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Abstract
Wearable medical devices have enabled unobtrusive monitoring of

vital signs and emerging biofeedback services in a pervasive manner.

This article describes a wearable respiratory biofeedback system

based on a generalized body sensor network (BSN) platform. The

compact BSN platform was tailored for the strong requirements of

overall system optimizations. A waist-worn biofeedback device was

designed using the BSN. Extensive bench tests have shown that the

generalized BSN worked as intended. In-situ experiments with 22

subjects indicated that the biofeedback device was discreet, easy to

wear, and capable of offering wearable respiratory trainings. Pilot

studies on wearable training patterns and resultant heart rate var-

iability suggested that paced respirations at abdominal level and

with identical inhaling/exhaling ratio were more appropriate for

decreasing sympathetic arousal and increasing parasympathetic

activities.

Key words: generalized body sensor network (BSN), biofeedback

training, wearable devices, heart rate variability

Introduction

B
iofeedback is an effective technique through which patients

train themselves to acquire a set of skills, the learning of

which is elaborated through the information given by a

biofeedback apparatus. As a health intervention technique,

biofeedback is well known to facilitate treatment for a wide variety of

disorders with a psychosomatic component, including asthma, car-

diovascular disorders, hypertension, cephalopathies, anxiety, and

duodenal ulcers, and in many cases, the results obtained have been

notably positive.1 Current biofeedback research primarily focuses on

biofeedback theory and instructions/guidelines; however, relatively

little attention is being paid to the hardware platform of biofeedback

apparatus. For example, most researches such as respiration bio-

feedback2–6 employed bulky desktop devices and were conducted in

advanced laboratory spaces, which inhibited the possibilities of low-

cost and ubiquitous health intervention services.7

In another side of the spectrum, technology advantages on mi-

croelectronics and computing have led to the exploitations of body

sensor networks (BSNs) that monitor patient’s health status ubiqui-

tously.8 BSN is typically equipped with different sensors, such as

photoplethysmography (PPG) sensor, electrocardiogram (ECG) sen-

sor, and noninvasive blood pressure sensor, for on-body/in-body

physiological measurements. Consequently, the data acquired from

the multiple sensor nodes are relayed wirelessly and in real time to

the master node, where the data are processed autonomously.9 It is

evident that the continuous development of BSN platforms could

lead to emerging biofeedback apparatus as well as novel biofeedback

applications. In this article, we introduced such a BSN platform and

the integrated wearable device, which are able to offer patients ad-

vanced biofeedback services needed for affordable healthcare.

Related Work
Table 1 lists several existing BSN platforms. MIT Media Lab de-

veloped MIThril, a wearable computing platform compatible with

different off-the-shelf sensors.10 Chulsung and Chou developed an

Eco platform, which is a self-contained, ultra-wearable, and ex-

pandable wireless sensor platform.11 University of California Ber-

keley designed an open-source platform.12,13 Yang and others from

Imperial College London presented a bioinspired processing-on-node

platform.14 Previous arts also included a body area sensor network

(BSAN) platform15 and a phone-based platform.16 These platforms

are relatively premature, which means the reliability needs to be

further improved before becoming commercially available; the

compatibility is another issue that quite often limits their applica-

tions for other research groups. In the paper, we designed a gen-

eralized BSN platform (Fig. 1).

For biofeedback, Yokoyama with Nagoya City University devel-

oped an outline system that produces real-time sound with pitch and

tempo, according to instantaneous heart rate.17 Dozza with Uni-

versity of Bologna suggested audio and visual biofeedback for pos-

tural control benefits from different sensory coding, and each type of

biofeedback may encourage a different type of postural sway strat-

egy.18 Komada with Mie University developed a novel biofeedback
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therapeutic exercise supporting manipulator.19 Moore designed a

handheld biofeedback device called Stress Eraser.7 Montgomery with

University of Texas suggested that slowed respiratory training could

dramatically enhance the credibility of biofeedback as a treatment

modality.20 Various reports suggested that respiratory trainings have

assisted patients who suffer stutters,2 panic attacks,3 asthmatic

conditions,4 depression,5 and posttraumatic stress disorder.6 As in-

dicated in the previous section, most of these work focused on bio-

feedback theories and guidelines.

