fractures is governed by the achieved mechanical stability
and maintenance of broken bone fragments in a specific position to ensure
smoot progression of the healing process (Sheen et al, 2023). Minimal
distance between bone fragments as well as minimal movement between
them is essential until a solid new bone tissue (callus) is formed. There are
two basic methods of bone fracture fixation. The internal method involves
placing the entire fixation implant beneath the skin (Friis et al, 2017; Sellei
et al, 2015). The external fixator entails the use of pins and needles
inserted into the bone, passing through skin and soft tissues and attached
externally to a fixator frame (Pelham et al, 2017). External fixators are
commonly used for open fractures and where the postoperative
corrections may be necessary.

SMART implants

Orthopedic implants that are considered SMART are typically small
and compact electrically powered devices used for the purpose of
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diagnosis, monitoring, and treatment (Ledet et al, 2018). These implants
have the capability to measure pressure, force, strain, displacement,
proximity, and temperature, in addition to other physical stimuli that can
assist in the process of fracture fixation (Ledet et al, 2018). Fracture
fixation can be achieved through the use of fracture plates, intramedullary
rods and external fixators. Loads are transmitted through both the bone
and the fixator when a bone is loaded. During the acute postoperative
period, the forces are transmitted solely to the fixator since the fracture
cannot withstand loads. As the bone callus forms and the fracture heals,
the bone gradually begins to bear some load, thereby reducing the force
on the fixator. The SMART implant system typically comprises a sensor
chip, a reader unit, and a battery (Antic et al, 2023b). Electrochemical
monitoring is made possible through on-chip microelectrodes. The sensor
readout unit is built upon an application specific integrated circuit. The
sensor reading and bi-directional data transmission between the implant
and the interface is enabled by a microcontroler integrated into the reader
unit. All the components of the system are designed to operate on low
power.

Implant materials

Despite significant advancement in the technology of SMART
implants, there are still several obstacles that need to be addressed such
as implant failure mechanisms, toxicity, infection, corrosion of metal
implants, design, and effectiveness of implants used in fracture fixation
(Shayesteh Moghaddam et al, 2016).

Metals have unique and valuable characteristics in terms of their
extensive surface areas and biological properties which encompass
biocompatible loading and heat transfer. Due to the high mechanical stress
resistance and fracture toughness of cobalt, iron, nickel and titanium,
these were the pioneering materials used for implants, and continue to be
extensively used (Binyamin et al, 2006; Shekhawat et al, 2021).
Additionally, metal alloys like cobalt, magnesium, stainless steel, and
titanium alloys are frequently used for implants to attain specific properties
such as corrosion resistance, elasticity, and strength (Poinem et al, 2012;
Shekhawat et al, 2021). Stainless steel is the most frequently used in
metallic implants due to its affordability and ease of production. However,
its high stiffness compared to bone can result in bone resorption from
stress shielding. Stainless steel may also trigger an inflammatory response
as its oxide becomes conductive (Jacobs et al, 1998). On the other hand,
cobalt-based alloys surpass stainless steel in terms of biocompatibility,
corrosion resistance and strength, albeit at higher manufacturing costs
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(Brogini et al, 2021; Solanke et al, 2021). Titanium and its alloys are
characterized by low density, excellent biocompatibility, and an oxide layer
for bone progenitor cells attachment (Xu et al, 2020; Anene et al, 2021).
Nickel-titanium, commonly used in orthodontic wires and vascular stents,
has the lowest elastic modulus among biocompatible metals having bone-
like biomechanical properties (Taheri Andani et al, 2014). Titanium-based
materials, although very expensive, are reserved for patients with
hypersensitivity reactions to cobalt-based or stainless-steel alloys.
Magnesium, with a density slightly lower than that of the bone, can serve
as an osteo-conductive and biodegradable implant material in load-
bearing applications. However, controlling its high corrosion rate is crucial
to ensure its suitability for biomedical applications (Findik, 2020).

In decades, synthetic materials have progressed from biocompatible
substances to bioactive materials. By adjusting the composition, polymeric
compounds can mimic the structure of different tissues while retaining their
mechanical characteristics. Among synthetic materials, polyurethane (PE)
is recognized as one of the most versatile substances suitable for
orthopedic implants (Francis, 2021). The increasing use of polymers is
driven by their costs-effectiveness and adaptability. The key benefits of
using PE include low friction resistance, resistance to abrasion and impact,
good biocompatibility, favorable tensile properties, tensile strength and
flexural rigidity (Jefferies et al, 2021). However, its drawbacks include the
generation of heat and the release of methyl methacrylate monomer during
the in-situ polymerization process (Rohani Shirvan et al, 2021; Allizond et
al, 2022). With the rise in the life expectancy and surgical procedures,
there is a growing demand for implants that are highly reliable and resistant
to fractures. Bio-ceramics are a type of wear-resistant materials with high
fracture toughness. They are categorized into three groups: bioinert
materials that do not react with the living tissue and are non-toxic,
showcasing exceptional stability and mechanical properties, but with high
manufacturing costs (zirconia, alumina); biodegradable substances that
are absorbed by the body; and bioactive materials capable of forming
bioactive glass (Piconi, 2017).

