Pires et al. Journal of Orthopaedic Surgery and Research (2025) 20:105 Journal of Orthopaed ic
https://doi.org/10.1186/s13018-025-05534-4 Surgery and Research

, : : : ®
Bioelectronic osteosynthesis plate to monitor ==
the fracture bone healing using electric
capacitive variations

Diogo G. Pires””, Nuno M. Silva®, A. Completo' and Marco P. Soares dos Santos'"

Abstract

Background Bone fractures represent a global public health issue. Over the past few decades, a sustained increase in
the number of incidents and prevalent cases have been reported, as well as in the years lived with disability. Current
monitoring techniques predominantly rely on imaging methods, which can result in subjective assessments, and
expose patients to unnecessary cumulative doses of radiation. Besides, they are costly and incapable of providing
continuous daily detection of fracture healing stages. Technological advances are still required to design fixation
systems with the ability to minimize the risk of delayed healing and nonunion conditions for timely medical
intervention, such that preventive procedures can be provided. This work proposes.

Methods An innovative bioelectronic osteosynthesis plate, minimally customized from a fixation device used in
clinical practice, was developed to monitor the bone-implant interface to effectively detect the progression of bone
fractures stages. Our technology includes a network-architectured capacitive interdigitated system, a Bluetooth
module, an analog-to-digital converter, a multiplexer, a microcontroller, and a miniaturized battery.

Results Both experimental tests with biological tissues and numerical simulations show strong evidence that
this bioelectronic implant is able: (i) to detect the four distinct bone healing stages, with capacitance decreases
throughout the healing process; and (i) to monitor the callus formation across multiple target regions.

Conclusions This work provides a significant contribution to the design of bioelectronic implant technologies for
highly personalized sensing of biointerfaces. Our bioelectronic fixation implant supports faster fracture healing,
mainly for delayed healing and non-union conditions.

Keywords Instrumented implant, Bone fracture healing, Bioelectronic implants, Capacitive sensing, Healing
monitoring
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Introduction

Bone fractures are one of the most common injuries,
being associated with high treatment costs, reduced
social productivity, and increased disability. The total
number of cases has grown significantly over the last
decades. More than 178 million fractures are reported
worldwide per year [1], and yet the non-union rates can
surpass 10%, particularly in the healing of long bones [1,
2]. Significant increases in prevalence among people in
active age groups have been also reported, emphasizing
the vital role of efficient fracture management in mitigat-
ing disability, productivity loss, and reduced quality of
life [1]. Currently, monitoring methods used in medical
practice only rely on image analysis [3, 4]. The most used
technique is radiography; however, delayed healing or
non-union scenarios, the most common early complica-
tions after the implant insertion, are hardly detected on
radiographic images, mainly due to scarcity of mineral-
ized tissue [5]. Besides, this method has relevant disad-
vantages, mainly its high subjectivity, a non-negligible
health risk for patients due to accumulated radiation
doses, high cost and inability to provide daily monitor-
ing of fracture healing stages [3, 4]. There is a need for
new technologies capable of quantitatively monitoring
bone fractures to effectively surpass these limitations.
A highly promising approach to monitor bone frac-
ture healing is the use of instrumented devices explor-
ing changing biophysical properties of fractured bones.
Mechanical vibration [6], electrical impedance [7, 8] and
electromagnetic radiation [9] were the methods already
proposed for external fixators. Regarding osteosyn-
thesis plates, which are commonly used for stabilizing
long bone fractures (particularly those of the distal tibia
and femur), detection methodologies include the use of
mechanical vibration [10], electric impedance [7, 11, 12],
electromagnetic radiation [13], electric charge [14] and
mechanical displacement [15]. Intramedullary nails were
also designed embedding sensing systems to track the
biomechanical biointerface between fractured sites, even
though they were limited to mechanical vibration [16]
and electromagnetic radiation [17]. Significant improve-
ments related to bone-implant callus monitoring were
obtained in comparison to conventional imaging meth-
ods, including higher resolution and sensitivity. However,
these developed technologies still have severe limitations:
(i) they do not allow effective monitoring of multiple
regions for spaciotemporal detection; (ii) extracorporeal
excitations are required; (iii) they can only detect early
stages of bone/implant disorders with low accuracy (e.g.
delayed fracture healing); and (iv) they can require sig-
nificant changes in the implant design, as well as in the
surgical procedure. Another strategy to monitor fracture
healing is by analyzing some biological markers. Recent
studies have revealed that stress-induced hyperglycemia
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parameters, such as fasting blood glucose, postprandial
glucose, and HbAlc, may be used as predictive markers
for delayed healing after tibial fracture surgery [18]. Addi-
tionally, LINC00339, a long non-coding RNA, has been
shown to significantly affect fracture healing by regulat-
ing osteoblast function, and may also be used as a diag-
nostic marker in assessing delayed fracture healing [19].
Furthermore, miR-1271-5p is also an important marker
for delayed healing in fractured bones, particularly in the
context of pilon fractures, and may offer new insights
for treatment strategies [20]. Recent research also sug-
gests that the CASC11 and miR-150-3p are involved in
osteoblast differentiation, working together as osteogenic
marker genes, allowing for an early detection of delayed
fracture healings [21].