HARDWARE MODULES
The BSN platform included two node boards that serve as the pri-

mary BSN components; a respiratory inductive plethysmograph (RIP)

sensor interface board that interfaces with an RIP belt, an ECG interface

board that is capable of detecting heart rate from noncontact electrodes,

a PPG sensor interface board that interfaces with conventional PPG

sensor, a base station board that connects with a personal digital as-

sistant (PDA) or mobile phone, a battery/charger board with a wireless

charger that provides power supply for other boards, a compact printed

circuit board (PCB) antenna whose resonant frequency was tuned to be

around 900MHz, a prototyping board for debugging, and a whip an-

tenna. All the boards, except the base station board, were designed to be

in a uniform form with 23mm in diameter. There are well-defined

expansion ports in all boards except the base station board, so these

boards could be easily interconnected. Figure 2 illustrates the complete

BSN hardware platform.

Table 1. Prototype Body Sensor Network Platforms

PLATFORM
KEY FEATURES OF THE

NODE BOARD
SENSOR

INTERFACES
COMMUNICATION

PROTOCOL
MEMORY

BANK STACKABLE
PLATFORM
HIGHLIGHTS

Eco TI-MSP430; TX Power

consumption 102 mW; form

factor 1.3 · 1.0 cm

Motion 2.4 GHz N/A N Smallest, primary motion

detections

DexterNet TI-MSP430; TX power

consumption 38 mW; form

factor 3.2 · 6.6 cm

ECG, electrical

impedance

plethysmography

IEEE 802.15.4 MLA of UPMA 1 MB N One of the earliest work,

Tiny-OS based, chronic disease

management

Imperial BSN TI-MSP430; TX Power

consumption 18 mW; form

factor 1.9 · 3.0 cm

Motion, ECG IEEE 802.15.4 ZigBee 2.4 GHz 4 MB Y Tiny-OS based, surgical skill

assessments

BSAN TI-MSP430; TX Power

consumption 107 mW; form

factor 4.0 cm in diameter

Motion RN41 Bluetooth N N Accelerometer and gyro for

motion detections

Phone-based

BSN

TI-MSP430; TX Power

consumption 160 mW; form

factor 3.3 · 3.3 cm

ECG KC21 Bluetooth N N Efficient Bluetooth energy

managements

This work TI-MSP430; TX Power

consumption 7.8 mW; form

factor 2.3 cm in diameter

Motion, noncontact

ECG, RIP, PPG

IEEE 802.15.4 with tailored

MAC, ISM band 868/915 MHz

8 MB Y Generic, rich sensor

peripherals, and wide

application range

Eco, a self-contained, ultra-wearable and expandable wireless sensor platform; BSN, body sensor network; BSAN, body area sensor network; ECG, electrocardiogram;

RIP, respiratory inductive plethysmograph; PPG, photoplethysmography; MAC, address resolution protocol.
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Fig. 1. The hierarchy of the generalized BSN platform we have con-
structed. BSN, body sensor network; ECG, electrocardiogram; PPG,
photoplethysmography; RIP, respiratory inductive plethysmograph;
PDA, personal digital assistant; MAC, address resolution protocol.
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BSN NODE BOARD
A low-power microprocessor, a radio transceiver, a memory in-

tegrated circuit (IC), a three-dimensional (3D) accelerometer, a power

regulator, a 20-pin expansion port, and affiliated discrete compo-

nents were integrated on the node board. An improved address re-

solution protocol (MAC) was used to facilitate wireless data

communication in terms of collision avoidance, message recovery,

and power consumption reductions.

Microprocessor. MSP430F2418 was used because it is an ultra-

low-power 16-bit reduced instruction-set computer (RISC) processor

within the TI MSP430 family and it provides the best combined

performance in power consumption and flexible clock subsystem.21

In the node board, the 3D accelerometer, the flash memory chip, and

the radio transceiver chip were all controlled by the microcontroller

through single program initiation (SPI) ports.

