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We studied a wearable blood pressure sensor using a fiber Bragg grating (FBG) sensor, which is a highly accurate strain sensor.
This sensor is installed at the pulsation point of the human body to measure the pulse wave signal. A calibration curve is built that
calculates the blood pressure by multivariate analysis using the pulse wave signal and a reference blood pressure measurement.
However, if the measurement height of the FBG sensor is different from the reference measurement height, an error is included in
the reference blood pressure. We verified the accuracy of the blood pressure calculation with respect to the measurement height
difference and the posture of the subject. As the difference between the measurement height of the FBG sensor and the reference
blood pressure measurement increased, the accuracy of the blood pressure calculation decreased. When the measurement height
was identical and only posture was changed, good accuracy was achieved. In addition, when calibration curves were built using
data measured in multiple postures, the blood pressure of each posture could be calculated from a single calibration curve. This
will allow miniaturization of the necessary electronics of the sensor system, which is important for a wearable sensor.

1. Introduction

The “vital signs” include the blood pressure, heart rate, body
temperature, respiratory condition, and consciousness level
of a patient and can change according to physical and mental
condition.Therefore, it is important to measure continuously
and measure the variation of vital signs [1]. The elderly
population in Japan continues to increase; soaring medical
costs and lack of medical professionals are a serious issue [2].
Therefore, there is a need for a simple vital signsmeasurement
system for elderly home health monitoring.

We have researched the development of a multi-vital sign
sensor using a fiber Bragg grating (FBG) sensor, which is an
optical-fiber-type highly accurate strain sensor [3–5]. FBG
sensors have high sensitivity and accuracy and are compact
and lightweight. They are resistant to adverse environmental
and electromagnetic conditions, and multiple sensors can
be connected in series to optical fibers. However, their
manufacture from quartz glass renders them fragile; they

require a large interrogator unit and a dedicated fiber-con-
nector.

FBG sensors aremainly used in civil engineering and con-
struction related fields. Tam et al. orWei et al. presented fiber
Bragg grating sensors for structural and railway applications
[6–8]. In addition, vital signsmeasurement using the FBGhas
been previously reported [9–11]. The use of an optical fiber
leads to a wearable sensor that is suitably compact, flexible,
and lightweight. We suggested that weak pulse pressure
changes could be measured by affixing the FBG sensor to the
pulsation point of the skin surface with medical tape. A pulse
wave signal is a change in the amount of blood flowing from
the heart, and this change corresponds to the motion of the
heart. Pressure from the blood flow is applied to the blood
vessel; the pulsation point is a point where the strain from this
pressure is propagated to the body surface. The strain change
signal measured by the FBG sensor at the pulsation point
includes blood pressure information. Pulse rate, respiration
rate, and stress load can be measured from the pulse wave
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Figure 1: Schematic of the FBG interrogator.

signalmeasuredwith this FBG sensor [3]. Furthermore, since
the pulse transit time (PTT) of the arrival time difference of
the two waveforms is in a linear relationship with the systolic
blood pressure [12, 13], systolic blood pressure was calculated
by fixing the FBG sensor to two different points on the body
surface [4].

Our ultimate goal is to develop a smart textile that is
wearable and able to measure multiple vital signs.The optical
fiber part of a FBG sensor can be easily introduced into
textile products. In order to develop a wearable sensor using
FBG sensor, it is necessary to reduce the size of the FBG
interrogator. An arithmetic circuit is necessary, because a
calibration curve is used in the proposed blood pressure
calculation method. However, as the posture of the subject
changes, the waveform of the pulse wave signal also changes,
and the measurement error of the blood pressure calculated
from the calibration curve is affected. In order to reduce
this error, calibration curves corresponding to the posture
can be constructed. However, multiple calibration curves
require more complex calculations, leading to difficulties
miniaturizing the arithmetic circuit, and thus wearable sen-
sors cannot be developed. Therefore, it is necessary to have
a calibration curve for calculating blood pressure that can
reduce measurement error in various postures. In order to
develop this calibration curve, the measurement posture of
the subject and the reference blood pressure measurement
method are verified. In addition, we discuss the issues related
to the development of a wearable vital sign sensor using this
method.

2. Material and Methods

2.1. FBG Sensor System. The FBG sensor is a device that
periodically changes the refractive index along the axis of
the core of the optical fiber to form a diffraction grating
and reflects only a specific wavelength corresponding to the
period [14, 15]. Because the propagation direction of the
light in the optical fiber is only in the traveling direction
or the reflecting direction, the diffracted light in the FBG
propagates only in the reflection direction. The wavelength

Table 1: Specifications of the FBG interrogator.