By engineering bioelectronic bone implants, futuristic
breakthroughs in orthopaedic implant technology can be
achieved. These are advanced implants that hold potential
to integrate electronic systems supporting various func-
tions, including monitoring of biointerfaces (included
between fixations implants and fractured regions) and
communication between the implant and medical spe-
cialists, all of them supported by self-powering systems
[22-26]. Recent advancements provide strong evidence
that co-surface capacitive patterns can be integrated into
bioelectronic implants for ultrasensitive detection abil-
ity [24, 27]. They can ensure sub-femto-farad resolution,
exceptional scalability, and the capability to personalize
the monitoring of complex biointerfaces, including those
involving bioactive materials [24, 27, 28].

In this study, we propose a bioelectronic osteosynthe-
sis plate, instrumented with an ultrasensitive capacitive
sensing technology to effectively monitor the healing
process in multiple target regions along fractured regions
(Fig. 1). It was also engineered including a communica-
tion module for remote data transfer, a processing unit
and a battery system to avoid external inductive pow-
ering. An implant prototype was implemented using a
commercialized fixation device, in which minimal cus-
tomization changes were performed, such that surgical
procedure changes would not be required. An interdis-
ciplinary study is here presented to provide: (i) compu-
tational models, such that capacitive variations in the
four different stages of fracture bone healing (hematoma,
soft callus, hard callus and remodeling) can be predicted.
(ii) A prototype of a bioelectronic osteosynthesis plate,
including all electronics for sensing, processing, com-
municating and electric powering. Design modifications
were performed to ensure similar mechanical propri-
eties as the original one. (iii) Experimental validation
using biological tissues of the computational models and
the sensing effectiveness of this sensing implant. This
bioelectronic fixation implant is focused on a new con-
cept that holds potential to allow faster fracture healing
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Fig. 1 Schematic overview of the proposed bioelectronic multifunctional fixation system

(using data related to the healing progression), mainly for
delayed healing and non-union conditions.

Materials and methods

The new bioelectronic implant concept

Sensing system and working principle

A miniaturized biomedical circuit was implemented
comprising two PCB boards with 34 x 15 mm?* (i) a
modular structure for capacitance measurement, data
processing, electric power management and communi-
cation (Fig. 2a); and (ii) a network of 7 capacitive inter-
digitated sensors (Fig. 2b). The spatial resolution of
monitoring system correspond to the related electrode
dimensions (2.5x2.75 mm?), along a total detection area
of 25.25x2.5 mm?, which is obtained by: (1) the elec-
trode dimensions of 2.5x 2.75 mm? with 0.5 mm spacing
between the plates within each interdigitated electrode
pair, allowing for high sensitivity to capacitance varia-
tions in that specific region; and (2) the 1 mm spacing
between adjacent electrodes, defining the ability to detect
multiple variations across a larger region. Even though
capacitive variations cannot be measured at regions
between electrodes, our monitoring system is capable of
distinguishing variations at both the intra- and inter-elec-
trode levels, providing a comprehensive spatial detection
capability across the monitored area.

The detection principle of our capacitive sensing sys-
tem relies on variations in electric capacitive reactance
(X¢), which occur as the dielectric properties of bone
tissues evolve during the fracture healing process. The
capacitive reactance can be expressed by the following
equation:

1
Xo = T (1)
where f represents the frequency of the electric field,
and C is the capacitance of the dielectric medium. The
dielectric properties of biological tissues change through-
out the stages of callus formation (from blood hematoma
to fully restored bone). These changes result in varia-
tions in capacitance § C, and, for a specific frequency
f, the capacitive reactance X changes accordingly
[29]. Indeed, the relative permittivity 7, (or dielectric
constant) of the fractured bone is related to the applied
electric displacement field D and the electric field FE, as
follows:

D =¢€FE, (2)
_ £
= 3)
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Experimental VS Computational

Fig. 2 Overall monitoring system including the bioelectronic osteosynthesis plate, and computational analysis using smartphone and computer sys-
tems. lllustration of PCB boards: a) PCB modular structure comprising: 1: RN4871 Bluetooth Module; 2: PIC16LF1847; 3: ADG1606 Multiplexer; 4: AD7745
Analog-to-Digital Converter; 5: 16-Pin Connector; 6: CR1216 Miniaturized Battery; b) PCB matrix-structured network of interdigitated and striped capaci-

tive systems

where 7?(is the vacuum permittivity, and ? is the fre-
quency-dependent permittivity. As the capacitance C of
the fractured region is defined as the ability of the frac-
tured bone macroenvironment to store electric charge )
per unit of voltage V, and using the Gauss’s law, then

dQ
=% 4
C T (4)
and
. Q
E= T47T’f’26 ’ ®)