Radio transceiver. IEEE 802.15.4 standard was commonly em-

ployed in most wireless sensor networks. However, relatively com-

plicated architecture (resulting in high power consumption)

proprietary limited its application for the development of BSN.22 A

Nordic nRF905 transceiver was selected because its carrier frequency

is more suitable for body-proximal wireless communications and

there is no proprietary protocol associated.

Memory. For BSNs it is believed that a memory bank with rela-

tively large capacity is beneficial for data storage and buffering,

because the wireless link is not reliable all the time. We used the

AT25DF641, which is a 64-megabit, fast-programming, and low-

power-consuming flash memory device.

Accelerometer. Detection of body motions is important for bio-

feedback training and physiological monitoring.23 It could also be

used to estimate energy consumptions during physical exercises.

Besides, acceleration signals could be used to minimize motion ar-

tifacts when detecting vital signs parameters such as heart rate and

respiration rhythm. A digital built-in three-axis accelerometer

SCA3000 was embedded. This device incorporates a three-dimensional

micro-electromechanical systems (3D-MEMS) element and a signal

conditioning application specific integrated circuit (ASIC).24 With its

integrated design, the BSN node became more compact and immune to

the noises induced by cables and connectors.

Regulator. A power regulator TPS71933-33 was used on the BSN

node board for dual voltage regulations of a Li-Polymer battery in the

battery board. This is beneficial because one output powers the digital

portion and another supplies analog portion of the circuit board to

minimize cross-interference.

Expansion port. The expansion port has 20 pins, including 8 for

analog signals, 4 for generic purpose digital input/output (I/Os), 3 for

SPIs, 4 for digital and analog power supplies, and 1 for battery

voltage. This port enables BSN node board to connect with a variety

of BSN sensor interface and battery/charger boards.

RIP, ECG, AND PPG SENSOR INTERFACE BOARDS
Respiration monitoring is vital for biofeedback trainings as well as

noninvasively detecting sleep apnea and other health problems.25 We

selected a respiration sensor belt based on the advanced RIP tech-

nology. On the RIP sensor interface board, two metalized polyester

film capacitors and the RIP sensor belt formed a resonance circuit

whose resonance frequency varies when the shape of the RIP belt

changes. A low-power DC/DC boost converter TPS61040 was used to

provide 10 V voltage for the stimulation of the resonance circuit. A

dual differential comparator LM393 was used to generate digital

pulse outputs. The complete RIP sensor interface board is illustrated

in Figure 2.

Heart rate monitoring using noncontact electrodes was achieved

by the ECG board. The noncontact sensors, which were made of

conductive fabric, were sewed on the inner side of the RIP belt. The

weak voltage detected from the sensors was injected into the on-

board filtering circuit, which includes the preamplifier INA118 (gain

was tuned to be 11.6), one high-pass filter (cutoff frequency being

0.1 Hz), one low-pass filter (cutoff frequency being 35 Hz), and one

notch filter (center frequency being 50 Hz). Subsequently, a main

amplifier was used to produce variable gains. A switched capacitor

voltage converter LM2664 was applied to convert the positive volt-

age 3.3 V to corresponding negative voltage - 3.3 V.

PPG sensor interface board was designed to provide various swit-

ched driving currents for LED DLED-660/905 and to condition the

weak current signals from the photodiode such as BPW34S.26 INA118

was employed for differential transimpedance amplification. OPA2277

was used to condition the PPG signal. LM2664 was also used.

BASE-STATION BOARD
Base-station board included an MSP430F2418 microprocessor

and an nRF905, which are identical to the BSN node board. Besides,

Fig. 2. Generalized BSN hardware development platform.
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the base-station board provided RS232 and universal serial bus (USB)

connections, four LEDs, and three keys for user-device interactive

purposes. Once connected with a personal computer (PC) or PDA, the

base-station board serves as the master node within the BSN. If the

base station is connected to a PC or a PDA, the maximum distance of

reliable communication was 100 m. In this study, one base station

serves one patient with the sensors.