Light source
ASE light source

Output power 30mW
Wavelength range 1525–1575 nm

Sensor part
Length 10mm

Resolution ±0.1 pm
Measurement range 1550 ± 0.5 nm

Optical fiber
Material SiO

2

Diameter 145 nm
Core diameter 10.5 nm

Detector InGaAs PIN PD

of the reflected light from the FBG is called the Bragg
wavelength:

𝜆Bragg = 2𝑛effΛ, (1)

where 𝜆Bragg is the Bragg wavelength, 𝑛eff is the refractive
index of the optical fiber core, andΛ is the diffraction grating
spacing. As the effective refractive index and diffraction grat-
ing interval, the Bragg wavelength also changes. Because the
effective refractive index is constant during themeasurement,
the Bragg wavelength is determined only by the change of the
diffraction grating interval. In other words, the FBG sensor
functions as a sensor having sensitivity to strain caused by
pressure applied to the diffraction grating portion.

The outline and specifications of the FBG sensor system
using a Mach-Zehnder interferometer are shown in Figure 1
and Table 1. This interrogator detects a wavelength shift as
an interference signal. Of the broadband near-infrared light
from the light source, only the Bragg wavelength is reflected
by the FBG sensor section, and the reflected light passes
through the optical circulator and is transformed to an
interference wave by the Mach-Zehnder interferometer. The
light of the interference wave is divided into three directions,
and the light intensity is detected by an indium gallium
arsenide (InGaAs) photoelectric detector and an analog-to-
digital convertor (ADC). After demodulating the phase angle
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Figure 3:The pulse wave signals: (a) pulse wave signal measured by the FBG sensor; (b) pulse acceleration pulse wave of the second derivative
of the pulse wave signal.

with a digital signal, wavelength shift (proportional to strain)
is calculated [5, 16, 17]. With this detection method, the
pressure applied to the FBG sensor is continuouslymeasured.

2.2. Measurement of the Pulse Wave Signal by the FBG Sensor.
TheFBG sensor uses an optical fiber that reflects awavelength
of 1550 nm. First, in order to measure the calibration signal,
it is measured with the FBG sensor installed on the desk
(no external force). Next, as per Figure 2, the FBG sensor
is installed at the pulsation point of the subject’s right wrist
using medical tape, and the pulse wave signal is measured.
We have already confirmed by basic experiment that the
sensitivity of a FBG sensor does not change with medical
tape or temperature. The pulse wave signal measured by the
FBG sensor records the shift length of the Bragg wavelength

from the calibration signal.The pulsation point is strained by
the change in the vessel diameter caused by the force of the
volume change of the artery propagating to the skin surface;
thus, it contains blood pressure information. In other words,
the pulse wave signal measured by the FBG sensor measures
the change of the volume pulse wave signal.

Figure 3 shows the signal obtained by first differentiating
the fundamental shape of human acceleration pulse wave
(secondary differential signal of volume pulse wave) and the
pulse wave signal measured by the FBG sensor [18]. The
waveforms of these two pulse wave signals are similar. There
are five characteristic peaks A to E in the acceleration pulse
wave signal, which indicate the movement of the heart [19].
These peaks also appear in the pulse wave signal measured
by the FBG sensor, and the blood pressure information
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Figure 4: Three measurement postures in experiment 1: (a) 0 cm height difference (Position 1A), (b) 35 cm height difference (Position 1B),
and (c) 70 cm height difference (Position 1C).

contained in these signals is calculated by PLS regression
analysis.

The blood pressure is calculated from the pulse wave
signal by the following method [5]. First, the pulse wave
signal measured by the FBG sensor is processed by two
signals, the first differential and a bandpass filter (0.5–5Hz).
Second, this signal is split at the peak position per pulse and
averaged.Third, normalization processing (processed signal)
is performed with the maximum point on the vertical axis of
one divided pulse as “1” and the minimum point as “0.” It is
analyzed using each reference blood pressure valuemeasured
simultaneously with this processed signal.

