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Abstract

Background: Cardiovascular diseases are aleading cause of death worldwide and result in significant economic coststo health
care systems. The prevalence of cardiovascular conditions that require monitoring is expected to increase as the average age of
the global population continues to rise. Although an accurate cardiac assessment can be performed at medical centers, frequent
visits for assessment are not feasible for most people, especially those with limited mobility. Monitoring of vital signs at home
is becoming an increasingly desirable, accessible, and practical alternative. As wearable devices are not the ideal solution for
everyone, it is necessary to develop parallel and complementary approaches.

Objective: Thisresearch aimsto develop a zero-effort, unobtrusive, cost-effective, and portable option for home-based ambient
heart rate monitoring.

Methods: The prototype seat cushion uses load cells to acquire a user’s ballistocardiogram (BCG). The analog signal from the
load cellsisamplified and filtered by asignal-conditioning circuit before being digitally recorded. A pilot study with 20 participants
was conducted to analyze the prototype’s ability to capture the BCG during five real-world tasks: sitting still, watching a video
on acomputer screen, reading, using a computer, and having a conversation. A novel algorithm based on the continuous wavel et
transform was developed to extract the heart rate by detecting the largest amplitude values (J-peaks) in the BCG signal.

Results: The pilot study data showed that the BCG signals from all five tasks had sufficiently large portions to extract heart
rate. The continuous wavel et transform—based algorithm for J-peak detection demonstrated an overall accuracy of 91.4% compared
with electrocardiography. Excluding three outliersthat had significantly noisy BCG data, the a gorithm achieved 94.6% accuracy,
which was aligned with that of wearable devices.

Conclusions: This study suggests that BCG acquired through a seat cushion is a viable alternative to wearable technologies.
The prototype seat cushion presented in this study is an example of ardatively accessible, affordable, portable, and unobtrusive
zero-effort approach to achieve frequent home-based ambient heart rate monitoring.

(IMIR Rehabil Assist Technol 2021;8(2):€25996) doi: 10.2196/25996
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: worldwide every year [1]. In Canada alone, 2.4 million people
Introduction are living with a diagnosed heart condition [2]. Cardiovascular

Cardiovascular diseases are a leading chronic illness and are  0iSeases have large associated costs, which are estimated to
cited as the cause of death for nearly 17.9 million people exceed US $1 trillion by 2035 [3]. Population aging is one of
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the most significant social changes of the century, in part
because the number of older adults with chronic health
conditionswho areliving independently isincreasing [4]. Most
chronic conditions require frequent and continuous monitoring
of vital signs and other health information to support ongoing
treatment. The rapidly increasing number of older adults, who
have a higher prevalence of chronic conditions, isleading to an
unavoidable and significant increase in health monitoring for
our global population [4,5].

The most important step toward the prediction, prevention, and
treatment of cardiovascular diseasesis cardiac vital monitoring,
as it provides important information about a person’s cardiac
health, which, in turn, supports ongoing management and care
[6,7]. This is performed through routine visits to a clinic to
record vital signs (ie, measures of the state of one’'s body,
including heart rate, blood pressure, temperature, and
respiration). In addition to the financial cost and resources
required to conduct a clinical assessment, accessing a clinical
setting on aregular basisis not feasible for many people. This
is especially true for people with limited mobility, who livein
rural or remote areas or who have cognitive decline (eg,
dementia). These situations can make frequent tripsto a clinic
for vital sign measurements expensive, difficult, and unrealistic.

To address this need, there is an increasing demand for
technol ogiesthat enable the monitoring of vital signsfrom one’s
home. The most common method for at-home vital sign
monitoring is wearables [8-13]. Wearables are smart electronic
devices that can be worn as accessories or integrated into
clothing, such as smartwatches or smart clothing. Although
wearables can be effective, they are not an ideal or feasible
solution for everyone. Incorrect usage, noncompliance, and
instances where users forget to use them can cause these
technologies to be ineffective. These considerations are
especialy relevant for older adults, asthey tend to have alower
adoption rate of monitoring technologies and have more
difficulties using them. Older adults also have a much higher
prevalence of cognitive impairment, such as dementia, which
can make it difficult or impossible to intentionally and reliably
interact with, wear, or charge a technology.