SMART orthopedic fixation

Movements around the fractured area and the natural muscle tension
tend to dislocate the fracture. When external fixation is utilized, these
movements can strain the pins and the frame of the external fixator,
causing micromovements and micro-deformations. This effect is
particularly noticeable in cases of external fixation involving weight-bearing
bones of the lower extremities. The forces from lower extremity
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movements, muscle tension, and the body’s weight during standing and
walking all contribute to the issue. As the callus hardens, more of the load
is gradually transferred through the bone and less through the external
fixator, resulting in a reduction of micromovements and micro-
deformations. SMART fixators have the capability to provide objective data
that can assist doctors in guiding patient rehabilitation strategies at various
stages of treatment. Monitoring loads during weight-bearing is typically
used to indicate the process of fracture consolidation and healing
(Borchani et al, 2016). SMART internal fixators using bone plates have
shown promising results in comparison to other surgical methods. Studies
describe postoperative fracture monitoring by electrical impedance
spectroscopy (Lin et al, 2019), and the measurement of physical stimuli
achieved through application-specific technology of the implant (Ledet et
al, 2018). In addition, the integration of intelligent features into orthopedic
implants containing wireless transceivers and microsensors has
significantly improved implant capabilities. However, certain challenges
such as ensuring the reliability of wireless links, downsizing implants,
providing adequate power supply, high measurement accuracy,
affordability, and low complication rates, still need to be addressed
(Naghdi et al, 2023). The main advantages, challenges, and future
perspectives of the SMART concept are listed in Table 1.

Table 1 — Advantages, disadvantages, and expectations of the SMART concept

Advantages Disadvantages Future perspectives
Data analytics Affordability
) . Accuracy P )
Data integration : Artificial intelligence
) Battery life } . .
Information exchange . Biomedical sensing
Complexity

Interoperability ) Cost effectiveness
Discomfort . o
loT Decentralized medicine

Remote monitoring and controlling - .ngh cgsts . Mobile health
- Reliability of wireless links .
Target audience Securit Personalized health care
Wearable sensor technologies/Portability Stabilit;/ User friendly

Wireless/wired transmission Time effectiveness

Sensor-based diagnostic

The sensor system serves as an active device that not only
possesses the capability to make automatic decisions but also has the
ability to control actuators based on those decisions. The system
comprises several key components, including excitation control,
amplifiers, converters, and analog filters. These components work
together to convert mechanical stimuli into electrical signals determined by
responses to mechanical strain (Kausar, 2022). Among various types of
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stretchable strain sensors, capacitive and resistive sensors have received
significant attention among researchers. Capacitive strain sensors are
constructed by placing an insulating foil between two stretchable
electrodes (Amjadi et al, 2016). When subjected to strain, the capacitance
of these sensors increases due to geometric changes in the capacitive
region, independent of the resistance value of the electrodes. Resistive
sensors are designed in the stretchable format. When stretched or
compressed, the electrical resistance of these sensors changes in
response to the applied mechanical stress.

In terms of sensors system diagnostics, there are two types of
measurements: external and internal. Both types incorporate sensing and
active devices that facilitate real-time monitoring of bone fracture healing.
Pelham et al. (2017) discuss external measurements which involve indirect
measurements of fracture stiffness as an indicator of bone union, as well
as the monitoring of the mechanical response of external fixation devices.
Furthermore, Chiurazzi et al. (2020) explore the functions of capacitive
sensors in relation to relative rotation and translation of external fixator
pins used to determine the status of bone healing. Borchani et al. (2016)
discuss an internal approach to long-term measurement that includes a
microprocessor.

