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This paper combines flexible pressure sensing technology, wireless sensor network, and cloud platform technology to design and
manufacture a medical miniature pressure sensor and its supporting system. The problem of noninvasive monitoring of the
syndrome encountered in the clinic is used for real-time monitoring and auxiliary diagnosis of the disease. Different from the
current clinical use of “puncture” to measure intrafascial pressure, this system focuses on the noninvasive monitoring of
compartment syndrome, using medical tape to paste a flexible microsensing unit on the injured area. The flexible sensor unit
can measure the pressure here in real time and then can know the pressure in the fascia chamber. The flexible pressure sensor
unit combines with the subsequent flexible circuit to send the measured data to the data in real time through wireless
communication. The data aggregation node transmits the collected data to the upper computer through serial communication,
and the upper computer software processes and stores the data and uploads it to the cloud server. In this experiment, it was
observed that the concentrations of Ca and P showed the same fluctuating trend. With the gradual progress of the stretch, the
concentrations of Ca and P increased with the increase in time, reaching approximately at the end of the extension. The peak
value indicates that the osteoclast activity is enhanced at this time, the bone matrix is largely destroyed, and the Ca and P in
the matrix are released into the serum in a large amount, thereby increasing the serum concentration. After the distraction
ceases, it enters the healing period of the callus. At this time, the concentrations of Ca and P decrease with the increase in time
and gradually reach a stable level, indicating that the osteoblast activity is enhanced at this time, the bone matrix begins to
rebuild, and the Ca and P gradually increase. The deposited bone matrix gradually forms new bone and finally reaches a
balance. Since the speed of extension in each experimental group is inconsistent, the time required to reach the same extension
length is also inconsistent, so that the peak time is also inconsistent. After plotting the stress difference (△F) before and after
stretching against time and speed, it is found that the relationship is linear. However, these two variables affect △F at the same
time, so they cannot be isolated. Based on this, this subject uses multiple regression equations to fit the three relationships of
stress difference (△F), time, and speed. In the process of distraction osteogenesis, with each distraction, the bone stress
presents a trend from high to low. And as the stretch progresses, the measured stress value increases linearly at the same time
point every day.

1. Introduction

In orthopedics trauma, trauma caused by various sudden acci-
dents, such as car accidents, slips, falls, and industrial acci-
dents, may cause tissue damage or loss [1]. These injuries or
defects often result in the loss of body functions and ultimately
lead to disability or even death. Therefore, the care of wounds
has attracted much attention from medical staff. Common
traumas in orthopedics include open fractures, avulsions,

extensive skin abrasions, and crush injuries. Currently,
researchers and medical staff have developed many methods
for treating wounds and repairing skin [2]. Among them,
wound dressings are widely used for wound healing because
they can provide suitable healing conditions and at the same
time coordinate and balance body activities such as blood ves-
sels, connective tissues, and epithelial cells. In addition, with
the rapid development of China, the contradiction between
the increasing aging population and the increasingly serious
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chronic diseases and China’s relatively scarce medical
resources has gradually become prominent [3]. At present,
new concepts such as “smart medical” and “smart medical”
are proposed to change the existing medical service model
and improve the utilization of medical resources. Smart med-
ical devices and wearable devices are an important part of
these concepts. The research on sensors suitable for this type
of equipment is of great significance to the promotion of
“smart medical” and “smart medical.” At the same time, this
type of sensor device with the ability to perceive different
external environmental parameters is also expected to be used
in existing medical equipment such as artificial limbs to effec-
tively improve the quality of life of patients [4].

When the external force is within the range of normal
physiological load, in order to maintain its normal structure
and function, the articular cartilage will obtain nutrients
through the exchange of joint lubricating fluid and the fluid
in the matrix. Therefore, normal joints usually do not cause
cartilage damage when carrying loads within the bearing
range, but any load that exceeds the joint bearing capacity
has the risk of cartilage degeneration and osteoarthritis.
For some athletes, soldiers or dancers, they often do some
rapid acceleration, instant deceleration, continuous training
and jumping and landing one-leg support. Therefore, due
to their special activities, they may be greatly exacerbated
by regular exercises in this way. The damage to the cartilage
of the knee joint or the risk of worsening of the knee joint
cartilage in people in China will have a serious impact on
their careers. At present, for some different exercise
methods, the human knee joint cartilage is subjected to dif-
ferent forms of loading conditions, and the mechanism of its
mechanical properties has not been clearly expressed [5].
This requires us to strengthen the study of the changes in
the mechanical behavior of the knee joint in different ways
of movement and explore the inducing mechanism of the
occurrence and exacerbation of knee cartilage damage under
different loading conditions, as well as the changes in con-
tact stress and mechanical behavior [6].

