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Abstract: In precision sports, the control of breathing and heart rate is crucial to help the body to
remain stable in the shooting position. To improve stability, archers try to adopt similar breathing
patterns and to have a low heartbeat during each shot. We proposed an easy-to-use and unobtrusive
smart textile (ST) which is able to detect chest wall excursions due to breathing and heart beating.
The sensing part is based on two FBGs housed into a soft polymer matrix to optimize the adherence
to the chest wall and the system robustness. The ST was assessed on volunteers to figure out its
performance in the estimation of respiratory frequency (fR) and heart rate (HR). Then, the system was
tested on two archers during four shooting sessions. This is the first study to monitor cardio-respiratory
activity on archers during shooting. The good performance of the ST is supported by the low mean
absolute percentage error for fR and HR estimation (≤1.97% and ≤5.74%, respectively), calculated
with respect to reference signals (flow sensor for fR, photopletismography sensor for HR). Moreover,
results showed the capability of the ST to estimate fR and HR during different phases of shooting
action. The promising results motivate future investigations to speculate about the influence of fR

and HR on archers’ performance.

Keywords: fiber Bragg gratings; smart textiles; wearable systems; cardiac monitoring; respiratory
monitoring; precision sports; archery

1. Introduction

Archery is a precision sport which requires consistency and stability of movements [1]. A mismatch
of physical, physiological, and psychophysical factors can influence athletic performance and deteriorate
archers’ accuracy and precision [2–5].

In precision sports, both breathing and heart rate (HR) influence the athlete’s performance [5–7].
The control of such physiological activities facilitates the performance of repetitive shots in the same,
stable posture [8]. Lakie et al. demonstrated that high values of HR can cause sway movements,
tremor, and shaking of the body when aiming at the target [8]. Mohammed et al. showed that HR
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variations affect breathing capacity, thus inconsistent breathing patterns can also impose a negative
effect on the heart rate, and in general on the athlete’s performance [9].

In archery, the shooting action can be separated into three main phases: set-up, aiming, and release.
During the set-up phase, shoulders are brought in line with the target, hips are rotated forward, and the
hand position on the bow grip is set-up. During the aiming phase, the focus is completely diverted to
the target and the alignment of bow-sight-target is performed. The shooting of the arrow takes place in
the release phase. It is highly recommended that archers start to inhale during the set-up phase of
shooting, and to either exhale or hold their breath during the aiming phase. This allows for reducing
the level of body rigidity and, simultaneously, preparing the body for the release phase [5,10].

As a result of training, master marksmen know exactly how to time the release of the arrow with
the pattern of their breathing and cardiac cycle, thus minimizing the body jerk caused by the breathing
process and the heart contraction [11]. Expert athletes experience similar breathing patterns and low
HR values during each shot. On the contrary, unskilled archers hold their breath for longer during
the aiming phase. The forced breathing process often leads to sway movements due to muscular
contraction and an increase of ventricular depolarization, compromising body stability during the
aiming phase [12–14]. Thus, comprehensive monitoring of breathing and heart beating during the
shooting phases can improve the scheduling of exercises and optimize the training strategies [9].

Breathing and cardiac activities can be monitored by several solutions [15,16]. Among them,
smart textiles based on fiber Bragg grating sensors (FBGs) have gained broad interest to monitor the
mentioned vital signs in an unobtrusive and comfortable way [17,18]. FBGs can be easily incorporated
into textiles thanks to their small size and lightweight. In addition, the high sensitivity and adequate
bandwidth make these sensors an optimal solution for such an application. Some potential drawbacks
may include the difficulty to handle bare optical fibers, their tiny resistance to mechanical stress, and the
requirement to be connected to an optical spectrum interrogator. The encapsulation of FBGs into soft
and flexible polymer matrices allows for mitigating the mentioned limits [19–21]. This solution makes
easy to handle the fiber and improve the contact compliance with the body, leading to more accurate
measurement of parameters from the chest surface movements. At the same time, recent progress
towards the development of miniature FBG interrogation systems may broaden the application of
FBGs for continuous and remote monitoring [22].