where r is the distance from the charges flowing through
the fractured bone tissues, and 7 is a unit vector point-
ing away from the charges. These analytical formula-
tions express how the electric field strength applied to
fractured bones during capacitive sensing is strongly
influenced by the sensor-bone distance, as well as the
permittivity-dependent callus evolution. During the heal-
ing progression, changes in the bone structure occur. Ini-
tially, the hematoma stage features a blood clot, which
exhibits a higher conductivity compared with the ones
exhibited by both cartilaginous structures and cortical
and trabecular bone structures, resulting in lower elec-
tric field strength. As healing progresses, and soft and
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hard callus develop, the bone’s conductivity decreases,
resulting in increased electric field strengths. Finally,
during the remodeling stage, mature bone tissue with
improved organization and conductivity leads to the
highest electric field strength. Using our computational
models (described in Sect. 2.2), we found that fracture-
sensor interfaces exhibit different maximum electric field
strengths delivered to the bone throughout bone heal-
ing: in the intact-fractured transition from the fractured
region to the cortical bone, 0.053 V/mm was obtained for
the hematoma stage, as well as 0.084 V/mm for the soft
callus stage, 0.126 V/mm for the hard callus stage, and
0.183 V/mm for the remodeling stage. These magnitudes
may change in clinical practice due to various causes,
mainly the patient idiosyncrasies, fracture type, fracture
severity, sensor-bone distance (due to the mechanical fix-
ation after surgical procedures), which requires a normal-
ization of the capacitive variations (described in Sect. 4).
In this study, capacitance measurements were performed
using both AC excitation and measurement, as capacitive
reactance is a frequency-dependent quantity (Eq. 1), and
the electric field distributions along the fractured bone
structure are related to the alternating displacement cur-
rents flowing through it (Eq. 2).

Biomedical electric circuit

A Bluetooth Low Energy (BLE)-based communica-
tion module (RN4871, Microchip Technology) was
used to enable remote control and data transfer related
to the sensing operation. The PIC microcontroller
(PIC16LF1847, Microchip) was used such that low-
power consumption requirements (3.3 V @ 32 pA)
can be fulfilled. Besides it supports both 12C and Serial
Peripheral Interface (SPI) communication protocols, the
PIC16LF1847 also includes an ultra-low power sleep
mode (2 V @ 13 1 A), for feasible engineering of activa-
tion circuits in battery systems for biomedical implant-
able systems [30]. Data-acquisition was established by a
high-resolution 24-bit Capacitance-to-Digital Converter
(CDC) (AD7745, Analog Devices). This electric com-
ponent offers exceptional resolution (4 aF), precision (4
fF), full-scale capacitance range (+4 pF), and power con-
sumption (3.3 V @ 0.7 mA). A Li-ion battery, CR1216
with 25 mAh was used, as osteosynthesis plates are typi-
cally implanted for brief periods of time (less than one
year) [2]. One 8-channel multiplexer (ADG1606, Analog
Devices) was incorporated to select which capacitor must
be monitored, via the CDC chip (AD7745; sensing opera-
tion), both to prevent parasitic capacitances and allow
electrode-microcontroller communication. Figure 2 pres-
ents the main electric connections. This AD7745 module
collects data from the biointerface between tissues and
the fractured bone regions, and performs data transmis-
sion to the PIC microcontroller. 200 measurements per
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electrode were delivered via Bluetooth to a smartphone
(A2221, Apple) using the SmartData application (v. 1.1,
Microchip Technology Inc.). All data was uploaded to
a .csv file and processed on a computer for statistical
analysis.

Customization of osteosynthesis plate

A commercialized locking osteosynthesis plate of 18
holes (158.118, Narang Medical Limited) was the physi-
cal model used to carry out slight customizations related
to the incorporation of the biomedical circuit. Such
modifications were performed in the central region
over 15.5 x 34.5 x 6 mm?® (Fig. 3a), such that similar
mechanical properties as the original plate can ensure
structural integrity. The bulk part of the prototype was
manufactured using a 3-axis CNC MIKRON machine
(GF Machining Solutions), and the G-code used for the
machining process was generated using SolidWorks
CAM.

Electrodes were positioned in the nearest region inter-
facing the fractured bone (Fig. 3b), according to a Euclid-
ean distance dependent of the healing phase, namely ~
0 mm for the inflammatory phase, ~ 0.67 mm for the
repair phase with soft callus formation, ~ 1.33 mm for
the repair phase with hard callus formation, and, finally,
~ 2 mm the remodeling phase. An opening, correspond-
ing to an area of (5 x 3.5 mm?) of biocompatible poly-
mer coating, was designed in the upper surface (on the
side opposite to the electrodes) to allow reliable data
communication between the BLE module and the smart-
phone. This opening is positioned directly above the sol-
dered BLE module, precisely at the location where the
ceramic chip antenna was integrated to ensure an unat-
tenuated path for signal transmission. Additionally, the
used BLE module incorporates a dedicated metal-free
zone around the antenna on its PCB. Together, these
design considerations mitigate interferences from the
metallic encapsulation, ensuring effective BLE commu-
nication with extracorporeal systems without requiring
further adaptations. While the metallic environment may
slightly reduce the communication range, the combined
features are enough to keep reliable data transmission.
The stainless steel AISI 316 L was used as the bulk mate-
rial for the bioelectronic fixation system, similarly to the
commercialized one [31, 32].