This paper designs the hardware of the flexible pressure
sensor, which mainly includes the selection of the main
components according to the system requirements, the
design of the pressure signal conversion and reading circuit,
the selection of the antenna, and the corresponding optimi-
zation processing. In the actual design, this article has been
tightly focused on the requirements of flexibility, portability,
and wearable. While satisfying the most basic functions of
the system such as data reading and wireless communica-
tion, it can be achieved to the maximum extent. This subject
observes that under the stretch strategy of extending twice a
day, the stress value increases significantly after each stretch.
As time goes by, this stress value gradually decreases until
the next stretch (after 12 hours), approximately reaching
the level before the last stretch. At this point, the second
stretch is performed, and the stress value immediately
increases and then gradually decreases with the passage of
time. Until the first stretch on the next day, the stress value
dropped to a slightly higher level than before the previous
stretch. In this way, there are two stress peaks every day,
and each peak appears at the moment after stretching and

then gradually decreases with an exponential decay function.
For each phase of distraction osteogenesis (the same number
of days of extension), the experimental groups with different
extension speeds showed different stress changes. The stress
decreased by 8.83N before and after the first stretch on the
first day, and the stress increased by 12.52N before and after
the second stretch and then dropped by 11.21N.

2. Related Work

Combining the patient’s clinical manifestations, imaging
examinations, serological indicators, infrared spectroscopy,
and direct manometry are the main methods for diagnosing
acute compartment syndrome. Pain, paleness, paresthesia,
pulselessness, and paralysis are the five main clinical manifes-
tations. Serological indicators are mainly accelerated erythro-
cyte sedimentation rate, increased white blood cell count,
and increased creatine kinase. The first two are mainly caused
by the body under stress conditions, and the increase in the
two can appear under many stress conditions, lacking specific-
ity. Creatine kinase is of relatively great value in the diagnosis
of compartment syndrome. Normally, there is a small amount
of this enzyme in serum, 25-170U/L for women and 25-
200U/L for men. It is an important enzyme that regulates cell
energy metabolism. When the body is severely traumatized or
compartment syndrome occurs, resulting in muscle ischemia
and necrosis, the enzyme in the cell will be released into the
blood, which will significantly increase the content of serum
creatine kinase. It began to rise sharply 2 hours after injury
and reached a peak at 24 hours after injury, which was 42
times the normal value.

Studies by related scholars have reported that when mus-
cle tissue develops edema and degeneration, the average cre-
atine kinase value reaches 2400U/L or more; the osteofascial
compartment should be cut and decompressed at this time
[7]. At this time, the nerve, blood vessel, and muscle ische-
mia time is not yet very long, without avascular necrosis,
causing irreversible damage. MRI examination can mainly
see manifestations such as increased volume of the osteofas-
cial compartment, muscle edema, and loss of muscle texture.
Doppler ultrasound is more valuable in the diagnosis of
compartment syndrome than other auxiliary examinations.
It can not only observe tissue edema and vessel diameter,
but also dynamically observe arterial pulsation and fascial
tissue elasticity changes. Related scholars have studied the
pulsed phase-locked loop ultrasound instrument to observe
the fascia displacement waveform of the arterial blood
pressure pulse to estimate the pressure of the osteofascial
compartment [8]. The correlation between the degree of fascia
displacement in the osteofascial compartment and the perfu-
sion pressure was confirmed by the researchers through non-
invasive ultrasound. Relevant scholars have established a
model of the anterior tibial compartment of the calf to study
the increased pressure of the fascial compartment (infusion
of 0.9% sodium chloride solution increases the pressure of
the compartment) [9]. The reduced feasibility of noninvasive
evaluation has made Doppler ultrasound more and more
widely used in the diagnosis of compartment syndrome.
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Related scholars have studied the creep behavior of artic-
ular cartilage and the mechanical behavior of depth and
velocity correlation [10]. It is found that under different
creep times of articular cartilage, the creep strain and creep
compliance decrease along the depth of the cartilage from
the surface to the depth. The depth-dependent creep compli-
ance increases with the creep time, and the increase in creep
compliance decreases along the cartilage depth. As the creep
progresses, the creep compliance first increases rapidly, then
increases and slows down, and decreases as the compressive
stress increases. In addition, Young’s modulus will gradually
increase from the surface layer to the deep layer, and
Young’s modulus of different layers will increase with the
increase in the stress rate [11]. Under the set compressive
strain, the Poisson’s ratio will increase with the increase in
depth and the Poisson’s ratio of different layers will increase
with the increase in compressive strain.