The aim of the present study is the feasibility assessment of a custom ST based on flexible FBG
sensors for cardio-respiratory monitoring in archery. The proposed system was assessed on volunteers
during quiet breathing and apnea, as well as on archers during shooting sessions.

2. Principle of Work of the Custom Smart Textile

Two flexible sensors were used to develop a ST consisting of two elastic bands
(600 mm × 40 mm × 2.1 mm, 10 kgf of maximum load and 100% of polyamide) worn around the
thorax and the abdomen, respectively. The fit of each band was adjusted by VELCRO® fastener to
put the two FBGs in contact to the chest in correspondence of the xiphoid process and the umbilicus.
The use of anatomical landmarks allows the FBGs to be worn on the same measurement points.
Each sensor consists of an FBG (Bragg wavelengths λB of 1541 nm and 1545 nm for the band around
the thorax and the abdomen, grating length of 10 mm and reflectivity of 90%; At Grating Technologies),
previously housed in a flexible polymer packaging (90 mm × 24 mm × 1 mm) made of Dragon Skin®

20 (Smooth-On, Inc. USA) as shown in Figure 1. A detailed description of the manufacturing process
and of the sensors’ metrological properties are reported in [19].

FBGs work as stop band filters of wavelength because they back-reflect a small portion of light
traveling along the fiber at a specific wavelength (i.e., λB). The FBG working principle is well described
by the following equation:

λB = 2 · ηe f f ·Λ (1)
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where ηeff, is the effective refractive index of the fiber core and Λ, the grating period. The dependence
of ηeff and Λ from temperature and strain makes FBGs an optimal solution for the development of
measurement systems able to sense these two parameters [23].
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Figure 1. Schematic representation of the sensing element and the smart textile with typical FBG output
changes induced by breathing and heart beating.

Regarding the application of interest, breathing and heart beating cause periodic displacements of
the chest and, in turn, stretch the flexible sensors embedded in the ST, as schematically reported in
Figure 1.

3. Feasibility Assessment of the Smart Textile on Healthy Volunteers

3.1. Population and Experimental Protocol

The ST for cardio-respiratory monitoring was assessed on nine healthy volunteers (four males
and five females) whose age and anthropometric characteristics are shown in Table 1.

Table 1. Population.

Volunteer Age (years) Height (cm) Weight (kg) CT
1 (cm) CA

1 (cm)

1 28 182 70 82 74
2 22 168 74 60 80
3 30 163 81 62 84
4 29 180 82 69 91
5 26 153 69 48 71
6 22 166 67 58 76
7 27 173 82 71 90
8 25 160 74 60 78
9 22 172 67 55 72

1 CT: thoracic circumference; CA: abdominal circumference.

Each participant was asked to perform a protocol consisting of three main phases: i) a short apnea
useful to synchronize the reference instruments (i.e., flowmeter for fR, photopletismography sensor
-PPG- for HR) and the FBG outputs; ii) 16 quiet breaths; iii) a final apnea as long as each volunteer can.
The study was approved by the local ethical committee (protocol number 27/18).

3.2. Experimental Set-Up

The vital signs under investigation were monitored by the ST. The flexible sensors were positioned
corresponding to the xiphoid process and the umbilicus (see Figure 2). Each FBG embedded into ST
(FBGT for the band around the thorax and FBGA for the band around the abdomen, a box in Figure 2)
was connected to an optical spectrum interrogator (si425, Micro Optics Inc., b box) which worked
at the sampling frequency of 250 Hz. The reference signal for the respiratory activity was collected
by a commercial flow sensor (SpiroQuant P, EnviteC, Alter Holzhafen, Wismar, Germany, c box in
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Figure 2) connected to a differential pressure sensor (163PC01D75, Honeywell, Minneapolis, MN,
USA). The output of reference system used for the respiratory monitoring was collected by using a
DAQ (NI USB-6009, National Instrument, Rockville, MD, USA, d box in Figure 2) and a custom virtual
instrument developed in LabVIEW®environment, at the sampling frequency of 250 Hz. The reference
system for the cardiac monitoring was a photopletismography sensor (e box in Figure 2), placed on the
index fingertip of the left hand, as in [24]. The PPG sensor was input into two other analogue ports of
the same DAQ used for the respiratory monitoring and collected at the sampling frequency of 250 Hz.
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Figure 2. Experimental set-up: (a) smart textile consisting of two elastic bands instrumented by flexible
FBGs, (b) FBG interrogator, (c) flow sensor, (d) DAQ, and (e) PPG sensor.