2.1.4. Power consumption

The current consumption was measured at the battery
output during a capacitance measure of a pair of inter-
digitated electrodes and using the Ohm’s law. The power
consumption of the device was assessed by using Lebe-
sgue integral to the current consumption over the dura-
tion of a monitoring session. As capacitance monitoring
requires 5 s per pair of interdigitated electrodes, only
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Fig. 3 a) Model of the new modified locking plate; b) Concept of the new capacitive instrumented implant placed over a fractured bone

35 s is required for the reading operation, which results
in 2.9562 mAs of total current consumption (28.8 1 Ah).
Based on this consumption, our bioelectronic device can
support around 868 monitoring sessions on a single bat-
tery charge, which allows>2 years of daily monitoring.
Even though a higher number of reading operations is
expected during the six months post-surgery, particu-
larly in complex cases such as nonunion, where a closer
follow-up is crucial, the scheduling of the monitoring
sessions must ultimately be defined by clinicians con-
sidering the patient’s clinical needs (personalized medi-
cine) and battery longevity management (technological
limitations).

Computational models

Computational modelling was carried out using Solid-
Works (v.2023, Dassult Systemes), to geometrically
model all elements related to the bone fracture healing
elements. COMSOL Multiphysics (v.6.0, COMSOL) was
used to develop the finite element models and simulate

the electric capacitances related to each bone healing
stage. Four healing stages were modelled: (i) the inflam-
matory phase, modelled as blood; (ii) the repair phase,
with soft callus formation, modelled as a cartilage struc-
ture; (iii) the repair phase, with hard callus formation,
modelled as a cancellous structure; and (iv) the remod-
eling phase, consisting in intact bone. Both cortical and
trabecular bones were modelled as simplified cylindrical
structures (Fig. 4a). The capacitive sensing system, com-
prising seven interdigitated capacitors, was positioned
2 mm above the outer bone surface, according to a par-
allel alignment related to the cylinder surfaces, allowing
reduced axial stiffness and enabling non-invasive moni-
toring of interfragmentary biointerface changes (Fig. 4g)
[33, 34]. Electrodes with very high electrical conductiv-
ity, were embedded on a polycarbonate substrate 0.5 mm
thick, and covered with a polystyrene layer of 0.5 mm
thick. As polystyrene provides electrical resistivity, the
electric field lines will be neither weakened nor distorted;
besides, its biocompatibility ensures safe encapsulation
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Fig.4 Domains of computational models to monitor capacitive changes at different healing stages: (a) representation of all domains. Representation of
the four modeled healing phases: (b) inflammatory phase—blood; (c) repair phase (soft callus) - cartilage; (d) repair phase (hard callus) - trabecular bone;
(e) remodeling phase - intact bone. Domains: 1: substrate; 2: air; 3: electrodes; 4: polymeric layer; 5: hematoma/bone callus; 6: fracture; 7: cortical bone; 8:
cancellous bone. Capacitive architecture: (f) interdigitated sensor design (1 =2.5 mm; w =0.5; g = 0.25 mm); (g) PCB board of the co-surface capacitive
network
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Table 1 Dimensions of bone tissue and capacitive sensor

domains

Dimensions of bone tissue domains

Domain Length (mm) Outer diameter Inner diameter
(mm) (mm)

Cortical bone 40.00 30.00 24.56

Trabecular bone  40.00 24.56

Fracture 1/0.5/0.25 30.00

Blood hematoma 5.0 (max) 32.00 30.00

Soft callus 33 (max) 31.33 30.00

(cartilage)

Hard callus 16 (max) 30.67 30.00

(trabecular bone)

Dimensions of capacitive sensor domains

Domain Thickness Width (mm) Length (mm)

(mm)

Electrodes 0.1 2.5 2.75

Substrate 0.5 34.50 15.50

Polymer layer 0.5 34.50 15.50

of the biomedical circuit. All domain dimensions are
described in Table 1. Three different fracture thicknesses
(1 mm, 0.5 mm and 0.25 mm) were simulated to test the
effectiveness of the monitoring system for different frac-
ture-implant biointerfaces.

The AC/DC module (physics interface: "Electric Cur-
rent’) of COMSOL Multiphysics (v. 6.0, COMSOL) was
used to compute the electric capacitance related to each
individual interdigitated pair of electrodes. Domains
were established as homogeneous and isotropic, and
modelled using refined 3D of 2nd linear tetrahedral ele-
ments (Delaunay method). A convergence analysis, based
on the 2% error criterion, was defined to perform the
mesh refinement. Concerning boundaries, a homoge-
neous Neumann condition was used to the inner ones,
and electric isolation for the outer ones. Table 2 defines
the electric properties of all domains. Each pair of elec-
trodes were powered by a square wave voltage V (one
positively charged, and the other grounded) defined as
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Vow

V=5

+ %sign (sin (27 f1)), (6)

where V,, =3V is the peak voltage, and f = 32 kHz is
the excitation frequency. Capacitive changes along the
fractured region were calculated by firstly computing
individual capacitances C' using the admittance Y/, as in
Eq.7:

C- Im (Y)

37 7)