Devices most commonly used for measuring strain in SMART sensor
orthopedic devices are strain gauges. Strain gauges are metallic
transducers used for accurate measurements of forces, loads, weight, or
tension. The resistance in a strain gauge varies in direct proportion to the
level of strain. A strain gauge consists of a small wire or a metallic foil
arranged in a grid pattern, which is bonded to a thin carrier attached to a
bone and undergoes a linear change in its electrical resistance when the
bone experiences strain (Button et al, 2013). Strain gauges have the
advantage of being able to be directly attached to the object being
measured, streamlining the measurement procedure. They are particularly
suitable for extended periods of measurements making them ideal for
long-term monitoring. Furthermore, the simplified process of extracting
relevant information from the gathered data facilitates data analysis.
Additionally, strain gauges exhibit a high capability to adjust for variations
in temperature, enhancing their overall utility. Piezoelectric force sensors
or force transducers used in SMART orthopedic systems are typically
installed directly at the measurement point allowing for immediate
readiness of conducted measurements. They are designed for precise
measurements, strategically positioned and calibrated to take into account
factors such as the structure geometry, the material modulus of elasticity,
and the mechanical stress (Sirohi & Chopra, 2000). These transducers
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capture electrical charge through the application of force on a piezoelectric
crystal which is then converted into a voltage signal using the charge
amplifier. Due to atomic-level shifts that cause charge effects, the
deformation is extremely small. This allows for the creation of highly rigid
structures with high natural frequencies. Such characteristics are
particularly advantageous for capturing fast and high-frequency
measurements. The disadvantages encompass the high volatility of
electric charge captured by the crystal and its tendency to decrease over
time, along with the vulnerability of piezoelectric transducers to
temperature fluctuation.

Piezoelectric transducers

Piezoelectric transducers generate an electrical charge in response
to applied mechanical stress. These transducers are commonly used in
systems that measure various physical stimuli, including force, pressure,
strain, and temperature (Jacobs et al, 1998). The transducer circuit
comprises internal resistance, an inductor connected to generate
inductance due to the inertia of the sensor, and capacitance that is
inversely proportional to the elasticity of the sensor material. Unlike other
transducers, piezoelectric transducers do not require an external voltage
source as they directly generate an electrical signal based on the applied
strain. Consequently, these transductors function as piezoelectric sensors.
Moreover, transducers can also convert electrical signals into mechanical
energy or physical movement, thereby operating as piezoelectric
actuators. Hence, a piezoelectric transducer can be regarded as a
combination of a piezoelectric sensor and an actuator, and its specific
design determines whether it performs both roles or only one of them.
Piezoelectric transducers are compact, robust, and shock-resistive. These
attributes, combined with their high frequency response, make them
suitable for record players, accelerometers, electronic watches,
microphones, seat bells, kitchen stoves, infertility treatment, printers,
smartphones, automatic doors, and a wide range of applications. The
small size of piezoelectric transducers allows for easy integration into
almost any device, as they can provide precise measurements across a
broad spectrum. This characteristic makes them highly adaptable and
often requires minimal adjustments to fit into existing designs.
Piezoelectric transducers boast flexible design options and requirements,
as they can be shaped into various forms to meet specific needs. A notable
feature of piezoelectric transducers is their high-frequency response and
accuracy. A rapid response to pressure changes makes them ideal for
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applications that demand precision down to fraction of a millisecond
(particularly suitable for medical devices).

It is worth mentioning that piezoelectricity has also been discovered
in bones, suggesting its involvement in important signaling mechanisms
related to tissue function (Aherwar et al, 2016). Recently, piezoelectric
sensors became promising candidates for integration into Internet of
Things (loT) technologies (Brogini et al, 2021). However, the transmission
and reception of data over wireless channels can be extremely vulnerable
to malicious attacks since wireless communication involves the transfer of
significant amounts of personal information which individuals generally
prefer to keep confidential (Li & Li, 2022).

Piezoelectric transductor: functions and structure

The piezoelectric transductor used for monitoring bone healing
transforms the force associated with the size and structure of a newly
formed callus. The application of mechanical deformation to a polarized
crystal of the piezoelectric diaphragm induces electrical charge
generation, i.e. a sensor generates an electrical signal in response to
compression or tension (transduction) (Kausar, 2022). The key attributes
of piezoelectric transductors include their flexibility and lightweight nature,
dynamic and frequency range, high resistance to mechanical stress and
impact, and availability in a variety of thicknesses and sizes. In sensor
applications, the flat part of the frequency response (the relationship
between the force input and the voltage output versus the frequency) is
commonly used. The useful region for a sensor is usually between the
high-pass cutoff and the resonant peak (Figure 1). Low frequencies are
filtered out by the leakage resistance while the high frequencies resonate
(Bansal, 2012).