Related scholars have studied the dynamic contact
mechanics of the human knee tibial platform during gait and
stair climbing, analyzed the magnitude and position of the
maximum contact stress at different relative positions during
the movement [12]. The maximum contact stress occurs in
the cartilage-cartilage contact area. During climbing stairs,
the maximum stress occurs on the back of the platform under
the meniscus; in the early stages of gait and ladder climbing,
the maximum stress on the lateral platform appears under
the meniscus. At the later stage of the ladder climbing process,
the maximum contact stress appears in the cartilage-cartilage
contact area. Related scholars have studied the stress contact
mode on the tibial plateau during the simulated gait move-
ment [13]. The first mode occurs on the posterior side of the
tibial plateau and a single peak stress occurs in the early stage;
the secondmode occurs in themiddle and posterior part of the
lateral plateau, with two peaks in the early and late stages; the
third mode occurs on the medial plateau cartilage.

Relevant scholars have studied the changes of some knee
joint motion parameters during walking before and after a
period of kneeling position and found that the continuous
static load on the knee joint will significantly affect the
subsequent knee joint motion load pattern [14–16]. The
motion and work style of static load applied to the joint will
obviously affect the force of the knee joint movement, which
will cause or aggravate the risk of arthritis [17, 18]. The
researchers found through finite element simulation that
even when the damage occurs only through strain-related
damage mechanisms, the location and size of cartilage dam-
age are obviously dependent on the strain rate [19–21]. In
addition, experimental studies have found that for a given
compression amplitude of up to 1.2mm, the reaction force
changes 6 times in the compression rate [22–24]. Although
the static response is basically linear, the nonlinear behavior
increases with the increase in the compression rate [25, 26].

3. Method

3.1. Flexible Pressure Sensor Terminal Architecture. The hard-
ware part of the flexible pressure sensor mainly includes a flex-
ible pressure sensing unit module, a pressure data reading and
conversion module, a wireless communication module, and a

power supply module. The overall hardware architecture is
shown in Figure 1. The flexible pressure sensing unit converts
the pressure signal into the resistance (conductance) signal,
pressure data reading and conversion module reads and con-
verts the resistance signal into a digital signal and sends it to
the wireless communication module. The wireless communi-
cation module sends the data to the data aggregation node
through the ZigBee wireless communication protocol, the data
is transmitted to the upper computer by the transmission
method, the upper computer software further processes the
data and stores and uploads the data, and finally the power
module is responsible for supplying power to the entire flexi-
ble pressure sensor.

3.2. Flexible Pressure Sensing Unit. The flexible pressure
sensing unit is a flexible pressure sensing device, which has
many advantages such as good flexibility, free bending and
even folding, and being light and thin, portable, and wear-
able. It is very suitable for pressure data measurement on
wearable devices. This article analyzes the advantages and
disadvantages of the three mainstream flexible pressure
sensing units: piezoelectric flexible pressure sensing unit,
capacitive flexible pressure sensing unit, and piezoresistive
flexible pressure sensing unit. Aimed at the scenario of com-
prehensive monitoring of the osteofascial compartment, this
paper intends to use a piezoresistive flexible pressure sensing
unit as the pressure acquisition device of the system.

The flexible pressure sensing unit used in this article is
Flexiforce from Tekscan, USA. The thickness of the flexible
pressure sensing unit is only 0.15mm, and the diameter of
the sensitive area is 0.95 cm. The range of different types of
flexible pressure sensing units can range from a few Newtons
to hundreds of Newtons, which can be used by different
users [27, 28]. Flexiforce is very flexible, can be bent at will
like paper, and is very thin, which fits the application scenar-
ios of compartment syndrome pressure measurement in this
article.