Experimental procedure

Mechanical tests

The 3-point bending test was performed to compare the
flexural stiffness between a commercialized cobalt-chro-
mium implant and our new bioelectronic implant pro-
totype. This test was conducted using a universal testing
machine (AGS-X-10 kN, Shimadzu), with support bases
positioned 43 mm apart, a speed rate of 5 mm/min, and a
maximum load of 170 N (this range was chosen to avoid
exceeding the elastic regime of the commercial plate,
such that its permanent deformation can be prevented).
As the elastic modulus of cobalt-chromium is 245 GPa,
this load was selected to ensure that the material’s elas-
tic limit was not exceeded. The new prototype plate
was produced in ST37 steel, which has a similar elastic
modulus of 235 GPa, such that a similar mechanical per-
formance can be ensured under similar test conditions.
Force-displacement analyses were conducted for com-
parative purposes.

The stiffness of each implant (commercialized vs.
prototype) was calculated using the slope of the force-
displacement curve, such that we can verify if the pro-
totype stiffness is > 85% of the one provided by the
commercialized implant. The target stiffness of 85% was
selected as the cross-sectional area of the bioelectronic
plate is reduced by the central region for the electronic

Table 2 Electric and magnetic properties of organic and inorganic materials used in computational models for 32 kHz excitation

Domain Relative Electric Relative Ref.
Electric Conductivity Magnetic
Permittivity [S/m] Permeability
Substrate 3 6.7 x 10— 14 0.866 [24]
Electrodes 1 6.0 x 107 1 [24]
Polymeric 2.6 6.7 X 10— 14 1 [35]
Layer
Cortical Bone 3.02 x 102 —i1.16 x 104 0.02 1 [35,36]
Blood 6.0 x 10! —i3.93 x 10° 0.7 1 (35, 36]
Trabecular 7.62 x 102 —4.67 x 104 0.07 1 [35,36]
Bone
Cartilage 4.36 x 10! —i3.26 x 10° 0.58 1 (36]
Air 1 0 1 [24]
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components, which makes it less stiff to flexure. This
percentage reduction of 15% is reasonable, as it remains
within the range of stiffness values found in commercial
plates, such as the titanium plates, which present lower
flexural stiffness when compared with stainless steel
plates.

Capacitive monitoring tests
Concerning monitoring tests, the bioelectronic implant
was fixed to a universal testing machine (Shimadzu
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AGS-X-10kN; software: Trapezium X) (Fig. 5b), such that
the network of capacitive sensors was vertically and cen-
trally positioned 2 mm (accuracy: 1 x4 m) above the corti-
cal bone surface, regardless the repair phase (setup valid
both for fractured and non-fractured scenarios).
Concerning samples preparation, post-mortem porcine
femur samples (aged 8 months) were used to track capac-
itive changes during the various fracture healing stages.
In the inflammatory phase, an oval structure with blood-
like dielectric properties was employed to biophysically

Fig. 5 Experimental apparatus designed for experimental tests with biological tissues: a) photo of the structure from the bottom assembly; b) detailed
view of the components of the top assembly. ) Coagulated blood, d) cartilage preparation steps and e) cancellous bone preparation steps. f) View of the
fractured bone process. Additional images related to the benchtop setup for different healing stages are available in Supplementary Fig. S1
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model the hematoma, which results due to the rupture
of blood vessels when bones are fractured. Coagulated
blood was used, as this hematoma coagulates, a pro-
visional matrix is structured for the healing process to
progress [37] (Fig. 5¢). Cartilage was used to biophysically
model the soft callus repair phase, as structures com-
posed of fibrin granulation tissue form, conducting the
development of a collagenous fibrocartilaginous network
surrounding the fracture biosurfaces [37]. Cartilaginous
structures were obtained by extracting articular cartilage
from femoral samples, which was followed by grounding
and compression (Fig. 5d). As endochondral ossification
of the cartilaginous callus takes place throughout the
hard callus repair phase, culminating in the formation of
a hard calcified callus of immature bone [37], trabecular
bone was used to biophysically model the hard callus tis-
sue. Initially, slices of cancellous bone lower than 5 mm
thick were dissected; then, these were ground and com-
pressed (Fig. 5e). Finally, the remodeling phase was bio-
physically modelled by intact bone, whose surface was
thoroughly cleaned to remove any residual or fat tissues.

Concerning the experimental procedure, five tests were
conducted for each healing phase to establish statisti-
cally significant capacitance changes. The experimental
design followed the reverse progression of fracture heal-
ing: firstly, the remodeling phase (intact bone); secondly,
the hard callus phase (cancellous structures); thirdly,
the soft callus phase (cartilaginous structures); and,
finally, the inflammatory phase (coagulated blood). This
approach was adopted to prevent contamination of the
bone surface due to the preceding phases, namely from
the thinner callus to the larger hematoma. Throughout all
healing phases, the samples were positioned 1 mm apart
from each other to ensure consistent capacitive measure-
ments (and according to simulation results), as well as to
allow effective insertion of materials in the fracture. An
additional test was conducted to evaluate the capacitive
method to detect healing stages, by joining the two bone
extremities to simulate more realistic fracture scenarios.
For such purpose, a three-point bending test was per-
formed to induce a fracture using the universal machine
Shimadzu AGS-X-10 kN (Fig. 5f).