LOW-COMPLEXITY MAC PROTOCOL
A wearable biofeedback system should have a relatively small-

scale structure with only two or three sensor nodes attached to the

body and work within body proximal. A low-complexity MAC pro-

tocol was designed. Our design was originated from the IEEE 802.15.4

generic MAC, efforts were made toward low energy consumption and

to improve the collision avoidance and message recovery perfor-

mances. Further, our protocol was elaborated to facilitate the reus-

ability of the source code and minimize the overhead of the program

binary. The assembled codes only occupied 1.6-kilobyte program

memory space. The communication protocol was programmed using

C and so it is easy to implement other hardware platforms.

COLLISION AVOIDANCE
In a star topology, multiple sensor nodes send data to the master

node simultaneously or within very short time interval; therefore,

collision avoidance is of vital importance. However, the conventional

carrier-sense multiple-access/collision avoidance mechanism us-

ing a four-way handshaking communication (RTS/CTS/DATA/ACK)

between the sender and the receiver27 is relatively ‘‘overweighed’’

when deployed in the single-master-centralized BSN, for example,

the complex control overhead inevitably deteriorates the network

latency. Therefore, a simplified method—the data request (DR) and

ACK/DATA mechanism—was introduced.

The major change against the former arts is that our protocol was

designed to be asymmetrical, that is, much of the network and protocol

complexity was allocated in the master node, rather than distributed

evenly among the power-constrained sensor nodes. Figure 3a shows a

conventional collision avoidance method applied for multihop dis-

tributed computing. Figure 3b depicts our approach specially designed

for BSN. A master node and several sensor nodes form a star network

where each sensor node can only communicate with the master node. In

Figure 3b, suppose all nodes are time synchronized, the Master sends

out a DR message, and subsequently, other nodes hear the transmission

of the DR. If the Node1 finds that the DR message is calling the address

of its own, the Node1 sends DATA to the Master, while other nodes

should sleep until the current transmission is over. Once the Master has

received DATA1 beacon from Node1, it responds with an ACK1 and

DR2 beacon. This time the ACK1 message denotes the acknowledgment

of the Master, and DR2 shows the DR message toward Node2. In this

design, the ACKX and DRX+ 1 beacons were combined together as one

beacon for energy savings.

As BSN nodes work within a short range, wireless link is relatively

reliable and error packet rate is relatively low; in this case, our DR and

ACK/DATA scheme works effectively. However, if the wireless link

becomes deteriorated and the error packet rate raises, the DATA

packets may lose. To maintain the data integrity, we adopted a

message recovery scheme.

MESSAGE RECOVERY
Within a BSN, message loss could happen because of various sit-

uations, such as ACK loss (includes DATA loss) and DR loss. DR loss

could be recovered by DR beacon retransmission. When there is an

ACK loss, the certain sensor node reserves the current DATA packet in

its memory, and then the new sampling DATA are shifted behind the

former DATA. When the next DR beacon comes, this sensor node

sends out a request for 1-plus time slot along with the DATA message

for one more DR schedule from the Master. After that the Master

rearranges the time schedule so that the lost message is retransmitted

in the next DATA transmission pipeline. Finally, retransmissions

were only allowed up to a certain limit at which the current packet

should be ignored, this way the issue that leads to undesirable energy

wastage was avoided.

SYSTEM INTEGRATION
A wearable biofeedback device was assembled using the afore-

mentioned BSN modules and associated sensors, which is illustrated

in details in Figure 4. The device could be used as a waist band or a

chest band. Inside the buckle of the wearable device there was a BSN

node board, sensor interface board(s), and the battery board with a Li-

Polymer rechargeable battery. In the current design, the heart rate

monitoring belt and the respiration monitoring belt were made

separately, so that it is possible to wear one biofeedback device on the
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Node 1

Node 2

Node 3

DR1

DATA2Sleep

DATA1

ACK1
DR2Master

Node 1

Node 2

ACK2
DRn
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a

Fig. 3. Illustrations of collision avoidance of the BSN. (a) Conven-
tional CSMS/CA scheme. (b) DR and ACK/DATA scheme. CSMS/CA,
carrier sense multiple access with collision avoidance; DR, data
request; ACK, acknowledgment character; CTS, clear to send;
DATA, data; PCB, printed circuit board; RTS, request to send.
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thoracic level and another on the abdominal level. During experi-

ments the wearable device(s) and the base-station formed a BSN.