Ambient assisted living (AAL) is increasingly being used to
support independent living, namely, information and
communication technologies that support healthy living and
well-being. AAL systems can monitor a person’s health status
using sensors installed in their environment (eg, their home).
Zero-effort technologies (ZETs) are a special class of
technologies relevant to this area that are designed to require
minimal or no explicit effort from the person using them. In
this way, ZETs support users in such a way that they do not
need to make modifications to their daily life activities nor do
they need to focus their attention on the ZET to get support
fromit [14]. There has been some devel opment in textile-based
clothing for vital monitoring using textile el ectrodes, conductive
fibers, and optical sensors [8-13]. However, these systems are
not yet feasible because of issues related to cost, comfort, and
durability. Therefore, given the increased costs and decreased
feasibility of clinical monitoring and the problems associated
with technologies such as wearables, there is room for
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improvement in at-home cardiac monitoring with easy-to-use
technologies that operate autonomously.

While clinical monitoring and wearable technologies use
electrocardiography (ECG) and photoplethysmography (PPG),
another method of obtaining cardiac vital signs is through
ballistocardiography (BCG). BCG is a cardiovascular signal
that corresponds to the measurement of recoil forces generated
by the body in response to blood flowing through a person’s
vascular system [15,16]. Every time the heart beats, blood is
pumped throughout the body, leading to a change in the center
of mass. Microforces are then generated in the body as a
response to the heart pumping blood to maintain the overall
momentum. BCG is arecording of these micromovements and
can be obtained using appropriate transducers, such as
displacement, force, or acceleration.

BCG was first observed in 1877 [17], but ECG became the
fundamental cardiovascular signal for clinical assessment
because the noisy nature and hardware requirements of BCG
were not practical during most of the last century. Since the
1990s, the scientific community has revisited BCG because of
its simpler and more compliant instrumentation hardware and
modern signal processing methods. This has resulted in the
development of many BCG-based systems for cardiac
monitoring and assessment, which are discussed as follows.

BCG has commonly been acquired in astanding position using
aplatform incorporated with force sensors, such as a bathroom
scale [17], force plate [18], or custom-built floor tiles [19].
Although the standing upright position provides the least
distorted BCG signals [20], a disadvantage of this approach is
that the noise caused by the person moving to maintain balance
is far greater than the BCG signal itself; therefore, the
balance-induced noise masksthe BCG signal. The measurement
duration is often limited, as a person generally only stands still
for only afew seconds at atime, even in specific locations such
asinfront of asink. Wearable BCG systems have been reported
in the literature. These systems use low-noise accelerometers
to obtain BCG [21,22]. Wearable BCG systems are prone to
the same noiseissues as standing-position BCG systems aswell
as compliance and maintenance issues related to wearables, in
general.

There has been some progress in BCG acquisition methods in
the seated position. Most of these systems use el ectromechanical
film sensors to obtain BCG, which is a charged polypropylene
film that undergoes changes in the charge when pressure is
applied to its surface [23]. Most chair-based systems have
sensors embedded in the back or seat of achair [24-27]. A toilet
seat—based cardiovascular monitoring system has been reported
to obtain BCG, ECG, and PPG from sensors embedded within
the seat [28]. The seated position mitigates much of the noise
interference problems associated with the standing position, as
peopletend to remain still in aseated position for along period.
However, current BCG systems in the seated position have
disadvantages; most of these systems have used films, which
are costly and have very limited commercial availability, and
these systemsareusually installed in apiece of furniture, which
is less practical to do and not portable (ie, you need a special
chair and it cannot be moved easily).
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Thereisaneed for novel solutions for cardiac monitoring that
are autonomous, portable, and cost-effective. This research
focuses on the development of an unobtrusive, portable,
zero-effort seat cushion that uses BCG for cardiac monitoring.