The Flexiforce flexible pressure sensing unit adopts a
two-layer structure, each layer of film is made of polyester
fiber material, and then silver wires are printed on this layer
of film, and finally a layer of pressure sensitive material is
added, and the two films are glued together. The mixture is
pasted together to form the Flexiforce flexible pressure sens-
ing unit. When no pressure is applied to the sensitive area,
the Flexiforce flexible pressure sensing unit presents a high
resistance state; that is, the resistance of the Flexiforce flexi-
ble pressure sensing unit is infinite, usually on the order of
tens of megaohms. When a force is applied to the sensitive
area, the resistance of the Flexiforce flexible pressure sensor
unit will drop to the order of tens of kiloohms; that is, the
resistance of the Flexiforce flexible pressure sensor will
decrease as the pressure increases, and the conductance
increases with the pressure.

The conductance of the Flexiforce flexible pressure sens-
ing unit is related to the pressure; that is, there is a one-to-
one correspondence between the pressure and the conduc-
tance. However, since each sample of the Flexiforce flexible
pressure sensing unit is not exactly the same [29, 30]. There-
fore, it is necessary to calibrate the pressure conductance
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curve of each Flexiforce flexible pressure sensing unit sample
and do the corresponding recording and storage work to
process the data later.

Place the Flexiforce flexible pressure sensing unit on the
rotating screw lifting platform to ensure that the sensitive unit
is located directly under the push-pull force gauge. The two
electrodes of the pressure sensing unit are, respectively, con-
nected to the red and black test leads of themultimeter tomea-
sure the resistance value, and the pressure conductivity data is
recorded within the pressure range of the Flexiforce flexible
pressure sensing unit. Figure 2 is the pressure conductance
curve of the Flexiforce flexible pressure sensing unit with a
range of 5N. It can be seen that the flexible pressure sensing
unit has good repeatability within its range.

3.3. ZigBeeWireless Communication. This article intends to use
ZigBee as the wireless communication protocol of the auxiliary
monitoring system for compartment syndrome. There are cur-
rently four mainstream ZigBee wireless communication chips
on the market: Texas Instrument (TI) CC2530, SILABS
EM35x, FREESCALE MC13224, and JENNIC’s JN516x. The
parameters of the four chips are shown in Table 1.

According to the parameters in Table 1, combined with
our application scenario of compartment syndrome, this
paper intends to use the CC2530 with a smaller chip size
and a lower price as the wireless communication chip of this
system. CC2530 is the second-generation ZigBee wireless
communication chip launched by TI. The wireless commu-
nication chip works in the 2.4GHz frequency band and inte-

grates modules such as a microcontroller, wireless
communication, and analog-to-digital converters. CC2530
adopts the QFN40 package, the physical size is only 6mm
∗ 6mm, the input voltage is between 2V and 3.6V, and
the sending and receiving data currents are relatively small,
24mA and 29mA, respectively.

The following mainly introduces the modules contained
in the chip:

(1) Microcontrol unit: the wireless communication chip
contains an enhanced 8051 microcontrol unit with
three different memory access bus modes: special
function registers, DATA, and CODE/XDATA. In
addition, it also includes a debug interface and an
input expansion interrupt unit

(2) Flash memory: the flash memory of the CC2530 is
mainly used to retain program codes and constants.
There are 4 different versions of the chip, which are
mainly distinguished according to the memory size.
The memory size is divided into 32KB, 64KB,
128KB, and 256KB

(3) Random access memory: this module can retain data
when the digital part is powered down, reducing the
power consumption of the entire system

(4) Analog-to-digital converter: ADC is 12 bits, supports
8 channels of analog signal input, and can choose
single-ended or differential input

Wireless communication
module

Processor Memory

Letter of
agreement

Operating
system AD conversion

Resistance to voltage
conversion

Sensing unit 1

Sensing unit 2

Sensing unit 3
Sensing unit 4 Pressure data reading and conversion module

Power module

ZigBee wireless communication protocol

Host computer

Convert pressure signal into
resistance (conductance) signal

Further processing,
storage and upload of data Data transmission

through wireless
transmission Send data to data

aggregation node

Figure 1: The overall architecture of flexible pressure sensor terminal hardware.
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(5) Watchdog: the watchdog plays the role of protecting
the microcontroller, resetting the device, and waking
up the device from sleep state when the software fails