The output voltage generated by a piezoelectric sensor can also serve
as a power supply for additional functionalities like wireless communication
(O’Connor & Kiourti, 2017). By using a piezoelectric material in the
construction of the sensor, the resulting output voltage can be effectively
measured to identify the strain. Consequently, the analysis of the output
voltage enables motion detection. It is important to note that sensors with
different designs have distinct characteristics such as durability,
hysteresis, linearity, sensibility, and stretchability (Kim et al, 2022).
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Figure 1 — Piezoelectric sensor frequency response

Data acquisition and processing

The increasing need for customized, non-hospitalized medical care has
led to the growth of telemedicine, a system that uses information and
communication technologies to share health data and deliver healthcare
services. This innovative approach enables two-way communication
between patients and doctors. When coupled with telemonitoring,
telemedicine can serve a s a valuable diagnostic tool by remotely tracking
patients’ physiological data through sensors, microprocessors, and
wireless data transmission for real-time data processing (Aguirre et al,
2016). The biomedical data related to the broken limb is a crucial element
of personalized treatment, involving sensing, acquiring, processing, and
interpreting bio-signals to gather essential information for doctors. The
process of data acquisition (DAQ) involves the conversion of analogue
signals into the digital format, ensuring both accuracy and speed to enable
computer processing. This process occurs in three stages: sensing, signal
processing and analysis. The sensing stage involves converting physical
characteristics into electrical signals, while the signal processing stage
transforms these signals into a format that can be understood by software,
embedded platforms, and computer devices. Finally, the analysis stage
extracts valuable features to aid in decision making (Sun, G. et al, 2018).
The key components of a data acquisition system include: transducers
which transform the measured quantity into an electrical signal that is
proportional to the input; devices that adjust the sensor signal to the
appropriate level for analogue-to-digital (AD) conversion (such as
amplifiers, converters, and filters); an anti-aliasing filter that eliminates
high-frequency signals that may lead to inaccurate conversions; and
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various other units with different levels of complexity (Taylor, 1997). The
block diagram of a DAQ system is given in Figure 2.

PHYSICAL SIGNAL
CHARA CTERISTIC —*TRANSDUCER —, CONDITIONING —>A/D CONVERTER—*DAQ SOFTWARE

Figure 2 — Data acquisition and processing

The initial step in the data collection process involves identifying
physical phenomena or characteristics that should be measured.
Regardless of specific characteristic being measured, it must first be
converted into the format that a DAQ system can handle. The conversion
process is carried out by transducers. Piezoelectric crystal transducers
convert applied force into electrical charge. The charge is then measured
and converted into digital signals. The electrical signals obtained from the
sensors may contain noise or other interference and need modification.
The signals might also be weak to a point where the data acquisition
system cannot measure them. Hence a signhal conditioner is used to
optimize the signals. It separates the noise from the real signal and utilizes
an amplification circuit for strengthening weak signals. The A/D converter
plays a crucial role in the DAQ system by transforming the data obtained
from the surroundings into distinct levels that can be understood by a
processor. A higher number of bits in an A/D converter results in an
increased number of discrete levels available for encoding an analog
signal, thereby enhancing resolution of the A/D converter. The execution
of the DAQ software can be carried out by a microprocessor unit (MPU)
which is capable of executing signal condition tasks specific to the process.
The sensor can operate in a “report by exception” mode, where it transmits
data only if there is a change in the measured variable. Additionally, the
sensor may incorporate self-diagnostics, enabling the immediate detection
of any developing drift in the outputs of its sensor elements. The data
processing encompasses the transmission and reception of information
through both wired and wireless channels. It is important to highlight that
data processing, particularly when carried out wirelessly, is highly
vulnerable to malicious attacks.

Telemedicine and communication protocols

The healthcare sector is currently experiencing a notable shift due to
the progress in technologies, like the 10T, biosensing, non-invasive
sensing, contactless sensing, artificial intelligence (Al), mobile
applications, and cloud computing (Sun, G. et al, 2018). This has led to a
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series of challenges in the acquisition, monitoring, processing, and sharing
of patients’ data highlighting the necessity for healthcare solutions that are
flexible, personalized, and easy to use in order to address growing
demands.