Methods

Overview

To develop amethod for BCG acquisition that is portable, easy
to integrate into most environments, and requiresminimal effort
from the user, a seat cushion was chosen as the form factor of
the proposed prototype. As BCG corresponds to recoil forces
in the body due to blood flow, load cells are commonly used to
sense and convert these forces to electrical signals and are a
robust, well-understood sensor. To ensure minimal cost and

Figure 1. The developed prototype seat cushion (left) and a participant seated on the cushion (right).

Signal Conditioning and Data Acquisition

The four load cells were connected in a bridge configuration
and excited by a9V direct current (DC) power source. As the
microforces in the body in response to blood flow
(corresponding to the BCG) are very low in magnitude, signal
amplification was required. An analog signal-conditioning
circuit was devel oped, which consists of three stages, as shown
in Figure 2. The first stage is an alternating current
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relative ease of development for the prototype, a commercial
weighing scale (with load cells installed underneath) was
modified and inserted into the seat cushion, as described in the
following section.

Seat Cushion Prototype

Figure 1 shows the seat cushion prototype. The seat cushion
was constructed by modifying an ObusForme Gel Seat cushion
and consists of three layers. The top layer is a polyurethane
foam wrapped over and around a modified weighing scale
(NY-HO05), which forms the second layer. The weighing scale
has four strain gauge-type load cells, one mounted on each
corner of the bottom of the scale. The third and bottom layer is
a custom-built thin (0.8 mm) metal plate placed under the
modified weighing scale, so that the load cells were placed on
asolid surface.

(AC)—coupled instrumentation amplifier (acting as a high-pass
filter with f, of 0.15 Hz) to ensure that the time-varying
component (the BCG) from the load cell voltage is enhanced,
and the DC component corresponding to the body weight is
suppressed. The BCG signal has most of its power in the
frequency range of 1-10 Hz [29]; therefore, the second stageis
a low-pass filter with f. of 25 Hz. The third and final stage
further amplifies the filtered signal. The circuit has an overall
gain of 88 dB and a passband of 0.15-25 Hz.
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Figure2. Theanalog signal-conditioning circuit. BCG: ballistocardiography; IN-AMP: instrumentation amplifier; REF: reference; Vout: output voltage.

Load cells

The filtered and amplified signal output was then converted to
digita form using a data acquisition system (National
Instruments USB-6351). A digital bandpass filter (0.5-15 Hz)
was applied before further processing for heart rate calcul ation.

Study Protaocol

The physical movement exerted by the person being monitored
dominates the signal, leading to the BCG information being
unrecognizable. 1t was hypothesized that a few seconds of
relative stillness per minute would be sufficient to obtain aBCG
signal and that there would be appropriate windows during
typical activities that people do while seated (eg, reading and
watching television). To eval uate the prototype efficacy, astudy
was conducted to emulate real-world activities to determine
whether usable BCG data could be extracted from the seat
cushion prototype. Five daily life activities were selected: (1)
sitting as still as possible, (2) watching a video on a computer
screen, (3) reading a magazine, (4) surfing the internet on a
computer, and (5) having a conversation with another person.

After obtaining ethical approval from the University of Waterloo
Office of Research Ethics (ORE #40503), recruitment for 20
participants aged =18 years was determined. Each participant
completed ademographic form asking for their age, sex, weight,
and height. The participant wasthen asked to sit on the prototype
seat cushion, which was placed on achair. ECG electrodeswere
attached, and the ECG recorded to serve as a gold standard
comparison for validating BCG data; ECG was captured using
a Finapres Medical Systems ECG Module in a Lead-ll
configuration. Participants were asked to perform each of the
five activities for 5 minutes each while BCG and ECG were
recorded simultaneously.
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Postprocessing: BCG Data During Activities