PLS regression is used in the analysis, which is a versatile
multivariate analysis [20–23]. In PLS regression, the principal
factor is calculated using the explanatory variable and the
objective variable, and the regression equation is calculated
with a new model using this factor. The difference between
the new objective variable calculated from this regression
equation and the first objective variable is compared. If
the difference is significant, recalculate with the constructed
model, calculate the second principal component factor,
and verify it in the same way. Repeat this model building,
calculate multiple principal component factors, and calculate
a regression equation that reduces the error. The previous
model when the difference is not significant is selected as the
optimal model, and the regression equation is the calibration
curve. In this paper, the signal processing pulse wave signal of
the calibration data set is used as the explanatory variable, and
the reference blood pressure valuemeasured by the electronic
sphygmomanometer is used as the objective variable. After
the calibration curve is built, the blood pressure is calculated
by substituting the signal processing pulse wave signal of the
validation data set into this calibration curve. This calculated
blood pressure and the reference blood pressure measured
simultaneously with the substituted signal processing pulse
wave signal are compared. From this result, the method of
calculating the blood pressure with the FBG sensor will be
verified.

2.3. Measurement Height and Measurement Posture. When
calculating blood pressure from the pulse wave signal mea-
sured with the FBG sensor, the reference blood pressure
value is important because PLS regression analysis is used.
In addition, in order to use the FBG sensor as a wearable
sensor in the future, the posture of the subject is important.
In order to verify these two effects, it wasmeasured under the
following two experimental conditions.

When using the FBG sensor as a wearable sensor, the arm
might be in different positions. In Experiment 1, the position
of the wrist of themeasuring part is changedwhile the subject
is sitting, to investigate the influence due to the difference
in height between the reference blood pressure measurement
position and the FBG sensor. In Figure 4(a), the position
of the right wrist where the FBG sensor is installed is the
same height as the reference blood pressure measurement
part (Position 1A). In addition, the pulsewave signal using the
FBG sensor is measured for two other positions of the arm:
lowered by 45∘ (Position 1B) and lowered by 90∘ (Position
1C).

In Experiment 2, the subject’s posture is changed with the
reference blood pressure measurement value and the FBG
sensor at the same height, in order to investigate the effect
of posture without the influence of a measurement height
difference. As shown in Figure 5, the pulse wave signal is
measured with the subject in three postures: supine position,
sitting position, and standing position. When measuring the
pulse wave signal with the FBG sensor, reference blood pres-
sure is simultaneously measured with an electronic sphyg-
momanometer on the left upper arm of the subject. The
sampling frequency of the FBG interrogator is 10 kHz, and
the measurement time is about 20 seconds. In Experiment 1,
the pulse wave signal is measured 60 times; 50 data points
are used to build the calibration curve and 10 data points for
blood pressure calculation validation. In Experiment 2, the
pulse wave signal is measured 100 times; 80 data points are
used to build the calibration curve and 20 data points for
blood pressure calculation validation.
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Figure 5: Three measurement postures in experiment 2: (a) supine position, (b) sitting position, and (c) standing position.

3. Results and Discussion

3.1. The Blood Pressure Calculation Result Based on the Dif-
ference of the Height of the Reference Blood Pressure Measure-
ment Position and the FBG Pulse Wave Signal Measurement
Position. Blood pressure was calculated from the pulse wave
signal measured with the FBG measured in the states shown
in Figure 4. The calibration data and validation data set for
this experiment are shown in Table 2. The calibration curve
was built by PLS regression analysis using this calibration
data.

Table 3 shows the calibration curve results for each
condition. Figure 6 shows the blood pressure results cal-
culated from each calibration curve. For Position 1A the
correlation coefficient of the calibration curve is high and
themeasurement error (standard error calibration, SEC) is as
small as 3.0mmHg. The measurement accuracy of the blood
pressure calculatedwith this calibration curve (standard error
of prediction, SEP) was 1.9mmHg, which was a very good
result.Themeasurement results when a height difference was
introduced, Positions 1B and 1C, show that the SEP increases
to 4.2mmHg and 5.7mmHg, respectively. From this result,
it was found that the calculated blood pressure is strongly

Table 2: Calibration data and validation data set in Experiment 1.

(a) Calibration data set

Samples Max (mmHg) Min. (mmHg) Avg. (mmHg)
Position 1A 50 121 103 111.3
Position 1B 50 119 99 108.8
Position 1C 50 117 90 104.9

(b) Validation data set

Samples Max (mmHg) Min. (mmHg) Avg. (mmHg)
Position 1A 10 117 104 110.7
Position 1B 10 116 98 107.3
Position 1C 10 116 90 103.8

affected by the height difference between the reference blood
pressure measurement position and the FBG sensor.