All experimental tests with biological tissues were per-
formed at 22 °C and 50% humidity. While physiological
conditions (37 °C) must be considered in future works,
capacitance patterns are unlikely to be significantly dif-
ferent compared to the ones obtained under physiologi-
cal conditions, as the sensor working principle is based
on detecting capacitive variations, rather than absolute
capacitance values.

Data normalization
The normalization process was necessary to take into
account the magnitude differences found in capacitive
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variations between simulation and experimental results,
which arise mainly due to computational modelling
approach based on simplified bone structures. The same
normalization was performed to computational and
experimental data, using the normalized capacitance val-
ues C,orm defined as

Ci - Cmin

Cmaz - Cmin ’ (8)

Cn orm —

where C; is the measured capacitance for a given region
and stage, C,;pn is the minimum observed capacitance,
and C),q; is the maximum capacitance. This normal-
ization ensures that all capacitance values are scaled
between 0 and 1, allowing consistent comparisons across
different conditions.

Similar capacitive variation patterns are expected for
different sensor-fracture distance, even though different
capacitance reactance magnitudes may occur. Indeed,
each surgical procedure may result in different sensor-
fracture distances, but such distances are usually not
significantly different among surgeries, as similar medi-
cal protocols are followed to ensure plate-bone fixation.
Throughout bone healing, no significant sensor-fracture
distances are expected, even when stresses occur as the
callus progresses.

Results

Mechanical tests

The commercial plate exhibited a stiffness of 874 N/
mm, while a stiffness of 794 N/mm was measured for the
new bioelectronic prototype (Fig. 6). Therefore, a proto-
type stiffness of 90.8% was obtained in comparison with
the one provided by the commercial implant, exceeding
the established target of 85% for a superior mechanical
performance.

Capacitive sensing

Simulation results

A slight decrease (0.9%) in the peak capacitance was
observed as the fracture size was decreased from 1 mm
to 0.25 mm (Fig. 7). Similar capacitive variation patterns
were obtained for different healing phases, including the
inflammatory, soft callus, and hard callus stages. Notably,
significant increases in capacitance were observed as the
fractured region was approached with the most signifi-
cant changes occurring during the inflammatory phase.
Although the capacitance differences between the repair
and remodeling phases were of lower magnitudes, they
were still measurable, indicating distinguished dielectric
bone properties, as the healing progresses. Results also
highlight peak capacitance decreases as the healing pro-
gresses from the soft to the hard callus phase, mainly due
to the reduced dielectric variations (and related electrical
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responsiveness) in the maturing tissue. Indeed, capaci-
tances of 292.15 fF, 291.95 fF and 291.85 fF for 1 mm,
0.5 mm and 0.25 fractures, respectively, are predicted for
the soft callus phase, while 290.69 fF, 290.69 fF and 290.52
fF for 1 mm, 0.5 mm and 0.25 fractures were found for
the hard callus phase, corresponding to capacitance vari-
ations of 0.5%, 0.43%, and 0.46%. Furthermore, the steep-
est capacitance variations (8.67 fF for 1 mm fracture, 8.44
fF for 0.5 mm fracture, 7.64 fF for 0.25 mm fracture) are
expected to occur in the inflammatory phase and the
soft callus phase. When the healing process reaches the
remodeling phase, non-significant capacitance variations
occurred, as expected within healed bone tissues. These
findings provide strong evidence that healing stage sig-
nificantly influences the magnitude of capacitive changes,
while non-relevant impacts are predicted for the fracture
thickness. The latter finding supports the universality
of our monitoring method based on electric capacitive
variations, due to which only fracture scenarios with the
1 mm thickness were experimentally tested.

Experimental results

Similar capacitive variation patterns were found between
experimental simulation findings. On the one hand, simi-
lar increases in capacitance were detected from intact
bone regions toward the fractured regions; on the other
hand, capacitance gradually decreased as the fracture

healing progressed from the inflammatory phase to the
remodeling phase.

The experimental results revealed significant capaci-
tive variations throughout the different stages of fracture
healing, with the most pronounced increases occurring
during the inflammatory phase, followed by gradual
decreases as the healing process approaches the remodel-
ing phase. The average capacitance increased by approxi-
mately 41.5% in the inflammatory phase from the intact
regions to the fractured region, with peak capacitance
values ranging from 1.23 pF to 1.74 pF (Fig. 8a). In the
soft callus phase, the observed average capacitance
change was around 11.3%, with peak values between 1.38
pF and 1.54 pF (Fig. 8b). A lower capacitance increase
was detected in the hard callus phase, with an aver-
age change of approximately 8% (peak values ranging
from 1.38 pF to 1.28 pF), as shown in Fig. 8c. Finally,
the remodeling phase exhibited negligible capacitance
variations, as peak values ranged between 1.1356 pF and
1.1345 pF (0.1% average variation) (Fig. 8d). The confi-
dence intervals (Cls) revealed deviations reaching up to
0.7 pF and 0.53 for the 99% CI and 95% CI, respectively,
in the hard callus stage. These larger confidence intervals
most likely occurred due to parasitic capacitances influ-
encing measuring. Lower deviations were found dur-
ing the critical healing stages, namely 0.65 pF and 0.5 pF
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for the soft callus stage, and 0.59 pF and 0.45 pF for the
inflammatory stage.