Telemedicine refers to the application of electronics information and
communication technologies for the provision and enhancement of health
services in cases where there is physical distance between the patient and
the doctor (Atmojo et al, 2020). In contrast to telehealth that covers remote
clinical and non-clinical services, telemedicine mostly focuses on remote
clinical services provided by doctors (Kruse et al, 2017). It also provides
convenience to both patients and doctors by eliminating the need for in-
person visit to seek medical advice or treatment. Telemedicine is proved
to be a cost-effective alternative when compared to the traditional
approach to medical services and care. Telemedicine operations
necessitate a thorough understanding of telecommunication technologies,
networking and medical device technology. One of the most captivating
advancements in telemedicine pertains to the capability of incorporating
devices for self-monitoring or supervision by doctors (Cram, 2004).
Telemedicine predominantly relies on desktop/laptop computers equipped
with specialized software and corresponding devices, offering the
advantage of secure data storage, processing, and transferring. Based on
the mode of operation, telemedicine can be divided into an asynchronous
(store-and-forward), synchronous (real-time), and remote monitoring. The
patient is provided with health care through the telecommunication system
(Thomas, 2023). The communication in telemedicine relay on the following
standards and protocols for wired and wireless communication: Bluetooth
(IEEE 802.15.1), Wi-Fi/lWLAN (IEEE 802.11), WiMAX/Broadband
Wireless Access (BWA) (IEEE 802.16), ZigBee (IEEE 802.15.4), Real-
Time Protocol (RTP), Real-Time Transport Control Protocol (RTCP),
Transmission Control Protocol/Internet Protocol (TCP/IP), and User
Datagram Protocol (UDP).

Stepper motor actuator: a tool for enhancing
extension mechanisms

Stepper motor actuators (SMA) are electromechanical devices that
transform electrical pulses into distinct rotation movement referred to as
‘steps” (Harb & Zaher, 2004). They consist of a stepper motor, a
mechanical transmission mechanism, and a control system. The stepper
motor is a synchronous electric motor that moves in discrete steps and has
a capability to achieve accurate control over position and speed without
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requiring feedback systems. Stepper motors can be divided into
permanent magnet stepper motors (PMSM), variable reluctance stepper
motors (VRSM), and hybrid stepper motors (HSM). PMSM make use of
permanent magnets on the rotor and EM stator poles. PMSM have
favorable torque-to-size ratios (frequently used in cost-effective
applications). VRSM have a soft iron rotor without magnets and generate
torque based on the magnetic reluctance principle. They have the ability
to achieve high step rates, and are frequently used in high-speed
applications. HSM combine characteristics of both PMSM and VRSM.
HSM have a multi-toothed rotor equipped with permanent magnets,
resulting in higher torque, improved resolution, and smoother operation
compared to PMSM or VRSM. The mechanical transmission mechanism
in a SMA converts the motor rotary motion into linear or other motion types
using lead screws, ball screws, belts, and pulleys. The control system
manages the stepper motor operation by sending electrical pulses to its
windings, determining its speed, direction, and step size.

The SMA used in medical devices are required to possess several
characteristics, including small size, accuracy, smooth motion, quiet
operation, reliability, and quality. In medical applications, limited space is
often a critical factor, making smaller SMA highly desirable (Cheng &
Scattareggia, 2011). To choose the most suitable SMA for a specific
application, it is crucial to take into account various factors which include
load, speed and acceleration requirements, resolution and precision
needs, operating environment, and costs. Firstly, one needs to determine
the force or torque necessary to move, lift or hold the load. This information
will assist in selecting the appropriate motor size and transmission
mechanism. Secondly, the desired speed and acceleration should be
considered, because they will have an impact on the control system
selection. Next, the required positioning resolution and accuracy should be
evaluated. This will aid in choosing the motor type and the step angle.

The SMA can serve as a tool to facilitate a gradual bone lengthening
procedure, enabling the bone to slowly increase in length. The fixator can
be adjusted at a rate of approximately 1mm per day, until the bone has
fully hardened and calcified (ICLL, 2024). The objective of the SMA is to
carry out a distinct rotation of the stepper motor's movement as directed
by the physician and managed remotely. It should be noted that the doctor
has the ability to accelerate or decelerate the rate of distraction if
necessary. The SMART orthopedic external implant system shown in
Figure 3 is designed to use the SMA properties to eliminate the necessity
for mechanical tools during implant extension. This system comprises a
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piezoelectric sensor (PES), a stepper motor (SM), and a data acquisition
and processing module (DAPM).

SM

DAPM

I =] calus

PES

skin
Figure 3 — SMART implant containing PES, SM, and DAPM

Effective doctor-patient communication is achieved through a
hardware-software platform by providing doctors to access to bone healing
data and allowing them to control the movements of broken bone parts
through the stepper motor placed on the fixator. The communication
process follows a two-way protocol where both parties activate processing
devices and communication channels. Due to the limitations of the wired
control system in controlling stepper motors over a long distance, wireless
technologies are commonly used for this purpose (Sowjanya et al, 2018).