System Validation
CHARACTERISTICS OF THE BSN PLATFORM

Extensive bench tests were carried to characterize the BSN plat-

form with low-complexity MAC protocol fully implemented. During

experiments, all the BSN modules were deployed around body

proximal within the short communication range of < 3 m. The av-

erage power consumption of the node board at the sleep mode and the

standby mode was 860 uW and 1.3 mW, respectively. The supply

voltage was 3.3 V. The node worked at 915 MHz, 0 dBm, and 10 ki-

lobits per second. The power consumptions in different transmission

intervals were illustrated in Figure 5. Power consumptions of trans-

mitting 32 payloads were compared using either the simplified

method (our scheme) or the conventional RTS/CTS/DATA/ACK pro-

tocol. It clearly indicated that our scheme outperformed conventional

protocol in terms of energy efficiency. Power savings were more

significant when shorter data transmission intervals were set. The

wireless link proved to be highly reliable within body proximal.

IN-SITU PHYSIOLOGICAL MONITORING

Dynamic respiration rhythm monitoring. To evaluate respiration

monitoring, a commercial product (MP150 from BIOPAC, which uses

a piezoelectric sensor belt and provides a wired solution) was used for

performance comparisons. In this study, the wavelet packet was used

to filter high-frequency (HF) noise and baseline drift. The sampling

rate for RIP signals was set at 10 samples per second. Figure 6 depicts

the respiration data acquired by the two methods. A relative mean

error was calculated to be *5% for this particular data episode.

In-situ dynamic respiration experiments were conducted with 10

subjects in an air-conditioned room. Subjects were at supine posi-

tions while wearing the belt around either the abdomen or the thorax.

Fig. 4. Wearable devices and the verification setup. (a) Buckle with
electronics such as BSN nodes, sensor electronics, etc.; (b) ECG
belt with sensors; (c) RIP belt for respiration monitoring or bio-
feedback; (d) wearable biofeedback device and the BIOPAC veri-
fication system. The four red circles in the bottom left plot show
the metal contact points that provide electrical connections be-
tween buckle and sensor belt.
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Fig. 5. Power consumptions at different data transmission intervals.
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Figure 7 illustrated the 6-h dynamic respiration rate monitoring re-

sults for one subject, which indicated that *83% of the long-term

respiration rhythms were successfully detected.

SHORT-TERM PULSE RATE AND HEART RATE
MONITORING

In-situ experiments for multiple subjects were carried on to

evaluate short-term PPG measurement and ECG measurement.

ECG100C module (using gelled electrodes) from BIOPAC was used for

performance comparisons.

For PPG measurement, the subjects held the buckle of the device in

one of the hands and put the thumb to cover the LED and photodiode

sensor slots (Fig. 4). PPG signals were successfully recorded for all the

subjects.

For ECG measurement, the subjects worn the device with non-

contact electrodes sewed on the sensor belt (Fig. 4). The sampling rate

for ECG signals was set at 200 samples per second. A 50 Hz notch

filter, a 0.5Hz high-pass filter frequency, and a 33 Hz low-pass filter

frequency were designed to filter various interferences, including of

motion artifacts, power frequency, baseline drift, and electrode con-

tact. Then, second-order (0.5–20 Hz) band pass filter, smoothing filter,

and initial threshold method were used to detect exactly R-wave.

Figure 8 illustrated the episodic ECG waveforms, which indicated that

our device was capable of monitoring ECG signals with noncontact

electrodes. A relative error was calculated to be*5.0% for the particular

data episodes. Ten subjects participated in the 2-min experiments and

the mean heart rate error was approximately 5.0%. Cardiac rhythms

including heart rate and heart rate variability (HRV) were retrieved using

the R-R intervals of the measured ECG signals. For long-term moni-

toring, ECG signals were inevitably deteriorated because of subject’s

motion artifacts and intermittent electrode movements.