(6) Sleep mode timer: this timer is an ultralow power
timer with a 32 kHz frequency crystal oscillator,
which can be used as a sleep wake-up timer

(7) Wireless transceiver module: this module includes
an IEEE 802.15.4 radio frequency transceiver, data
packet filtering, and address recognition module

3.4. Wireless Pressure Sensor Assistance. The main function
of the flexible pressure sensor is to collect pressure informa-
tion at the wound of compartment syndrome. The pressure
is not an electrical quantity. We are not good at measuring
and processing it directly. Therefore, the pressure change
needs to be converted through the flexible pressure sensing
unit. It is the resistance change, and then the resistance
change is converted into a voltage change. In this way, we
can measure and process it and finally send the data to the
data aggregation node in the data center through wireless
communication. The data aggregation node then transmits
the pressure data to the upper computer through serial com-
munication, and the software of the upper computer dis-
plays, graphs, stores, and uploads the data to the cloud, so
as to achieve the purpose of real-time monitoring of pressure
information at the wound of compartment syndrome.

The resistance of the sensitive area of the Flexiforce flex-
ible pressure sensing unit is inversely proportional to the
pressure. The greater the pressure, the lower the resistance
of the Flexiforce flexible pressure sensing unit. For the mea-

surement of resistance change, this article uses the same
phase amplifier circuit to achieve. According to the knowl-
edge in analog electronic circuits, it can be known from
the “virtual short” and “virtual disconnection” that the input
voltage and output voltage of the same phase amplifier
circuit have the following relationship:

Vout =
1 − Rx

Rref

� �
• Rref•V inð Þ, ð1Þ

where V in is the input voltage, Vout is the output voltage,
Rref is the reference resistance, and Rx is the resistance of the
piezoresistive flexible pressure sensing unit. When V in and
Rref are constant, the output voltage Vout of the circuit is
inversely proportional to the resistance Rx of the piezoresistive
flexible pressure sensor, that is, proportional to its conduc-
tance. According to the previous content, the conductance of
the piezoresistive flexible pressure sensor is proportional.
Pressure is positively correlated and can be fitted with a linear
function, so the output voltage of this circuit has a linear func-
tion relationship with pressure.

Vout =
C1Sx
Rx

+ C2Rx − C3 1 − Fð Þ + C4: ð2Þ

In the formula, Sx is the conductance of the Flexiforce flex-
ible pressure sensing unit, F is the pressure on the sensitive
area of the Flexiforce flexible pressure sensing unit, and C1,
C2, C3, and C4 are constants.
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Figure 2: Flexiforce pressure conductance.

Table 1: ZigBee chip parameter table.

Chip model MC13224 JN516x CC2530 EM35x

Size 9:5 cm ∗ 9:5 cm 5 cm ∗ 5 cm 7 cm ∗ 7 cm 8:2 cm ∗ 8:2 cm
Maximum transmit power 4.2 dBm 2.4 dBm 5.4 dBm 9.4 dBm

Received power -91 dBm -95 dBm -98 dBm -95 dBm

Tx current 16mA 14mA 27mA 19mA

Rx current 18mA 16mA 22mA 29mA

Lowest power consumption current 0.33 μA 0.11μA 0.51μA 0.43μA
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The power module is one of the key modules of the flex-
ible pressure sensor. The CC2530 chip, the operational
amplifier chip (MCP6004), and the JTAG (Joint Test Action
Group) interface in the flexible pressure sensor all require a
stable 3.3V power supply. Although there are many 3.3V
batteries to choose from, most of these batteries on the mar-
ket have a wide range of variations and are not very stable
3.3V voltages. For example, some 3.3V lithium batteries
have a voltage of 4.2V when fully charged. The latter voltage
becomes about 2V, so the power supply voltage by a battery
is usually unstable. And we need a stable 3.3V power supply.
If the power supply voltage is unstable, it is likely to affect
the conversion accuracy of the internal analog-to-digital
conversion module of the CC2530 chip and even affect the
normal operation of the device, so the basic design idea of
the module is 3.7V. The output is followed by a low dropout
voltage regulator chip (low dropout voltage (LDO)). Through
such processing, a stable 3.3V voltage is provided to the
CC2530 chip and the operational amplifier chip. In order to
reduce the size of the flexible pressure sensor power supply
module as much as possible, this design uses a 3.7V recharge-
able battery with a capacity of 60mAh. The size of the battery
is 15mm ∗ 12mm ∗ 4mm in length.