Noticeable capacitance differences were also measured
between the remodeling phase and the scenario char-
acterized by bone extremities bonding (Fig. 8e): capaci-
tance measures exhibited a variation of approximately
19%. This is a significant variation when compared with
the near-stable capacitance observed during the remod-
eling phase, where 0.1% of capacitive variations were
found. These are very relevant findings, as they highlight
that even when the bone is fully joined, as usually occurs
in realistic clinical settings, capacitive differences are still
measurable, further supporting the sensing sensitivity to
structural variations during bone healing.

Discussion

Figure 9 presents a comparative analysis of the computa-
tional and experimental results using normalized capaci-
tance data for all bone regions and stages of bone healing.
Both the experimental and computational curves exhibit

similar quasi-normal distribution patterns, with capaci-
tance increases from the intact bone regions to the frac-
tured region. Both simulation and experimental results
also decrease capacitive variation patterns, reaching neg-
ligible variations when the healing is complete.

The major difference between computational and
experimental apparatus was the different complex-
ity of bone structures. Computational modelling was
performed using simplified structures of bone tissue
domains such that both reduce computation cost and
predict the general capacitance variation patterns dur-
ing bone healing. Apart from this issue, modelling-
experimental differences result in negligible differences
in capacitance measures. Included are the defined model
domain sizes: cortical and trabecular bone sizes were
computational modelled with lower sizes in comparison
to the experimental ones: nevertheless, negligible dif-
ferences in capacitance variations are expected, because
more distant bone extremities from the fracture region
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Table 3 Percentual error analysis of each electrode pair across the four phases compared to experimental values

No. of electrode 1 2 3 4 5 6 7
Error in inflammatory phase (%) 4 1 40 0 0 1 0
Error in soft callus phase (%) 4 1 34 10 8 4 0
Error in hard callus phase (%) 4 2 4 14 3 2 1
Error in remodeling phase (%) 3 3 3 3 3 3 3

result in nonsignificant differences in electric field distri-
butions in the vicinity of the fractured regions.

Table 3 highlights the percentual errors related to each
electrode pair across the different healing stages. Most
errors were found below 10%, even though a region near
the fracture center (electrode 3) reached 40%. Correla-
tions between the experimental and computational pat-
terns of 92% for the inflammatory phase, 63% for the
soft callus phase, and 99% for the hard callus phase, were
obtained. These differences emerged most likely due to:
(i) the irregular surface of the bone, while computational
models assume a perfect cylindrical shape; (ii) highly
inhomogeneous dielectric properties found in real bone
morphology were not considered in computational mod-
els; (iii) the experimental fractures present some degree

of geometrical difference from the fracture model used in
simulations; (iv) bone samples used to biophysically sim-
ulate the different healing phases are not homogeneous.
Despite some differences between the computational and
experimental results, it is clear that capacitive sensors are
able to effectively detect dielectric changes in bone tis-
sues throughout the healing process.

Current methods for monitoring bone fractures pri-
marily rely on imaging techniques, which have signifi-
cant limitations regarding detection objectivity, cost,
and daily monitoring capabilities. Various alternative
technologies have been proposed, including those based
on mechanical vibration, electrical impedance, electro-
magnetic radiation, electric charge, and mechanical dis-
placement. Additionally, some technological advances
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have aimed to incorporate instrumented fixators into the
monitoring process. However, despite extensive research
efforts, none of these sensing technologies have proven
to be effective for monitoring fracture healing. Indeed,
they have not been designed to provide: (i) non-invasive
operation; (ii) effective integration within fixation sys-
tems used in clinical practice, including their stand-alone
sensing and data transfer; (iii) personalized monitoring
of target tissues, including fractured and non-fractured
ones; and (iv) daily basis fracture monitoring throughout
all healing phases.

Our new concept of bioelectronic implant will most
likely provide a suitable response to these challenges,
by using an ultrasensitive detection method based
on cosurface network-engineered capacitive sensors.
Results from both experimental and numerical simula-
tions hold potential to effectively detect the four distinct
bone healing phases across target regions. Furthermore,
simulation outcomes indicate that the developed compu-
tational models can predict capacitive variation patterns
throughout all stages of fracture healing, achieving good
experimental-simulation correlations (some exceeding
90%). Similar capacitive variation patterns are expected
for different sensor-fracture distance, even though differ-
ent capacitance reactance magnitudes may occur. Indeed,
each surgical procedure may result in different sensor-
fracture distances, but such distances are usually not
significantly different among surgeries, as similar medi-
cal protocols are followed to ensure plate-bone fixation.
Throughout bone healing, no significant sensor-fracture
distances are expected even when stresses occur as the
callus progresses. Additionally, to address patient idio-
syncrasies, such as variations in capacitance baselines
across patients, all data must be normalized to a common
baseline. This will ensure that capacitance variations,
which are the key to differentiating healing stages, remain
consistent and comparable between different patients,
enabling accurate and reliable detection of the bone heal-
ing process.