Data segments containing identifiable BCG wereisolated from
segments that were overwhelmed by motion artifacts using a
variance-based method. This method was used because the
signal voltage undergoes a large variation when there is
movement compared with when the participant was sitting still.
A moving windowed variance (Var ) wWith a window size of
1 second was computed for the BCG signal, and after trying
different threshol ds between mean(Var ,,,) and ¥4 mean(Var ),
athreshold value equal to %2 mean(Var ) was found to be the
most appropriatein distinguishing signal segmentswith motion
artifact. All signal segments (windows) with variance above
thisthreshold had too many motion artifacts and were discarded.
Of the data that had identifiable BCG, only signal segments
with aduration of 5 seconds or longer were kept to ensure that
enough consecutive heartbeats were obtained to calculate
heartbeats as dow as 40 beats per minute (ie, abottom threshold
that is lower than anyone's resting heart rate would be).

Figure 3 shows 5 minutes of BCG data obtained from a
participant during the study and the moving windowed variance
appliedto thesignal. It can be observed that the selected moving
variance function is able to detect noisy segments (with motion
artifacts) in the BCG data, as they have significantly large
variance. This method was applied to BCG recordings of all
participants for four activities; the sitting as still as possible
activity was excluded, as all participants were still during this
activity; therefore, most of the data contained asignal that could
be directly analyzed.
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Figure 3. Five minutes of ballistocardiography data obtained from a participant (top). The moving windowed variance function applied to the signal.
Signal segments above the threshold were discarded (bottom). BCG: ballistocardiography; Var: variance.
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Postprocessing: BCG J-PeaksDetection for Heart Rate
Calculation
Similar to the R-peaks in an ECG signal, the largest signal

amplitude in the BCG during a heartbeat is referred to as the
Jpeak. A count of these J-peaks can be used to estimate heart
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rate; however, as Jpeaks do not stand out as much from the
rest of the signal as R-peaks do in ECG, it can be difficult to
detect them (Figure 4). Most J-peak detection methods reported
in the literature have extracted heartbeat segments in the BCG
signal by using ECG R-peaks as reference [30-32].

Figure4. Electrocardiography (top) and ballistocardiography (bottom) recordings obtained simultaneously from aparticipant. BCG: ballistocardiography;

ECG: electrocardiography.

05—

BCG (V)

-0.2 —

J-Peak Detection Using Continuous Wavelet Transform

Asthe aim of this study wasto cal culate heart rate information
solely from the BCG acquired through the seat cushion, methods
that do not require ECG had to be considered, such as
best-to-beat heart rate estimation methods[33,34]. An algorithm
based on the continuous wavelet transform (CWT) was
developed, as wavelet analysis has been performed extensively
on heart rate signals [35-38]. CWT is a method that helps in
analyzing local variations in frequency in a time series by
decomposing the signal into time-frequency space. It provides
essential information about the dominant frequencies and how
they locate in time. Although the Fourier transform provides
accurate information about the frequency content of asignal, it
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does not provide information about how these frequencies are
located in time. The windowed Fourier transform can provide
some localized frequency information, but it is not efficient for
signals with abrupt changes, such as in the case of BCG [39].
The CWT is an efficient tool in this instance, as it can help
identify when (or at what scale of the analyzing wavelet)
dominant frequencies are present inthe BCG signal. Therefore,
the CWT can be used to identify the locations of the heartbeat
segmentsin aBCG signal.

The CWT can bedescribed asfollows: Let x, beadiscrete-time
signal with alength of N (n=0, 1, 2, 3, ..., N-1), where adl n
points have the same time spacing ot. The CWT of x,,, denoted
by W,(s), isdefined as
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Wa(s) = ZHzd ' 0[S o]

where W is the complex conjugate of W(n), which is the
analyzing wavelet function, and s is the scaling factor. The
equation mentioned earlier shows that the wavelet transformis
obtained by the convolution of x, with scaled and translated
versions of W(n) [40], depending on the parameter s. The
analyzing wavelet W(n) has two important properties, that is, it
is limited in time and has zero mean [41]. The choice of the
analyzing wavelet depends on the analysis being performed;
for thiscase, aMorlet wavel et was used because of itssimilarity
to the BCG waveform and its wide use in biomedical analysis
[42-45].