The first stage involves gathering data from the sensor, processing
the data, and transmitting it wirelessly (see Figure 2). Upon reception at
the doctor’s location, the data is processed and encoded in the proper
format. The doctor then examines the data, makes decisions, and initiates
the software for processing, formatting, and wireless transmission to
control SMA. Upon reaching the motor site, the data is received by the
receiver unit, forwarded to the decoder, and a motor controller is used to
generate the control signal for the stepper motor driver (Abas & Bakar,
2016). Various microcontroller chips with Wi-Fi interfaces can be used for
the stepper motor control, including Espressif System ESP 8266,
Microchip PIC16F series, Texas Instrument Stellaris, and Arduino Mega.
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Conclusion

SMART orthopedic implants are devices used to measure physical
stimuli during the process of fracture fixation. The implants use on-chip
microelectrodes and a sensor readout unit built on an application specific
integrated circuit for electrochemical monitoring. When external fixation is
used, the movements of the broken bone can strain the pins and the frame
of the fixator. Various factors such as extremity movements and muscle
tension contribute to this issue. As the callus hardens, a load is gradually
transferred from the fixator to the bone, resulting in a reduction of
micromovements. SMART devices provide objective data that can assist
doctors in guiding rehabilitation strategies of patients at different stages of
treatment. The sensor system is an active device capable of making
automatic decisions and controlling actuators based on those decisions.
The SMA can be used to aid in a bone healing procedure. Effective
communication between doctors and patients is achieved through a
hardware-software platform, which grants that doctors asses to bone
healing data and enables them to control the movements of broken bone
parts through a stepper motor. The doctor reviews the sensor data, make
decisions based on the information and triggers the SMA for stepper motor
activation.
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TIPO DE ARTICULO: articulo de revision

Resumen:

Introduccién/objetivo: Los sistemas ortopédicos SMART utilizan fijadores
con capacidades de comunicacién, procesamiento y monitoreo remoto
para aprovechar los datos de progresion de la curacion para un monitoreo
personalizado en tiempo real de un proceso de curacion. Los fijadores
incorporan sensores piezoeléctricos pequefios y compactos que generan
sefiales eléctricas al aplicar fuerza al diafragma piezoeléctrico. Esto
permite a los médicos guiar de forma remota los dispositivos de fijacion
utilizando motores paso a paso controlados indirectamente y de forma
remota, conocidos por su precision y exactitud. La confiabilidad de los
motores paso a paso los convierte en una alternativa viable a las
herramientas mecanicas utilizadas tradicionalmente por los médicos para
la extension del fijador.

Métodos: Este estudio se centra en la evaluacion de la tecnologia basada
en sensores en aplicaciones ortopédicas. El articulo presenta un marco
tedrico para la aplicacion de dispositivos SMART en el proceso de curacion
de fracturas 6seas. Profundiza en la estructura y funcionalidad de los
transductores piezoeléctricos ofreciendo una vision integral de esta
tecnologia y diversos aspectos de ingenieria de los sistemas SMART.

Resultados: La implementacion de sistemas SMART ha mejorado
significativamente la comunicacion médico-paciente. Esta mejora se facilita
mediante un proceso de dos fases que implica recopilar, procesar y
transmitir los datos de forma inalambrica desde la interfaz (sensor) del
paciente al médico, que utiliza software especializado para el analisis de
datos y la transmisién inalambrica al actuador del motor paso a paso.
Posteriormente, los datos se envian al decodificador en el sitio del motor,
donde un controlador del motor genera la sefial de control para el
controlador del motor paso a paso.

Conclusion: Los implantes SMART pueden proporcionar a los médicos
datos cuantitativos que pueden utilizarse para dirigir un plan de
rehabilitacion. La tecnologia basada en sensores ofrece informacién sobre
el estrés inducido por la formacién de callos, lo que permite la
comunicacion bidireccional entre el médico y el paciente. El motor paso a
paso es una herramienta que ayuda al trato personalizado a distancia.

Palabras claves: implante SMART, sensor piezoeléctrico, curacién de
fracturas, motor paso a paso.
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YMHBI/I MOHWUTOPUHT 1 3aXVBNEHNE NepenioMOB:
Nbe303nekTpu4eckme npeobpasoBaTenu N akTyaTopbl LLIAroBbIX
aBuratenen

Bnadumup . AHTY@, [Januena /. NpoTny?, KOppecnoaeHT,
Muomup M. CtaHkosn4®, Muodpaz T. MaHny®
@ BoopyxeHHble cunbl Pecnybnukn Cepbus, NeHepanbHbiv WTab,
YnpaBneHvne nHdopmMaTukm 1 TenekoMmmyHukaumn (J-6),
LleHTp npuknagHon MaTeMaTuKn 1 SNEKTPOHUKMN,
r. benrpag, Pecny6nuka Cepbus
6 Matematuyeckuin MHCTUTYT CepBeKoi akagemmn Hayk U UCKYCCTB,
r. benrpag, Pecnybnuka Cepbus
& Huwckuin yHMBepcUTeT, MaIMHOCTPOUTENbHbIM chakynbTeT,
r. Hnw, Pecnybnuka Cepbus