3.3. Data Analysis and Results

This paragraph will be grouped into two subsections according to the stages of the protocol (i.e.,
quiet breathing and apnea). Each subsection describes the data analysis performed to estimate fR

(during quiet breathing) and HR (during apnea), and the obtained results.

3.3.1. Respiratory Frequency Estimation During Quiet Breathing

For each volunteer, data were processed following four main steps: i) the outputs of the FBGs and
the flow sensor were synchronized by selecting the first minimum points (i.e., starting points) after the
starting apnea (see Figure 3); ii) the quiet breathing stage was selected by cutting all the synchronized
signals from the mentioned starting points and considering all the 16 breaths performed during the
protocol (see Figure 3); iii) a filtering stage consisting of a second order pass-band filter (lower cut-off

frequency of 0.05 Hz and higher cut-off frequency of 0.5 Hz) was applied on both FBGs and flow sensor
outputs; iv) a custom algorithm was used to select the maximum peaks of each signal (see Figure 4).

The respiratory periods (i.e., TR
A and TR

T for the band around the abdomen and the thorax,
respectively, and TR

FLOW for the flow sensor) were calculated as the time interval between two
consecutive maximum peaks. Then, the fR values estimated by both the FBGs (i.e., fR

A and fR
T) and the

flow sensor (i.e., fR
FLOW) were calculated as the ratio between 60 and the related respiratory periods in

order to express fR in acts per minute (i.e., apm).
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Figure 3. Outputs of the FBGs embedded into the smart textile and of the flow sensor on a whole
experiment performed by a volunteer: (A) output changes of FBGA, placed in correspondence of the
umbilicus; (B) output changes of FBGT, placed in correspondence of xiphoid process; (C) output of the
flow sensor.
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Figure 4. Outputs of the FBGs embedded into the smart textile and of the flow sensor during quiet
breathing: (A) filtered output changes of FBGA; (B) filtered output changes of FBGT; (C) filtered output
changes of the flow sensor. The respiratory periods for the band around the abdomen (i.e., TR

A),
around the thorax (i.e., TR

T), and for the flow sensor (i.e., TR
FLOW) were also reported.

The ST was assessed in terms of both breath-by-breath and mean fR values. The Bland-Altman
analysis was performed to describe the agreement between fR values estimated by the proposed system
and the reference one [25]. This analysis considered all the fR values of the enrolled volunteers (i.e.,
a total of 135 fR values for each Bland-Altman analyses) for the calculation of the mean of difference
(MOD) and the limits of agreement (LOA+ = MOD + 1.96·SD and LOA− = MOD − 1.96·SD, where SD
is the standard deviation of the differences between the data collected by the proposed system and the
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reference one). The mentioned analysis was performed considering data provided by each flexible
sensor. The mean absolute percentage error in the fR estimation (i.e., MAPEfR) was used to compare
mean fR values and was calculated as:

MAPE fR =
1
n
·

∑ ∣∣∣ fRsmart_textile
− fRre f erence

∣∣∣
fRre f erence

·100 (2)

where fRsmart_textile and fRre f erence denote the values of the fR obtained by the proposed system and the
reference one, respectively.

Results of the breath-by-breath analysis are shown in Figure 5 and in Table 2. The good agreement
between the fR values measured by the proposed system and the reference one is confirmed by the
high value of the correlation coefficient (R2) for both FBGT and FBGA and by the low value of both
MOD and MAPEfR.
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Figure 5. Breath-by-breath analysis: (A) and (B) Bland-Altman plots using the FBGs placed on the
umbilicus, FBGA and xiphoid process, FBGT, (C) and (D) linear regression of the results obtained by
the FBGs placed on the umbilicus -FBGA- and xiphoid process -FBGT- vs. the reference system.