For power consumption measurements, with a 400 mAh Li-

Polymer battery (mounted within the buckle), the complete wearable

biofeedback device (including the RIP and ECG interface boards, the

node board, and the battery board) could operate up to 8 h, which is

sufficient for continuous biofeedback training. It took 2 h for

charging the battery wirelessly with the wireless charger board.

BIOFEEDBACK TRAINING
Twelve healthy students with a mean age of 24.1 years (ages

between 21 and 30) have undertaken pilot studies on respiratory

training. All the students submitted the SCL-90 test sheets prior to

the experimental runs. The mean scores of their SCL-90s were

0.60 – 0.23, which indicated they are all normal in terms of

psychological status. All the experiments in this section were con-

ducted in an acoustically shielded and air-conditioned room. Par-

ticipants were comfortably seated during the whole experimental

procedures.

Heart rate was simultaneously detected using the ECG signal, and

the short-term HRV was calculated in a 120-s temporal window.28

HRV was widely used to assess autonomic nervous system (ANS). In

this experiment, two parameters, the low frequency (LF)/HF ratio and

the continuous R-R interphase standard deviation (SDNN) value,

were used to quantitatively represent the HRV. A spectral power

analysis was carried out on R-R intervals within 120 s, based on a Fast

Fourier Transformation. Absolute spectral power was calculated for

two frequency bands: the LF = 0.04–0.15 Hz and the HF = 0.15–

0.4 Hz. Subsequently, the LF/HF ratio was obtained. For SDNN cal-

culations, the standard deviations of 30 continuous sinus R-R in-

tervals were used. The sample entropy was calculated using the

following equation29:

SampEn(m, e, N )¼
+

N �mþ 1

i¼ 1

log
Nm

p (i)

N �mþ 1

� �

N �mþ 1
�

+
N �m

i¼ 1

log
Nmþ 1

p (i)

N �m
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N �m
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Fig. 7. The dynamic respiration rhythm of one subject over 6 h. The
gap in the graph indicates the data were unable to reach the base
station.

0 5 10 15
-2

-1

0

1

2

3

H
R

: 6
0 

be
at

s 
pe

r m
in

ut
e

0 5 10 15
-1

-0.5

0

0.5

1

1.5

2

A
m

pl
itu

de
 (

m
ill

iv
ol

t)

Time (second)

ECG monitoring  with BIOPAC

ECG monitoring with ECG belt

Fig. 8. Episodic ECG waveforms acquired from the two methods.
ECG100C module was used with the MP150. The subject was se-
ated under normal respiration rhythms.

GENERALIZED BODY SENSOR NETWORK AND ITS APPLICATION

ª M A R Y A N N L I E B E R T , I N C . � VOL. 17 NO. 5 � JUNE 2011 TELEMEDICINE and e-HEALTH 353



Nm
p (i)¼ +

N �mþ 1

j¼ 1

cov(i, j)

where m e and N are the parameters: the embedding dimension, the

SDNN and length of original data. The cov(i, j) denoted the correla-

tion of ith and j th original data.

Considering the length of series affected the value of sample en-

tropy. The refined sample entropy was computed by the following

equation:

SampEnk(m, e, b)¼ bSampEnk(m, e, N ) � � � k¼ 1, 2 . . . , p

b¼ 1:2 � N

Ni

� �2

� � � i¼ 1, 2, . . . p

where N denotes the mean value of the control data series.

We did the statistical tests (with SPSS v17.0) for all the experi-

ments. Evaluations of LF/HF, SampEn, and SDNN were done with a t-

test of independent sampler for repeated measurements. Mean and

standard deviations were used to evaluate the effects in different

respiratory training experiments. The inequality of variances of the

differences between levels of the repeated measures factor was also

tested, and the statistical significance was accepted at p < 0.05.

Different inhaling and exhaling ratios were evaluated using our

wearable respiratory biofeedback system. They were asked to perform

biofeedback trainings under three different inhaling and exhaling

ratios: WB1, the ratio of inhaling and exhaling was 1.0; WB2, the

ratio of inhaling and exhaling was 0.5; and WB3, the ratio of inhaling

and exhaling was 2.0. The targeted respiration rate was identical for

all the three tasks, that is, eight cycles per minute or 7.5 s per cycle.