PYBPUKA TPHTW: 34.57.00 BrnonrxeHepus
BWO CTATbW: o63opHas cTatbs

Pe3swome:

BeedeHueluyenb: B ymHbIx opmonedudeckux cucmemax Ucrosb3yomcs
ghukcamopbl ¢ 803MOXHOCMbK OUCMaHUUOHHO20 MOHUMOpPUHEa,
obpabomku u cesi3u Ol UConb308aHUs 0aHHbIX O X00e Jie4YeHusl C
Uesbio epcoHanu3upo8aHHoO20 MOHUMOPUH2a Npoyecca 3axueeHusi
8 peasibHoM epemMeHuU. B cocmas ¢hukcamopos exodssm Hebonbwue u
KOMnakmHble nMbe303riekmpudeckue 0amyuku, KOmopble 2eHepupyrom
afleKmpuyeckue  CcueHanbl  NpU  MPUMIOXeHUU  ycunus K
nee3oaniekmpudeckol  OQuagppazme. 3Imo  no3gonsem  gpadam
AucmaHUUOHHO  ynpaensms  buKCUupyrowumMu  ycmpodlcmeamu,
ucrnonb3ys wazoebie 0suzamesiu C KOCBEHHbIM U OUCMaHUUOHHO
ynpaensgeMbiM npueodoM, OomauqaroUWUMUCS C€eoeli MOYHOCMAbIO.
HadexHocmb  wazoebix 0deuzamenieli Oeraem ux HalOexHoU
anbmepHamugol MexaHU4YeCKuUM UHCcmpymeHmam, mpaduyuoHHO
ucronb3yeMbiM epadyamu 0151 yOrnuHeHUs1 ghukcamopos.

Memoodebr: [aHHoe uccriedoeaHue MoCesWeHO OUEHKEe CEHCOPHbLIX
mexHosoauli 8 opmoneduyecKUX MpuoXeHusix. B daHHoU cmambe
npedcmasnieHbl Mmeopemu4yeckue OCHO8bI rnpumeHeHuss YMHbIX
ycmpolicme 8 rfpouecce 3axueneHus rneperomos kocmed. Takxe
obcyxdaemcs cmpykmypa u pyHKYUOHarbHOCMb
Mbe30351eKmMpuYeckux npeobpasosamerneli u daemcs 8CeCmOPOHHEE
npedcmaesneHue o0 0aHHOU MEXHO02UU U PasfuYHbIX UHXEHEPHbIX
acnekmax YMHbIX cucmem.

Pesynbmamebr. BHedpeHue YMHBIX cucmem 3Ha4yumesibHo yry4uusio
KOMMYyHUKauyuto epadeld ¢ nayueHmamu. Takomy rnipozpeccy
criocobcmeyem nipouecc, eKYamwul cbop, obpabomky u
becripogodHyto rnepedady OaHHbIX oOm uHmMepgpetica 60rbHO20
(6amyuka) epady, Komophbll UCMOMb3yem creyuasnbHoe rnpoepaMmmHoOe
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obecrieyeHue 051 aHanui3a OaHHbIX U becrpogodHoU nepedayu
akmyamopy wazoeozo dsuzameris. [locne yeeo daHHbIe nepedaomcsi
8 Oexkodep Osuzamerisi, e0e KoHmMposiep 0eusameris 2eHepupyem
KOHMpOnbHbIU cueHan 0ns Opatieepa 0susamerisi.

BbigodbIl: YMHbIE uMnnaHmambsl Moeym rfpedocmasumb epadyam
KonuyecmeeHHble OaHHble, KOMOpble MOXHO UcCrofnb3oeams Ons
cocmasneHusi nnaHa peabunumauuu. CeHcopHasi mexHoroeusi daem
npedcmasneHue o cmpecce, 8bl3gaHHOM 0bpa3osaHueM Mo3ored,
obecrieyusasi 08YCMOPOHHIOK CB853b MeXOy 8paqyoM U MauyUueHTOoM.
Llazoebil dsueamernb crayxum UHCMpPYMeEHmMom 8
MepcoHanu3upo8aHHOM AUCMaHYUOHHOM fTIeYEHUU.

Krtouesbie croga: YMHbBIW  umnnaHmam, nbe3031eKkmpuyecKuli
damuyuk, nepesioM Kocmu, wa2o8bil dguzamerb.