The blood pressure increases by about 7.8mmHg if the
measurement height differs by 10 cm.The difference in height
of the measured position in this experiment is about 35 cm
for Position 1B and about 70 cm for that in Position 1C.
Therefore, for the calculations, it contains errors of about
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Figure 6: The results of calculated blood pressure in each posture: (a) Position 1A, (b) Position 1B, and (c) Position 1C.

Table 3: Calibration curve results in Experiment 1.

Factors Correlation coefficient SEC (mmHg)
Position 1A 4 0.84 3.0
Position 1B 4 0.27 4.4
Position 1C 4 0.13 5.7

27.2mmHg for 35 cm difference and about 54.4mmHg for
70 cm difference. This error is very large because the mean
value of the reference blood pressure of the 35 cm difference
is 108.8mmHg (25% relative to the mean blood pressure)
and of the 70 cm difference is 104.9mmHg (52% against the
mean blood pressure). In other words, the calibration curves
have been built by including large errors in the reference
blood pressure.Therefore, the blood pressure calculated from

these calibration curves has a large error. From the above
results, the height of the measured position of the reference
blood pressure is important when building the calibration
curve, and should be measured at the same height as the FBG
measurement position.

3.2. Blood Pressure Calculation Results for Different Mea-
surement Postures. When building the calibration curve in
Section 3.1, the reference blood pressure measurement and
the FBG were measured at the same height. In this section,
the dependence of the blood pressure calculation on the
posture of the subject is investigated. The subjects are in
supine, sitting, and standing positions, and the pulse wave
signal is measured by the FBG sensor. The calibration data
and validation data set in this experiment are shown in
Table 4. Table 5 shows the calibration curve results for each
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Figure 7: The results of calculated blood pressure in each posture: (a) supine position, (b) sitting position, and (c) standing position.

Table 4: Calibration data and validation data set in Experiment 2.

(a) Calibration data set

Samples Max (mmHg) Min. (mmHg) Avg. (mmHg)
Supine 80 120 101 111.3
Sitting 80 121 99 110.9
Standing 80 118 100 107.6

(b) Validation data set

Samples Max (mmHg) Min. (mmHg) Avg. (mmHg)
Supine 20 118 102 110.7
Sitting 20 116 102 109.5
Standing 20 114 100 107.1

Table 5: Calibration curve results in Experiment 2.

Factors Correlation coefficient SEC (mmHg)
Supine 4 0.69 3.5
Sitting 4 0.84 2.9
Standing 4 0.56 3.6

condition.The results of blood pressure calculations for these
postures are shown in Figure 7. These results show that the
measurement accuracy of calculated blood pressure in each
position was very good, at less than 4.0mmHg. Compared
with the results in Section 3.1, the measurement accuracy is
improved. Therefore, when building a calibration curve, it is
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Table 6: Calibration data and validation data sets in all-posture
experiment.

(a) Calibration data set

Samples Max (mmHg) Min. (mmHg) Avg. (mmHg)
All 120 120 100 110.0
(Supine) 40 120 100 110.2
(Sitting) 40 119 101 109.7
(Standing) 40 119 102 110.0

(b) Validation data set

Samples Max (mmHg) Min. (mmHg) Avg. (mmHg)
All 30 121 103 110.7
(Supine) 10 121 105 110.8
(Sitting) 10 116 104 110.1
(Standing) 10 119 103 111.2

important to measure the reference blood pressure and the
FBG pulse wave signal at the same height.

In order to develop a wearable FBG sensor, the blood
pressure must be calculated in various postures. On the
other hand, to selectively use calibration curves for each
posture, multiple calibration curve programs are required,
and blood pressure cannot be calculated except for the
constructed posture. Therefore, in order to calculate blood
pressure for various postures, a calibration curve is built using
the data sets for three postures. 40 data points were selected
from the supine, sitting, and standing positions calibration
data sets, and a calibration curve (all-posture calibration
curve) was constructed with the total of 120 data points. The
calibration curve thus built is assigned 10 data points from
each of the validation data sets of the three positions, and
the blood pressure is calculated. The calibration data and
validation data set in this experiment are shown in Table 6.
The blood pressure calculation result is shown in Figure 8.
The correlation coefficient of the all-posture calibration curve
is 0.69, SEC is 3.8mmHg, and the measurement accuracy of
the calculated blood pressure is 3.2mmHg.