Every task lasted for 2 min. All participants were asked to have a

couple of minutes rest during the different tasks. The wearable bio-

feedback device was always worn at the participant’s abdominal

level. Results are illustrated in Figures 9 and 10. The LF/HF ratio,

SampEn, and SDNN were calculated. The results indicated that all the

tasks made contributions to the regulations of the ANS, but task 1

(inhaling and exhaling ratio being 1) had more significant effect than

other two tasks (WB2 and WB3).

Different anatomical locations were also evaluated for wearable

respiratory biofeedback. In this experiment, the device was worn

around either the abdomen (WB1) or the thorax (WB4). Results are

illustrated in Figure 11. For WB1 and WB4, the inhaling and exhaling

ratio was set at 1.0 and the targeted respiration rhythm was eight

cycles per minute or 7.5 s per cycle. The results in Figure 12 suggested

that (1) respiratory training at both abdominal level and thoracic

level could affect the ANS and (2) more advanced training patterns

should be explored to achieve optimal regulations of the ANS.

Discussion
DIFFERENT RESPIRATION PATTERNS

Table 2 lists the experiments with different respiration patterns.

Ten participants with a mean age of 24.5 years (ages between 21 and

32) have undertaken pilot studies on respiratory training. All the

students submitted the SCL-90 test sheets prior to the experimen-

tal runs. The mean scores of their SCL-90s were 0.62 – 0.24, which

   *p<0.05                                             *p<0.05 

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

L
F/

H
F

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1 3.1

2

2.2

2.4

2.6

2.8

3

3.2

Control WB1 WB2 WB3 Control WB1 WB2 WB3

Sa
m

pE

3.4

n

2

2.2

2.4

2.6

2.8

3

3.2

3.4

7.52.5 Time (s)7.5 

R
es

pi
ra

tio
n

3.75 Time (s) 7.5

WB1:                               WB2:                            WB3: 

Time (s) 5.0 

Fig. 9. Spectral (low frequency [LF]/ high frequency [HF]) and
nonlinear parameters (sample entropy) were analyzed for the three
wearable respiration biofeedback tasks. Mean – one standard de-
viation values were plotted. The inhaling and exhaling ratio for WB1
was 1.0; the inhaling and exhaling ratio for WB2 was 0.5; and the
inhaling and exhaling ratio for WB3 was 2. The different targeted
respiration rhythms are illustrated at the top of this figure.

20 30 40 50 60 70 80 90 100 110 120
30

40

50

60

70

80

90

100

110

S
D

N
N

time (s)

Control
WB1
WB2
WB3

20 30 40 50 60 70 80 90 100 110 120
20

30

40

50

60

70

80

90

S
D

N
N

time (s)

Control
WB1
WB2
WB3

Fig. 10. Time-varying SDNN values against the time from two
participants representing similar patterns. Every plot of curves was
30 continuous R-R intervals SDNN, considering temporal window.

LIU ET AL.

354 TELEMEDICINE and e-HEALTH JUNE 2011



indicated they are all normal in terms of psychological status. All

the experiments in this section were conducted in an acoustically

shielded and air-conditional room. Participants were comfortably

seated during the whole experimental procedures.

There were no biofeedback trainings for Experiments 1 and 2

(without targeted rhythm displayed). For Experiment 3, each par-

ticipant was wearing our device, while watching a screen that dis-

played both his or her instantaneous respiration rhythm (detected by

the wearable respiratory biofeedback device worn at the participant’s

abdominal level and calculated in real time) and the targeted respi-

ration rhythm, which was set at a fixed rate of eight cycles per minute

or 7.5 s per cycle (the inhaling and the exhaling ratio was set at a

predetermined rate of 1). The participant was expected to train

himself or herself to follow the targeted respiration rhythm by

watching both rhythms.