The signal amplification link uses the instrumentation
amplifier AD8236 as the core chip. This amplifier is an instru-
mentation amplifier with low price, low power consumption,
and output swing that can reach the power supply voltage
(usually called power limit output). It has been widely used
in microcurrent detection, portable equipment, and medical
equipment. The input range of the sensing signal is
0~3.3mV, and the voltage input range of the analog-digital
converter (ADC) that needs to be connected to the microcon-
troller is 0~3.3V; then, the required gain is β = 1000. This arti-
cle uses two-stage amplification to meet the amplification
requirements, and the corresponding circuit is shown in
Figure 3. The power supply voltage of the system is provided
by a 5V DC-DC DC power supply circuit. A voltage follower
is added to the input of the amplifier to improve the ability of
the reference voltage to carry a load and to isolate interference
from other modules. In order to calibrate that the input of the
amplifying circuit is zero when the sensor is not working, an
adjustable resistor and a zero-adjusting circuit are added
before the two-stage input of the amplifying circuit.

3.5. Analysis of Error Sources. The contact pressure signal
will be affected by environmental factors (such as tempera-
ture) during the process from acquisition to amplification,
causing measurement errors. It is necessary to analyze the
sources of system errors. In the Wheatstone bridge link,
the main factor that affects the change in the output voltage
of the bridge is temperature. The change of temperature will
cause the sensitivity coefficient K of the strain gauge to
change. According to the calculation formula of the bridge
output voltage, when the temperature changes by ΔT , the
output voltage of the bridge is

UTo = K
1 − εLð Þ 1 − αkΔTð Þ

K + 1ð ÞεLUi 1 + 2αkΔTð Þ : ð3Þ

In the formula, αk is the sensitivity temperature coeffi-
cient of the strain gauge.

In the signal amplification link, the amplifier is a low-
speed and high-precision application in the environment
described in this article. It is necessary to focus on low-
frequency DC errors, such as low-frequency noise, bias cur-
rent, and offset voltage. The error sources of the gain β of the
amplifier used in the amplifying link include the tempera-
ture of the environment (or the measured object), the envi-
ronmental noise, the voltage and current noise of the
amplifying chip, and the offset voltage. Among them, the
external environmental noise is extremely small in ordinary
environments, usually below 0.1%, and the internal noise of
the amplifier itself is in the μVp-p level, so the influence of
these two items on the amplified output voltage is negligible.

The absolute error part of the amplifier mainly includes
gain error Sβ, common mode error SCMR , and output offset
voltage error Sao. The temperature drift error is divided into
gain drift and input offset voltage drift (ignoring input offset
current drift). Combining the errors of these two parts, the
expression of the sum of errors Sa of the amplification link
can be obtained as follows:

Sa = 1 − αatð ÞΔT − αaoSβ + SaoSCMR: ð4Þ

In the formula, the units of Sβ, SCMR, and Sao are ppm, and
αat and αao are the temperature coefficients of gain and offset
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voltage (in ppm/°C), respectively. For the DC amplifier circuit,
the main source of error is the static error part (such as offset
error), which can be eliminated by calibration.

When considering the temperature change, it is necessary
to compensate for the error caused by the temperature drift.
There aremanymethods of temperature compensation, which
can be divided into two types: self-compensation and bridge
compensation. Among them, the self-compensation method
is to make the additional strain of the strain gauge zero by
selecting the appropriate sensitive grid material and structural
parameters when the linear expansion coefficient of the mate-
rial to be tested is known, so that the resistance change caused
by the temperature change is also zero, in order to achieve the
purpose of temperature compensation. Although this com-
pensation method can realize zero resistance change caused
by temperature from the perspective of resistance deforma-
tion, it needs to know the temperature coefficient of the tested
piece and other parameters, so there will be certain errors in
actual use. The compensation effect of the occasion is not
ideal.

The bridge compensation method uses other arms in the
full bridge as reference strain gauges, which are exactly the
same as the working strain gauge model parameters and
are all attached to the test piece in the same temperature
environment, but do not bear the effect of strain. Then, the
bridge is still in equilibrium when the temperature changes,
and the change in output voltage is only related to the pres-
sure on the working strain gauge. The effect of bridge com-
pensation is better than self-compensation, so it is also a
more commonly used compensation method in engineering
applications.