CmapT TpeTMaH y 3apacTatby Npenoma: nMe3oenekTpudHu
npeTeapayun 1 akTyaTopu cTen MoTopa

Bnadumup O. Autuh@, Janujena 0. MNpoTnh?, ayTop 3a npenucky,

Muomup M. CtaHkoeuhS, Muodpae T. Manuh®

2 Bojcka Cpbuje, NeHepanwTab, YnpaBa 3a TenekoMmyHukauuje u
nHcpopmaTuky (J-6), LieHTap 3a npMmMereHy MateMaTuKy U enNeKTPOHNKY,
Beorpapg, Penybnuka Cpbuja

6 MatemaTtuuku UHCTUTYT Cpricke akagemMuje Hayka 1 yMeTHOCTH,
Beorpapg, Penybnuka Cpbuja

® YHuBep3auTeT y Huwy, MawuHckn akynTeT,
Huw, Penybnuka Cpbuja

OBJIACT: enekTpoTexHMKa, MallMHCTBO, TeNEeKoMyHuKaLlmnje, GUoONHXeHrepuHr
KATEITOPWJA (TWUM) YIAHKA: nperneaHu pag

Caxxemak:

Yeod/yurb: Cmapm opmonedcku cucmemu Kopucme ghukcamope ca
mozyhHowhy OdarbuHckoez npahera, obpade u KOMyHUKayuje Kako bu
uckopucmusu nodamke o Haripedogary /le4era 3a NepCcoHanu308aHo
npaheme rnpouyeca 3apacmara y peanHom epemeHy. ®ukcamopu
calpxe Majie U KOMMaKmHe [ue30e/IeKmpuUYHe CeH30pe Koju
2eHepulwy  efleKmpu4yHe CcUeHa/le [pu puUMeHU curie Ha
nuesoenekmpuyHy Oujagppazmy. To omoeyhasa nekapuma Oa
darbuHcku 80de ypehaje 3a ¢hukcupare ca ydarbeHocmu Kopucmehu
UHOUpeKmMHO U OasbUHCKU KOHMporsucaHe cmer (KopayHe) momope
ro3Hame o npeyu3Hocmu u mayHocmu. Hbuxoga noy3daHocm YuHU ux
00pXUBOM anmepHamueoM 3a MexaHU4YyKe arname Koje Jekapu
mpaduyuoHanHo Kopucme 3a rnpodyxasar-e ¢hukcamopa.

Memode: Osa cmyduja ce ¢bokycupa Ha esarnyayujy mexHosoauje
3acHogsaHe Ha ceH3opuma y opmornedckuM annukayujama. Y Hoj je
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npedcmasrbeH MeopUujCKU OK8UP 3a rpumeHy cmapm ypehaja y npouecy
3apacmarba npesniomMa kocmujy. Pasmampa ce u cmpykmypa u
QYHKYUOHAIHOCM  MUE30esIeKmpuYHUX  fpemeapada U Hyou
ceeobyxgamaH ysud y 08y MEXHOMOo:2Ujy U pasfiudume UHXeH-epcKe
acriekme cmapm cucmema.

Pesynmamu: WmnnemeHmauyujom cmapm cucmema 3HadajHo  je
rnoborbwaHa KoMyHuKayuja uamelhly nekapa u nayujeHma. To je onakuiaHo
Kpo3 ripouec Koju obyxeama rpukyr/bare, obpady u 6exxuyHU rpeHoc
rnodamaka 00 nayujeHmoesoe (ceH30pcKoe) uHmepghejca 0o fiekapa, Koju
Kopucmu crieyujanu3ogaHu cogpmeep 3a aHanusy nodamakxa u b6exxuyHu
rnpeHoc 00 akmyamopa cmen momopa. HakoH moea nodauu ce
npocnehyjy 0ekolepy Ha siokauyuju mMomopa, 20e KOHmposrep mMomopa
2eHepuuie KOHMPOJIHU cugHar 3a Opajeep Momopa.

Sakrbydak: Cmapm umnnaHmamu rpyxajy fekapuma keaHmumamusHe
nodamke Koju ce MoO2y Kopucmumu |y ycMmepaeary rflaHa
pexabunumauuje. TexHomozauja 3acHogaHa Ha CeH3opuma Hydu yeud y
cmpec u3a3gaH opmuparem Karsyca, omoeyhasajyhu dsocmepHy
KOMyHuKayujy usmeRy nekapa u nayujeHma. Cmern Momop CriyXu Kao
anam Koju rnomae y rnepcoHanu308aHoM mpemmady ca yoarbeHoCmu.

KibyyHe pequ: cMapm uMriaHmam, nue3oesieKmpuYyHU CeH30p,
ghpakmypa Kocmu, cmer Momop.
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