Sensors 2019, 19, 3581 7 of 14

Table 2. Performance of the smart textile in respiratory monitoring: results of Bland-Altman analysis,
linear regression and MAPEfR.

R2 MOD (apm) LOAs (apm) MAPEfR (%)

fR
T 0.99 0.014 −0.804; 0.832 1.92

fR
A 0.98 0.004 −0.811; 0.819 1.97

3.3.2. Heart Rate Estimation During the Apnea.

The HR estimation during the apnea was performed according to the following four main phases:
i) for each trial, the first minimum points after the holding of breath were selected on the FBGs output
to define the starting point of the apnea stage for the FBGs and the PPG sensors; ii) the same time
interval (i.e., 10 s) was chosen to estimate HR of all the volunteers during the apnea (see Figure 6);
iii) a fourth-order Butterworth pass-band filter with a lower cut-off frequency of 0.6 Hz and a higher
cut-off frequency of 20 Hz was applied on the signals. This band of frequency was chosen according to
the frequency components of vibrations induced on the chest wall by the blood flow ejection into the
vascular bed [26]; iv) a custom algorithm was used to select minimum peaks (blue markers in Figure 7)
on each filtered FBG signal. The beat-by-beat cardiac period (TC) from the FBG outputs was calculated
considering the minimum peaks, as the time elapsed between two consecutive minimum peaks (TC

T

and TC
A from the band around the thorax and the abdomen, respectively). Minimum peaks were

chosen because they are easier to detect on the filtered FBG signals, automatically. Beat-by-beat cardiac
periods were calculated considering the time interval between two consecutive maximum peaks on
the filtered PPG signal (TC

PPG). The HR values (i.e., HRA, HRT, and HRPPG) were calculated as the
ratio between 60 and TC

T, TC
A, and TC

PPG, in this way HR is expressed in bpm.
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Figure 6. (A) Starting points selected on the synchronized signals and (B) zoom of the 10 s-window of
apnea considering the outputs of FBGA, FBGT, and PPG.

The ST capability of monitoring HR was assessed in terms of beat-by-beat and mean HR values.
The Bland-Altman analysis was performed by comparing HR values estimated by the proposed system
and the reference one, considering all the volunteers for a total number of 149 beats. The mean absolute
percentage error (i.e., MAPEHR) was also calculated as follows:

MAPEHR =
1
n
·

∑ ∣∣∣HRsmart_textile
−HRre f erence

∣∣∣
HRre f erence

·100 (3)

where HRsmart_textile and HRre f erence, values estimated by the smart textile and the PPG sensors,
respectively. Results of the beat-by-beat analysis are shown in Figure 8 and Table 3. The good
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agreement between the fR values measured by the proposed system and the reference one is confirmed
by the high value of the R2 for both FBGT and FBGA and by the low value of both MOD and MAPEHR.
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Figure 8. (A) and (B) Bland-Altman plots using FBGA and FBGT, (C) and (D) linear regression of the
results obtained by FBGA and FBGT vs. the reference system.
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Table 3. Bland-Altman of beat-by-beat analysis.

R2 MOD (bpm) LOAs (bpm) MAPEHR (%)

HRA 0.76 0.059 −22.54; +22.65 5.74
HRT 0.91 0.664 −11.15; +12.48 3.92

4. Tests on Archers During Shooting Sessions

4.1. Population and Experimental Protocol

The ST was tested on two archers (a male and a female). Their characteristics are listed in Table 4.

Table 4. Archers’ characteristics.

Age
(years)

Height
(cm)

Weight
(kg)

CT
(cm)

CA
(cm)

Experience
(years)

Training Frequency
(days per week)

Archer 1 20 167 65 97 80 3 3
Archer 2 33 165 64 75 60 2 6

1 CT: thoracic circumference; CA: abdominal circumference.

Archers were invited to perform two shooting sessions. Each session consists of six arrows to be
shot in five minutes at designed 70 m targets. The first session is a practice round. In this round the
arrows are shot at the beginning and do not count as part of the score. Instead, the second one is a
scoring round with an awardable maximum score of 60 points (10 points per arrow).