The measurement accuracies for each posture, given in
Table 7(b), were 3.0, 2.8, and 3.8mmHg, for the supine,
sitting, and standing postures, respectively. Figure 9 shows
the factor loading of the calibration curve in Table 7(a). This
calibration curve is built with 4 factors, so the number of
factor loadings is 4. The larger the absolute value of factor
loading, the greater the effect of strain on that measurement
time. The absolute value of factor loading 1 (blue line in
Figure 9(a)) is large at measurement times 0 (arrow 1-a) and
0.25 (arrow 1-b). These measurement times are “Peak A” and
“Between Peaks B and C” in Figure 9(b). Since Peak B in
Figure 9(b) is normalized to “0,” “Between Peaks B and C”
shows the magnitude of “Peak C” against “Peak B”. Similarly,
all factor loading absolute values are large in “Peak A,”
“Between Peak B andC” and “PeakC” in Figure 9(b). In other
words, this calibration curve reflects the influence of “Peaks
A, B, andC” indicating systolic heartmotion.Therefore, from
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Table 7: Calibration curve result and calculation blood pressure in
each posture for all-posture calibration curve.

(a) All-posture calibration curve result

Factors Correlation coefficient SEC (mmHg)
All-posture 4 0.69 3.8

(b) Results of the calculation blood pressure in each posture

All Supine Sitting Standing
SEP (mmHg) 3.2 3.0 2.8 3.8

these factors loading, the calibration curve is built from the
magnitude of strain by the pulse wave, and the blood pressure
has been calculated from this calibration curve. These results
show that highly accurate blood pressure is calculated in all
postures, using a single calibration curve. The use of a single
curve may aid the effectiveness and future miniaturization of
a wearable device.

The above results show that if the FBG sensor pulse wave
signal is measured at the same height as the reference blood
pressure, the blood pressure can be calculated with high
accuracy regardless of the posture. Furthermore, when data
measured in a plurality of postures are used when building
the calibration curve, the blood pressure at each posture is
calculated with one calibration curve. In this experiment, the
same tendency was also shown by calculating the diastolic
blood pressure. Therefore, it is possible to calculate systolic
and diastolic blood pressure simultaneously.
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4. Conclusions

In this paper, the influence of measurement height and
posture on the method of calculating blood pressure from
a calibration curve using pulse wave signals measured with
FBG sensor was demonstrated. The findings obtained in this
study are listed below.

(i) When the FBG sensor and the reference blood pres-
sure were measured at the same height, the measure-
ment accuracy of the calculated blood pressure was
good.

(ii) When the heights are different, the measurement
accuracy of the calculated blood pressure becomes
worse as the height difference increases.

(iii) Even if the measurement posture is changed, if the
height is the same, the measurement accuracy of the
calculated blood pressure was good.

(iv) When using a calibration curve created using mea-
surement data from multiple postures, the accuracy
of blood pressure measurement calculated for all
postures was good.

The results above show that the method of measuring
the reference blood pressure value is important, and it is
improved by measuring it at the same height as the FBG
sensor. In this study, reference blood pressure was measured
using an electronic sphygmomanometer on the upper arm.
Considering the result of this study, it is better to measure the

reference blood pressure at the wrist because the FBG sensor
is installed on the wrist. Therefore, it is necessary to change
the blood pressure monitor for measuring the reference
blood pressure. Fortunately, since blood pressure monitors
for measuring the wrist part are commercially available, it is
possible to build amore accurate calibration curve.When the
sphygmomanometer is installed on the left wrist and the FBG
sensor is installed on the right wrist, the signal can be mea-
sured at the same measurement height even in the postures
in which both arms are partially bent or completely lowered.
Even if the posture is changed as in Section 3.2, because the
calculated blood pressure measurement accuracy is good,
accurate blood pressure will be calculated in these conditions
as well. The accuracy of the potentially wearable device may
be further improved by developing a calibration curve that
includes data from many more possible postures. Therefore,
this leads to cost going down when selling wearable sensor
kit.

Miniaturization of the whole device is important for
the development of a wearable sensor. We have already
developed a method to introduce the sensing optical fiber
into textile products [24]. Miniaturized electronics, light
source, detector, and batteries from consumer electronics are
readily available. Since it was shown that a simple calibration
curve can be built from the results of this time, the problem
of miniaturization of the arithmetic circuit will be solved.
Thus, a compact sensor system using FBG sensors can be
developed, and this system can be introduced into wearable
textile products; thesemight include integration in the sleeves
of clothes or wristband-type devices. The findings found on
this paper are important for developing a wearable blood
pressure sensor. In the near future, the authors intend to
publish a study of developed wearable sensors using FBG
sensors.
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