In a single-arm bridge, the bridge compensation method
can be used for temperature compensation. R1 is the work-
ing strain gauge, then R2 should be selected as the reference
strain gauge, and the other arms are matched resistances.
The resistance change of R1 under the action of temperature
and pressure is d RP and d RT , respectively. R2 is only

affected by temperature, and its resistance change is d RT .
Then, the output voltage of the bridge is

Uo =
R1 + d Rp − RT

� �
R1 − R2 + 1 − dð Þ Rp − RT

� � −
R2

Rp − R3

" #
Ui: ð5Þ

Choosing the initial resistance R1 = R2 = R3 = R4 = R, we
can get

Uo

Ui
=

dRT Rp + dR
� �

3 Rp − dR
� �

− dRT
: ð6Þ

For the resistance change caused by pressure in the same
temperature environment, we can get

Uo

Ui
=

1 − Kð ÞεL
3εL − KRT

: ð7Þ

It can be seen from the above formula that the change in
the resistance of the strain gauge caused by the temperature
is offset in the bridge, and the output of the bridge is only
related to the input voltage and strain. It should be noted
that the premise of using this temperature compensation
method is that the parameters of the working strain gauge
and the reference strain gauge are exactly the same, the
installation conditions are the same, and the resistance
values of the other two arms always remain unchanged
during temperature changes.

4. Result Analysis

4.1. Determination of Biochemical Indicators of Bone
Metabolism. In this subject, various bone metabolism-related
indicators in the serum of experimental samples in different
experimental processes were determined. The main biochem-
ical indicators measured include Ca, Mg, and P. In the
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abscissa, “1-15” are the samples collected on the first day of the
1-15 weeks after surgery. According to the stretch strategy,
extension is only performed one week after surgery.

It can be seen from Figure 4 that the concentrations of
Ca, Mg, and P show similar fluctuation trends. Stretching
was performed one week after the operation. With the grad-
ual progress of the stretch, the concentrations of Ca, Mg, and
P increased with time, reaching a peak at about the third
week, after which the stretch stopped and the callus healing
period entered. At this time, the concentration of Ca, Mg,
and P fluctuates with the increase in time and gradually sta-
bilizes. Since the speed of extension in each experimental
group is inconsistent, the time required to reach the same
extension length is also inconsistent, making the time of
peak appearing in the graph also inconsistent.

4.2. X-Ray Judgment of Bone Healing. After the osteotomy
was completed, X-ray monitoring of the surgical site was
performed. The result is shown in Figure 5. It can be seen
from Figure 5 that the fractured ends of the bone can be
clearly seen on the X-ray film and the fracture line is clear;

there is a zona pellucida of about 0.5mm between the frac-
tured ends (pointed by the red arrow), which is the stable
fixation of the external fixation device. Regardless of whether
it is in the frontal or lateral position, the alignment and
alignment of the bone ends are good.

4.3. Mechanical Property Test at the Later Stage of Bone
Healing. When analyzing the mechanical properties of the
bone after the extension is stopped, if the material is defined
as a pipe, the bending strength can be increased to 400MPa.
At the same time, the elastic modulus has also increased
from 20MPa to 140MPa. Such a large difference in elastic
modulus shows that in the same sample test, the setting of
material properties in the experiment has a great influence
on the results. Therefore, in this experiment, the material
is set as the pipe material, and the experimental group and
the control group use the same pipe diameter setting. Healed
bone has strong plasticity and weaker brittleness, so it can be
inferred that the bone tissue is still in the mid-healing stage
at this time and cannot bear a large load. The mechanical

Figure 5: The edge extraction of the anterior and lateral positions of the film after the operation.
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Figure 6: Mechanical properties of bone bending after elongation stops.
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properties of bone bending after the extension stops are
shown in Figure 6.

It can be seen from Table 2 that in the analysis of the
comparative bone mechanical properties, if the material is
defined as a tube, the bending strength of the healing bone is
only 184.85MPa, and if the material is defined as a tube, the
bending strength can be increased to 4,594.56MPa. The mod-
ulus of elasticity is 1170.84MPa. The healed bone is more rigid
and less brittle. Compared with the healing bone in the exper-
imental group, the elastic modulus of the control group is sig-
nificantly higher than that of the experimental group, so the
rigidity of the former is much greater than that of the latter.