Figure 12 demonstrated the averaging LF/HF ratios for the three

experiments listed in Table 2. The values of *p in Experiments 1 and 2

were greater than 0.05; however, the value of *p in Experiment 3 was

smaller than 0.05. The results indicated that only in Experiment 3,

which employed our biofeedback device, the averaging LF/HF ratio

was prominently reduced. Typically, the reduction of the LF/HF ratio

suggested the positive effects of the regulations of sympathetic and

parasympathetic nerve systems. The feasibility of ubiquitous bio-

feedback by using our device was verified through various experi-

ments with different respiration patterns. Moreover, our system is

superior to the conventional biofeedback devices, as it is capable of

providing continuous and dynamic respiration trainings in non-

clinical environments. The employment of a low-cost, generalized

BSN platform makes our system easily adaptable for further bio-

feedback requirements.

RESPIRATORY BIOFEEDBACK
The importance of relaxed respiration, or more precisely, LF res-

piration (between 8 and 12 breaths per minute approximately), has

been already emphasized by researches such as Benson et al.2 or

Janus et al.30 Similarly, other researchers argued that certain dys-

functional respiratory patterns, such as shallow or hurried breathing,

or more precisely, HF and low-amplitude respiratory patterns, are

often associated with a wide range of psychosomatic illnesses.31

The study mainly compared the effectiveness of different respira-

tory patterns to obtain optimal respiration mode by using frequency-

domain (LF/HF), time-domain (SDNN), and nonlinear analysis (sample

entropy) of HRV. Those parameters, biomarkers of autonomic func-

tion and biofeedback, depended on autonomic parasympathetic and

sympathetic balance. The experiments (WB1-3) demonstrated that the

respiratory training with wearable biofeedback device based on our

body sensor network platform effectively reduced the psychophysi-

ological activation. Then, we deduced the conclusion that identical

inhaling and exhaling ratio obtained significantly greater reductions

in the cardiovascular activity than other inhaling and exhaling ratios

(WB2-3). Moreover, we also found the effect of abdomen respiration
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Table 2. Experiments with Different Respiration Patterns

EXPERIMENT
RESPIRATION

PATTERN PROCEDURE

1 Natural breath Sit on the chair for 2 min under natural

breath (for control), 1 min under natural

breath (for resting), and 2 min under the

specific respiration pattern, and then, for

5 min resting among different

experiments.

2 Deep breath

without

biofeedback

3 Breath with

wearable

biofeedback
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training (WB1) was similar to the effect of thorax respiration training

(WB4). Thus, the pilot studies suggested that paced respiration

training at abdominal level with identical inhaling and exhaling ratio

(WB1) is the appropriate breath training pattern.

There are literatures reporting various experimental procedures,

for example, in ref.32 the breathing training with the inhaling/

exhaling ratio being 0.66 was used in panic therapy. Parati et al. took

slow breathing training with prolonged exhalation to treat patients

with congestive heart failure.33 The common concept is that the

respiration training with prolonged exhaling is more beneficial than

that with identical inhaling and exhaling ratio. However, it needs

more contrast experiments to verify it and to obtain the optimal

inhaling/exhaling ratio. In this article, our work demonstrated that

WB1 (the inhaling and exhaling ratio being 1) obtained more sig-

nificant reductions in the cardiovascular activities than WB2 (the

inhaling and exhaling ratio being 0.5).

Conclusions
Wearable biofeedback is an emerging application field that com-

bines modern biofeedback theories with state-of-the-art BSN tech-

nologies. The BSN platform that we have constructed is generic and

has low power and low complexity, which was used to create a

wearable respiratory training device. Extensive bench and in-situ

testing results concluded that the platform and the device worked as

intended. The pilot study was conducted on wearable training patterns

and resultant HRV. The results in all the experiments suggested that

paced respirations at abdominal level and with identical inhaling and

exhaling ratio was appropriate for decreasing sympathetic arousal and

increasing parasympathetic activity. We believe that the BSN platform

and the wearable device could facilitate the research and development

activities for ubiquitous and low-cost healthcare. In the future we will

investigate more advanced infrastructure of the BSN-based biofeed-

back systems by using multiple physiological parameters.
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