4.2. Experimental Set-Up

During each session of shooting, archers worn the flexible sensors on the same positions
investigated during tests on volunteers (see Figure 9). The optical spectrum interrogator (si425,
Micro Optics Inc. Hackettstown, NJ, USA) for the acquisition of the FBGs output was placed at 3 m of
distance from the archer. The sampling frequency was 250 Hz. Since the assessment of the ST was
performed on volunteers (Section 3), no reference instruments were used during the shooting action to
not impair the archer movements.
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4.3. Data Analysis and Results

Changes of FBGT and FBGA output of the two practice shooting sessions are plotted in Figure 10.
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The analysis was performed by selecting FBGT output because the respiratory acts and the
shooting phases are clearly discernible while FBGA output has a more irregular trend (see Figure 10).
FBGT output changes were analyzed following three main phases: i) the six shooting actions were
selected, as shown in Figure 10; ii) for each shooting action, the signal related to the aiming phase was
filtered and its minimum peaks were detected to calculate the HR values (Figure 11); iii) the signal
related to the breathing activity which precedes the shooting actions was filtered and its maximum
peaks were detected to estimate the fR values. Results in terms of fR and HR for all the four trials are
summarized in Table 5.
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Table 5. Values of fR and HR during the first and the second shooting sessions.

Shooting Session #1 Shooting Session #2

Shot 1 2 3 4 5 6 1 2 3 4 5 6

fR (apm) fR (apm)

Archer 1 23.9 24.6 20.0 26.5 21.9 20.5 24.1 25.0 20.6 26.5 25.6 23.9

Archer 2 15.2 13.3 9.3 8.6 10.1 8.4 7.4 8.5 7.6 8.8 9.0 7.1

HR (bpm) HR (bpm)

Archer 1 101.8 101.3 97.3 96.7 100.0 94.9 116.4 113.7 108.9 104.7 120.5 115.9

Archer 2 87.6 89.2 94.3 89.3 97.3 94.1 97.2 88.3 92.0 92.3 82.1 90.5

5. Discussion and Conclusions

This work is focused on cardio-respiratory monitoring in archery using a custom ST based on
flexible FBGs.

The feasibility of the system was assessed on nine volunteers during both quiet breathing and
apnea. The system showed promising results in terms of both fR and HR estimation, as shown in
Tables 2 and 3. The position of FBGs does not influence the system performance in the fR estimation,
while FBGT allows a more accurate HR monitoring than FBGA (see Tables 2 and 3).

In a previous work [19], we already characterized the proposed sensing element. The flexible
FBG sensors showed sensitivity to strain of 0.125 nm·mε−1, sensitivity to temperature changes of
0.012 nm·◦C−1 and negligible influence of relative humidity on its response. We were the first group
that used Dragon skin®20 as polymer matrix to improve the sensor robustness and skin adherence for
the cardio-respiratory monitoring. The main novelties of this work were the assessment of the custom
ST on volunteers for the monitoring of both respiratory and cardiac activities and the ST application
on archers during shooting sessions.
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In the literature, FBGs encapsulated into flexible materials for cardio-respiratory monitoring were
mainly proposed for clinical applications (e.g., during magnetic resonance exams). These technological
solutions consist of FBG sensors encapsulated into polydimethylsiloxane, PDMS [27], polyvinyl chloride,
PVC [28], and fiberglass [21]. In [27], an FBG was encapsulated into PDMS matrix (dimensions: 85 mm
× 85 mm × 5 mm). Tests were carried out by positioning the sensing element on the back of two males
and two females during MR examination. Results showed maximum relative errors of 4.41% and 5.86%
for respiratory and cardiac monitoring, respectively. In [28], PVC was used as flexible matrix to house
an FBG for simultaneous respiratory and cardiac monitoring. System showed good performances
in the estimation of fR and HR. In [21], an FBG was housed into fiberglass matrix (dimensions:
30 mm × 10 mm × 0.8 mm). The accuracy of the proposed sensor was characterized by relative error
<4.64% for fR and <4.87% for HR. In the present study, tests performed on volunteers showed promising
results in both the estimation of fR and HR (i.e., MAPEfR

≤ 1.97% and MAPEHR
≤ 5.74%).