In the methods described in the literature, wavelet transforms
have been used for noise cancelation, followed by template
matching [35] and the use of different CWT scalesfor different

Malik & Boger

subjects[36]. However, in this study, the sasme CWT scale was
used for all participants to keep the algorithm autonomous.

Wavelet analysis was performed on the BCG using MATLAB
to determinewhich scalesinthe CWT provided the most useful
information about the time localization of heartbeat segments.
A scalogram of the CWT was plotted to observe the scales that
contributed the most energy during heartbeat segments. Figure
5 shows a scalogram for a BCG recording obtained during the
study, describing the energy for each wavelet coefficient for
each scale in time. The figure shows that scales 27-31 provide
the most differentiable heartbeat information in the BCG
(distinguishable by green, yellow, and red areasin the scalogram
image). After testing these five scales, it was observed that scale
30 worked best for al participants, as it provided the largest
magnitudes during heartbeat segments. The magnitude plot of
the CWT coefficients at scale 30 (CWTyp) is aso shown in

Figure5.

Figure5. Ballistocardiography (BCG; top) recording with the J-peaks labeled and the continuous wavelet transform (CWT) for the recording with the
400-ms window for heartbeat extraction labeled. Scalogram for CWT of the BCG recording (bottom). BCG: ballistocardiography; CWT: continuous

wavelet transform.
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It can be observed in Figure 5 that CWT5, has arepetitive pattern
with a series of peaks directly related to heartbeat segmentsin
the BCG, indicating that the maximum energy in the BCG lies
inthe areas around these peaks (intime). Therefore, these peaks
of the CWT5, can help identify BCG heartbeat segments. It was
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observed that for most participants, the typical BCG waveform
was approximately 400 ms in duration; therefore, 400 ms
windows (corresponding to heartbeats) from the BCG were
extracted using time indices obtained from the locations of the
pesksin CWTj,. J-peaks were then autonomously searched for
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only during these segments, thereby decreasing the chances of
incorrectly labeling J-peaks in the BCG. J-peaks were labeled
by setting an amplitude threshold equal to the mean of all
heartbeat segments. In addition, a time-based threshold was
also set, where a J-peak was labeled only if it was at least 500
ms apart from the previous J-peak. Thisallowed the calculation
of heart rates as high as 120 beats per minute, which is well
within the normal resting heart rate limit [46].

The CWT analysis and J-peak detection were performed for 1
minute of BCG data obtained from the 60- to 120-second portion
of the Sitting Still activity for all 20 participants. This segment
was chosen because some participants spent a few seconds
adjusting their posture and then remained seated still for the
rest of the activity; therefore, data after thefirst 60 secondswere
taken to be representative of the gitting still activity. The
performance of the algorithm for J-peak detection was compared
with the corresponding R-peaks in the ECG.

Estimating Signal-to-Noise Ratio
The signal-to-noise ratio (SNR) for the BCG was estimated
using the method presented in a study by Biaasiewicz [44],

Table 1. Participant demographics (N=20; 13 female and 7 male).

Malik & Boger

which was also used in the studies by Inan et al [30], Shao et
al [47], and McCall et a [48]. The SNR is estimated using the
following equation:

YN_1 B (ME;(n)
SNR = 2
YN _1[E1(n) - Ez(n)]2

In the abovementioned equation, E; isthe subensemble average
of the first 10 seconds of the BCG signal, and E, is the same
for the next 10 seconds. N isthe total number of samplesinthe
subensemble average. A subensemble average is the average
of al the heartbeat segments in a BCG for a certain duration
(inthiscase, 10 9).

Results

Participant Demographics

Table 1 gives an overview of the demographics of the study
popul ation.