Our bioelectronic prototype was developed with
mechanical characteristics similar to those used in cur-
rent clinical practice, and it was engineered to incorpo-
rate a sensing system for measuring the healing states, as
well as to facilitate data communication with extracor-
poreal systems. Importantly, this new bioelectronic plate
does not interfere with the surgical procedures.

Regarding the sensing system, a new biomedical circuit
was designed to connect and analyze multiple capaci-
tive sensors, allowing remote communication and per-
sonalized patient monitoring. By creating a database,
physicians can access monitoring data related to bone
healing through a network connection to extracorpo-
real databases. When a delayed healing or non-union is
detected, early intervention becomes possible through
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various treatment types, including pharmacological and/
or biophysical stimulation-based treatments. The admin-
istration of pharmacological therapies, using e.g. calcito-
nin, may result in improving bone consolidation as soon
as healing conditions are detected [38]. Furthermore,
the Jintiange capsule has been suggested as a potential
promoter for osteoporotic fracture healing, by enhanc-
ing bone microstructure in aged rats [39]. The delivery
of biophysical stimuli, such as Intermittent Pneumatic
Compression (IPC), can also complement the sensing
ability of bioelectronic implants by improving vascular-
ization and tissue repair, contributing to a faster recov-
ery [40]. Additionally, as the use of low-intensity pulsed
ultrasound can promote osteoinduction [41], bone
strength can be enhanced by monitoring data provided
by sensing implants. Besides, bioelectronic implants
comprising capacitive interdigitated structures can also
be used to deliver targeted bioelectrical stimuli to the
fractured regions, such that both osteoinduction and
osteoconduction can be enhanced [22, 28]. By integrating
these synergetic sensing-therapeutic approaches, com-
prehensive strategies for improving fracture management
can be clinically approved by taking the opportunities
provided by bioelectronic monitoring.

Conclusions
This work provides the design and implementation of an
innovative bioelectronic osteosynthesis plate to moni-
tor the bone-implant interface, such that the progres-
sion of bone fractures stages can be effectively detected.
It was minimally customized from a fixation device
used in clinical practice to allow easier clinical transla-
tion, and includes a biomedical circuit composed by a
network-architectured capacitive interdigitated system,
a Bluetooth module, an analog-to-digital converter, a
multiplexer, a microcontroller, and a miniaturized bat-
tery. Our research demonstrated that our bioelectronic
implant is able: (i) to detect the four distinct bone heal-
ing stages, with capacitance decreases throughout the
healing process; and (ii) to monitor the callus formation
across multiple target regions.

Despite the promising results of our bioelectronic
osteosynthesis plate additional research challenges must
be addressed:

+ Design, manufacture and test of a chip-size
biomedical circuit with very high spatial resolution
(at the micro-scale), such its container can be
miniaturized.

+ Investigate the performance of the bioelectronic
implant under other types of fractures, including
oblique and comminuted (fragmented) fractures.
Additional analyses of other fracture scenarios are
mandatory to support the use of this technology



Pires et al. Journal of Orthopaedic Surgery and Research

in clinical practice, as generalized results will be
obtained.

+ Improve the powering system by introducing
additional micro-size batteries to enable the sleep
mode of the biomedical circuit throughout the
fracture healing process. Alternatively, external
power solutions, such as electromagnetic
induction, can provide simultaneous charging and
communication, using AM/FM modulation to
facilitate energy transfer and data exchange without
disrupting the device’s functionality.

+ Develop computational models with more realistic
bone structures, using e.g. micro-CT imaging to
capture the structural complexity of fractures.

+ Implementation of a superior detection capability
by significantly reducing parasitic capacitive effects
and increasing the sensitivity of capacitors. This will
require optimizing the electrode surface area and
finding the optimized space between electrodes,
such that interference can be minimized, and
measurement accuracy can be enhanced [42].

+ Development of an actuation system capable of
delivering electrical stimuli to the fracture region to
accelerate and/or enhance fracture healing.

+ Analyze the performance of bioelectronic implant
under in vivo testing on animal models, both for
personalized healing detection and biophysical
stimulation. This will provide essential details about
the performance in living biological environments,
mainly related to idiosyncrasies of animal models
and human-like scenarios, filling the gap for
supporting clinical trials. For this, the first step
involves sealing the entire implant, including
the integrated circuit, within the prosthesis. A
biocompatible polymer will be used to vulcanize the
implant, ensuring a durable and safe interface with
biological tissues. The vulcanization process not only
insulates the circuit from corporal fluids but also
maintains the mechanical stability of the implant
during the healing process. Additional tests must be
performed, including the assessment of the device’s
failure strength, biocompatibility, hermeticity of
the exposed PCB, and sensing robustness under
strain on the implant. Although the stiffness of the
new plate reached more than the 85% targeted of
commercial plates, further evaluation is needed to
confirm its reliability under diverse stress conditions.
These tests must comply with the ISO 9585 standard
to ensure valid assessments of the mechanical
performance of bioelectronic osteosynthesis plates.
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