Focusing on the shooting sessions, results showed that the proposed ST can detect all the six
shooting actions and, in turn, monitor fR during the breathing activity and HR during the aiming
phase. In the literature, commercially available devices able to monitor only one of these parameters
(fR and HR) were used on archers. Breathing activity and patterns were studied in [9] by using Zephyr
Bio-Harness devices (Model PSM Research version 1.5, single transmitter and receiver, Annapolis,
MD, USA). In [2,5,7] HR values were monitored by using Polar FT4, three silver-silver chloride chest
electrodes, and Fitbit Charge HR (Fitbit, Inc. Boston, MA, USA), respectively.

These studies showed that both fR and HR are important since they influence archers’ performance.
Therefore, the main improvement of the proposed system is the possibility to monitor both fR and HR
with high accuracy during the different phases of the shooting action using the same sensing element.
Since the sensing element can be connected to the optical interrogator by means of long, flexible
and lightweight fiber optic, the proposed system does not impair the shooting action. This feature
encourages further assessment of the proposed system in sports science applications (e.g., during
walking running on treadmill and during cycling).

In future works, a high number of archers will be enrolled to investigate how fR and HR influence
the shooting performance, and how HR can be estimated in the presence of breathing. These findings
will aid the optimization of training strategies according to the experience of each archer and the
maximization of their shooting action and scores.

Author Contributions: Conceptualization, D.L.P., C.R., M.A.C.and E.S.; Data curation, D.L.P. and C.R.; Funding
acquisition, C.M., D.F. and E.S.; Investigation, D.L.P., C.R., M.A.C.and E.S.; Methodology, D.L.P., C.M., J.D.,
L.M., M.A.C., C.M.O., D.F. and E.S.; Supervision, C.M., M.A.C., C.M.O., D.F. and E.S.; Validation, D.L.P.;
Writing—original draft, D.L.P., C.R. and E.S.; Writing—review & editing, D.L.P., J.D., L.M., C.M.O. and E.S.

Funding: This research was partially funded by 2018 BRIC INAIL ID10/2018 SENSE-RISC project and partially by
MONREAB project financed by Fondazione Baroni.

Acknowledgments: We gratefully acknowledge A.A.; computer graphics artist at the Biorobotics Institute,
Sant’Anna School of Advanced Studies for his assistance in designing figures.

Conflicts of Interest: The authors declare no conflict of interest

References

1. Park, J.-M.; Hyun, G.-S.; Jee, Y.-S. Effects of Pilates core stability exercises on the balance abilities of archers.
J. Exerc. Rehabil. 2016, 12, 553–558. [CrossRef] [PubMed]

2. Clemente, F.; Couceiro, M.; Rocha, R.; Mendes, R. Study of the heart rate and accuracy performance of
archers. J. Phys. Educ. Sport 2011, 11, 434–437.

3. Davis, J.R.; Campbell, A.D.; Adkin, A.L.; Carpenter, M.G. The relationship between fear of falling and human
postural control. Gait posture. 2009, 29, 275–279. [CrossRef] [PubMed]

4. Spratford, W.; Campbell, R. Postural stability, clicker reaction time and bow draw force predict performance
in elite recurve archery. Eur. J. Sport Sci. 2017, 17, 539–545. [CrossRef] [PubMed]

http://dx.doi.org/10.12965/jer.1632836.418
http://www.ncbi.nlm.nih.gov/pubmed/28119877
http://dx.doi.org/10.1016/j.gaitpost.2008.09.006
http://www.ncbi.nlm.nih.gov/pubmed/18963992
http://dx.doi.org/10.1080/17461391.2017.1285963
http://www.ncbi.nlm.nih.gov/pubmed/28276913


Sensors 2019, 19, 3581 13 of 14

5. Keast, D.; Elliott, B. Fine body movements and the cardiac cycle in archery. J. Sports Sci. 1990, 8, 203–213.
[CrossRef]

6. Robazza, C.; Bortoli, L. Nougier V Emotions, heart rate and performance in archery. A case study. J. Sport.
Med. Phys. 1999, 39, 169–176.