Participant 1D Sex Age? (years) Height® (cm) Weight® (kg)
1 Female 41 171 61
2 Female 23 163 56
3 Male 34 168 59
4 Female 24 160 56
5 Female 23 182 72
6 Male 24 178 65
7 Male 24 183 75
8 Male 24 180 75
9 Female 27 165 56
10 Female 73 160 90
11 Female 22 160 49
12 Mae 26 183 100
13 Female 27 158 65
14 Mae 29 178 95
15 Male 43 173 128
16 Female 81 168 75
17 Female 75 157 65
18 Female 84 167 63
19 Female 75 178 72
20 Female 80 159 59
3Mean 42.9 (SD 24.2).
PMean 169.5 (SD 9.1).

‘Mean 71.8 (SD 18.8).
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BCG During Activities

the results for four smulated activities (the sitting still activity

Figure 6 shows 15 seconds of BCG recordings for each of the  W/aS €xcluded because all participants remained seated still and
five activities obtained from participant 1. Table 2 summarizes did not perform any voluntary movement during the recording;

therefore, it had long segments of detectable data).

Figure 6. Example data obtained from participant 1 for al five activities. Circles mark J-peaks in the ballistocardiography. Dotted boxes mark noisy
signal segments due to motion artifact. BCG: ballistocardiography.
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Table 2. Results for four simulated activities for 5 minutes each for 20 participants for segments =5 seconds.

Activity Shortest segment  Longest ssgment  Total number of seg-  Total duration of seg- Total recording containing clean bal-
(s), mean (SD) (s), mean (SD) ments, mean (SD) ments (s), mean (SD) listocardiogram data, %

Watching avideo 13.1(13.5) 78.1 (42.4) 9.3(3.6) 264.6 (24.9) 88.2

Reading 59(1.3) 38.5(18.6) 12.5(2.5) 177.9 (50.5) 59.3

Conversation 5.4 (0.4) 20.8 (11.1) 9.8(3.3) 97.1 (41.3) 323

Using acomputer 5.4 (0.6) 185(11.2) 9(3.9) 89.1 (56.1) 29.7
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Asshownin Figure 6, the J-peaks are readily identifiable when
aperson is seated still on the prototype. During the watching a
video activity, all participants remained seated still for most of
the time (an average of 88.2% of the time). For the reading
activity, large motion artifact was observed, as turning a page
while reading led to significant movement, causing the average
duration containing clean BCG to be aslow as 59.3%. Similar
results were obtained when using acomputer activity, astyping
on a keyboard leads to significant movement. For the
conversation activity, alarge variation in time spent sitting still
was observed throughout all participants because of different
behaviors during aconversation, as some partici pants used body
gestures more often than others. On average, across the four
activities, the participants remained seated till for amost
one-third of the time.

CWT-Based J-Peak Detection Method

The results for the CWT-based J-peak detection algorithm for
all 20 participants are summarized in Table 3; the R-peaksin

Malik & Boger

the ECG are included for comparison. A true J-peak positiveis
a J-peak that was correctly identified by the algorithm. A false
positiveisapeak that wasincorrectly identified asa Jpeak. An
undetected true J-peak positive is a true J-peak that was not
detected (missed) by the algorithm. A visual analysis was
conducted to compare the results of the J-peak detection
algorithm with the ECG data to establish true positives, false
positives, and undetected J-peaks. The sixth column in Table 3
shows the percentage of true J-peak positives compared with
the corresponding ECG R-peaks. Overall, the CWT-based
algorithm achieved an average accuracy of 91.4% for J-peak
detection. The accuracy was morethan 90% for 14 participants,
whereas for 3 participants (participants 4, 15, and 20), the
accuracy was less than 80%. For illustrative purposes, Figure
7, Figure 8, and Figure 9 show 7 seconds of BCG and ECG data
from participants 6, 20, and 4, respectively.

Table 3. Performance analysis of the continuous wavelet transform-based J-peak detection agorithm.