4.4. Determination of Bone Stress Level. With the passage of
time, this stress value gradually decreases and reaches the
level before the last stretch before the next stretch. At this
point, the second stretch is performed, and the stress value
immediately increases and then gradually decreases with
the passage of time. Until the first stretch on the next day,
the stress value dropped to slightly higher than the level
before the previous stretch. In this way, there are two stress
peaks every day, and each peak appears at the moment after
stretching and then gradually decreases with an exponential
decay function. The stress value at the initial stage of decline
decreases rapidly, and this speed gradually slows down. This

Table 2: Test results of bone mechanical properties 2 weeks after stopping lengthening.

Sample Material Elastic modulus Bending strength Breaking strength Sample area Maximum load

Test
Bar 13 23 21 165 145

Pipe 176 433 335 95 112

Control
Bar 15 178 147 161 1178

Pipe 1165 4556 3789 98 1177

Ratio
Bar 82 14 13 0.98 12

Pipe 15 8 8.7 0.99 9
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Figure 7: The change trend of bone stress value with the number of wireless pressure sensors.
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Figure 8: The 3D trend graph of △F changes with time and stretch speed.
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process just coincides with the exponential decay function
model. The change trend of bone stress value with the num-
ber of wireless pressure sensors is shown in Figure 7.

The 3D trend graph of △F changing with time and
stretching speed is shown in Figure 8. Since△F also changes
with the change of the stretching speed, the stress-time curve
alone is not enough to explain the change trend of the stress
difference (△F). The previous experiment proved that at the
same time point, the stress difference (△F) is also linear with
different stretching speeds, so we used multiple linear regres-
sion fitting to simultaneously investigate the influence of two
variables on △F.

5. Conclusion

The results of this experiment show that after stopping dis-
traction for 2 weeks, the torsion resistance and bending resis-
tance of the healed bone are lower than those of the healthy
side control group. In particular, the bending strength and
breaking strength of the healed bone are only 10% of the con-
trol group. The elastic modulus is about 15% of the control
group. The torsion strength, yield strength, yield shear stress,
maximum shear stress and other indicators of the healing
bone were only about 50% of the control group. This shows
that the healing bone is in the early stage of secondary healing
at this time, and the plasticity of the healing bone is strong but
the rigidity is weak. If the external fixator is removed at this
time, it is very prone to secondary fractures. After stopping
the distraction for 10 weeks, the plasticity of the healing bone
increased significantly compared with that at 2 weeks, espe-
cially the fracture strength was close to the normal bone tissue
(95.4%), and there was no significant difference between the
healing bone and the healthy side bone (p > 0:01). However,
the elastic modulus is still quite different from the normal con-
trol (27.2%). Therefore, it can be inferred that the bone is
already at the end of the healing period and can bear a larger
load. The later recovery is mainly the recovery of the elastic
modulus. As far as torsion strength is concerned, there is no
significant difference between the experimental group and
the control group (p > 0:01). The difference in shear modulus
is 14%. The maximum shear stress of the healing bone is
slightly higher than that of the control, and the yield shear
stress is slightly lower than that of the control, indicating that
the healing degree of the healing bone can bear the corre-
sponding shear stress, but it will yield early. This suggests that
its plasticity is slightly higher than its own control. It will take
some time for the bone tissue to heal completely. Comprehen-
sive analysis shows that the healing bone is currently at the end
of the second stage of healing, and its callus strength has been
able to withstand its own gravity and has a certain degree of
resistance to torsion and bending. At this time, it is completely
feasible to remove the external fixator. This subject has greatly
controlled the weight difference when grouping, but later
found that there are differences in the thickness of bones of
the same weight, and whether these differences will also have
a greater impact on the change in stress value (△F). The next
step in this topic will be to explore other factors that affect
bone stress changes in order to establish an equation based
on multiple parameters to prepare for preclinical experiments.

In the research at this stage, the system construction and per-
formance testing and optimization of the bone stress monitor-
ing device have been completed, and the bone stress change
curve (△F) based on the binary regression equation has been
initially established for the in-depth study of bone stress and
bone healing. The relationship has laid a solid experimental
foundation.
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