7. Mohamed, M.N.; Wan Norman, W.M.N.; Linoby, A.; Sariman, M.H.; Mohd Azam, M.Z. The Importance of
Being Calm: The Impact of Heart Rate Towards Performance. In Proceedings of the International Business
Management and Computing Research Colloquium (BMCRC), Raub, Malaysia, 25 May 2016.

8. Lakie, M. The influence of muscle tremor on shooting performance. Exp. Physiol. Issue Rev. 2010, 95, 441–450.
[CrossRef]

9. Mohamed, M.N.; Wan Norman, W.M.N.; Linoby, A.; Sariman, M.H.; Mohd Azam, M.Z. Breathing Pattern
Influence to the Shooting Performance. In Proceedings of the International Colloquium on Sports Science, Exercise,
Engineering and Technology (ICoSSEET 2014); Springer: Singapore, 2014; pp. 321–333.

10. Sorrells, B. Beginner’s Guide to Traditional Archery; Stackpole Books: Mechanicsburg, PA, USA, 2004;
ISBN 0811731332.

11. Konttinen, N.; Mets, T.; Lyytinen, H.; Paananen, M. Timing of triggering in relation to the cardiac cycle in
nonelite rifle shooters. Res. Q. Exerc. Sport 2003, 74, 395–400. [CrossRef]

12. MIYAMOTO, M. Changes of Heart Rate, Somatic Anxiety, and Performance of Japanese Archers during
Practices and Matches. Jpn. J. Exp. Soc. Psychol. 2012, 33, 191–200. [CrossRef]

13. Taylor, A. The contribution of the intercostal muscles to the effort of respiration in man. J. Physiol. 1960, 151,
390–402. [CrossRef]

14. Lorenzi-Filho, G.; Dajani, H.R.; Leung, R.S.T.; Floras, J.S.; Bradley, T.D. Entrainment of blood pressure and
heart rate oscillations by periodic breathing. Am. J. Respir. Crit. Care Med. 1999, 159, 1147–1154. [CrossRef]

15. Massaroni, C.; Nicolò, A.; Lo Presti, D.; Sacchetti, M.; Silvestri, S.; Schena, E. Contact-Based Methods for
Measuring Respiratory Rate. Sensors 2019, 19, 908. [CrossRef]

16. Ernst, G. Heart Rate Variability; Springer: Berlin, Germany, 2014; ISBN 9781447143093.
17. Düking, P.; Hotho, A.; Holmberg, H.C.; Fuss, F.K.; Sperlich, B. Comparison of non-invasive individual

monitoring of the training and health of athletes with commercially available wearable technologies. Front.
Physiol. 2016, 7, 71. [CrossRef]

18. Lo Presti, D.; Massaroni, C.; Formica, D.; Giurazza, F.; Schena, E.; Saccomandi, P.; Caponero, M.A.;
Muto, M. Respiratory and cardiac rates monitoring during MR examination by a sensorized smart textile. In
Proceedings of the I2MTC 2017—2017 IEEE International Instrumentation and Measurement Technology
Conference, Torino, Italy, 22–25 May 2017.

19. Lo Presti, D.; Massaroni, C.; D’Abbraccio, J.; Massari, L.; Caponero, M.; Longo, U.G.; Formica, D.; Oddo, C.;
Schena, E. Wearable system based on flexible FBG for respiratory and cardiac monitoring. IEEE Sens. J. 2019,
7391–7398. [CrossRef]

20. Ferreira Da Silva, A.; Goncalves, A.F.; De Almeida Ferreira, L.A.; Araujo, F.M.M.; Mendes, P.M.; Correia, J.H.;
Correia, J.H. A smart skin PVC foil based on FBG sensors for monitoring strain and temperature. IEEE Trans.
Ind. Electron. 2011, 58, 2728–2735. [CrossRef]

21. Nedoma, J.; Fajkus, M.; Martinek, R.; Nazeran, H. Vital sign monitoring and cardiac triggering at 1.5 tesla:
A practical solution by an mr-ballistocardiography fiber-optic sensor. Sensors 2019, 19, 470. [CrossRef]

22. Mendoza, E.A.; Esterkin, Y.; Kempen, C.; Sun, Z. Multi-channel monolithic integrated optic fiber bragg
grating sensor interrogator. Photonic Sens. 2011, 1, 281–288. [CrossRef]

23. Erdogan, T. Fiber grating spectra. J. Light. Technol. 1997, 15, 1277–1294. [CrossRef]
24. Lo Presti, D.; Massaroni, C.; Formica, D.; Saccomandi, P.; Giurazza, F.; Caponero, M.A.; Schena, E. Smart Textile

Based on 12 Fiber Bragg Gratings Array for Vital Signs Monitoring. IEEE Sens. J. 2017, 17, 6037–6043.
[CrossRef]

25. Martin Bland, J.; Altman, D.G. Statistical Methods For Assessing Agreement Between Two Methods Of
Clinical Measurement. Lancet 1986, 327, 307–310. [CrossRef]

26. Allsop, T.; Lloyd, G.; Bhamber, R.S.; Hadzievski, L.; Halliday, M.; Webb, D.J.; Bennion, I. Cardiac-induced
localized thoracic motion detected by a fiber optic sensing scheme. J. Biomed. Opt. 2014, 19, 117006.
[CrossRef]

http://dx.doi.org/10.1080/02640419008732146
http://dx.doi.org/10.1113/expphysiol.2009.047555
http://dx.doi.org/10.1080/02701367.2003.10609110
http://dx.doi.org/10.2130/jjesp.33.191
http://dx.doi.org/10.1113/jphysiol.1960.sp006446
http://dx.doi.org/10.1164/ajrccm.159.4.9806081
http://dx.doi.org/10.3390/s19040908
http://dx.doi.org/10.3389/fphys.2016.00071
http://dx.doi.org/10.1109/JSEN.2019.2916320
http://dx.doi.org/10.1109/TIE.2010.2057233
http://dx.doi.org/10.3390/s19030470
http://dx.doi.org/10.1007/s13320-011-0021-8
http://dx.doi.org/10.1109/50.618322
http://dx.doi.org/10.1109/JSEN.2017.2731788
http://dx.doi.org/10.1016/S0140-6736(86)90837-8
http://dx.doi.org/10.1117/1.JBO.19.11.117006


Sensors 2019, 19, 3581 14 of 14

27. Nedoma, J.; Fajkus, M.; Novak, M.; Strbikova, N.; Vasinek, V.; Nazeran, H.; Vanus, J.; Perecar, F.; Martinek, R.
Validation of a novel fiber-optic sensor system for monitoring cardiorespiratory activities during mri
examinations. Adv. Electr. Electron. Eng. 2017, 15, 536–543. [CrossRef]

28. Silva, A.F.; Carmo, J.P.; Mendes, P.M.; Correia, J.H. Simultaneous cardiac and respiratory frequency
measurement based on a single fiber Bragg grating sensor. Meas. Sci. Technol. 2011, 22, 075801. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.15598/aeee.v15i3.2194
http://dx.doi.org/10.1088/0957-0233/22/7/075801
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Principle of Work of the Custom Smart Textile 
	Feasibility Assessment of the Smart Textile on Healthy Volunteers 
	Population and Experimental Protocol 
	Experimental Set-Up 
	Data Analysis and Results 
	Respiratory Frequency Estimation During Quiet Breathing 
	Heart Rate Estimation During the Apnea. 


	Tests on Archers During Shooting Sessions 
	Population and Experimental Protocol 
	Experimental Set-Up 
	Data Analysis and Results 

	Discussion and Conclusions 
	References