Participant ID Total R-peaks True J-peak posi- False J-peak posi- Undetected true J»  True J-peak posi-  Signal-to-noise ra-
tives tives peak positives tives® % tiob, dB
1 73 72 0 1 98.6 36.3
2 84 80 2 2 95.2 335
3 81 7 1 3 95 43
4 69 46 19 4 66.6 199
5 69 61 5 3 88.4 25.7
6 7 77 0 0 100 38.2
7 74 60 8 6 81 26.6
8 67 67 0 0 100 41.2
9 76 73 1 2 96 30.7
10 73 71 1 1 97.2 34.8
11 71 67 3 1 94.3 26.4
12 73 71 1 1 97.2 28.8
13 70 67 1 2 95.7 355
14 60 59 0 1 98.3 435
15 78 60 16 2 76.9 19.6
16 58 56 2 0 96.5 279
17 74 71 3 0 95.9 28.8
18 62 50 11 1 80.6 259
19 58 57 1 0 98.2 374
20 63 48 15 0 76.1 30.1
3\ean 91.4 (SD 9.4).

bMean 31.7 (SD 6.9).
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Figure7. Seven seconds of electrocardiography and ballistocardiography (BCG) recordingsfor participant 6. The BCG signal is clean, and the algorithm

isable to detect all J-peaks correctly. BCG: ballistocardiography; CWT: continuous wavel et transform; ECG: electrocardiography.
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Figure 8. Seven seconds of electrocardiography and ballistocardiography recordings for participant 20. The signa visually appears to be of good
quality, but J-peaks amplitudes are not significantly greater than the signal around them, causing the algorithm to label some J-peaks incorrectly. BCG:

ballistocardiography; CWT: continuous wavelet transform; ECG: electrocardiography.
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Figure 9. Seven seconds of electrocardiography and ballistocardiography recordings for participant 4. The signal is of poor quality visually, and the
J-peaks are not easily distinguishable. This signal also had a very low signal-to-noise ratio. BCG: ballistocardiography; CWT: continuous wavel et

transform; ECG: electrocardiography.
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Discussion

Principal Findings

Theresultsin Table 2 indicate that thereis asubstantial number
of signal segments (longer than 5 s) during all activities where
the person is seated till, resulting in high-quality BCG data.
The presence of a large number of these clean heartbest
segments enables the extraction of heartbeat data, which
suggests that the seat cushion can be an effective method for
continuous monitoring of heart rate using BCG.

Visual analysisof thedatain Table 1 was performed for possible
correlations between BCG signal shape and age, sex, or weight;
none were found.

The CWT-based algorithm performed well for the participants
in this study. For example, for participant 6, the CWT-based
method was able to correctly identify all J-peaks in the BCG
trace, as shown in Figure 7. The amplitudes of the J-peaks are
larger than the signal segments around them, which is aso
evident from the high SNR obtained for the BCG signal (Table
3). The BCG for participant 20 (Figure 8) showsthat the signal
visually appearsto be of good quality, with an SNR just below
average. However, the amplitudes of the J-peaks for this
participant were not much larger than the other pesaks in the
signal around them. This caused the agorithm to label some
Jpeaks incorrectly and correctly identify only 76% (48/63) of
true J-peak positives. As shown in Figure 9 for participant 4, it
can be observed that the signal quality is poor; the J-peaks are
not clearly discernible because they have low amplitudes
compared with the signal around them during a heartbeat. This
is corroborated by the low SNR obtained for this signal (19.9
dB). The accuracy of Jpeak detection was the lowest for this
participant. For participant 20, as mentioned earlier, alow J-peak
detection accuracy was obtained for arelatively high SNR. This
is a limitation of the algorithm, as it can generate inaccurate
va ues of heart rate because of incorrect identification of J-peaks,
even for BCG signals that are visually robust.

Excluding thethree outliers, the algorithm resulted in an average
accuracy of 94.66% (1136/1200). Commercially available
wearable devices that use PPG as the signal to calculate heart
rate have been evaluated in studies for accuracies between
79.8%1t099.1% [49] and 94.04% to 94.14% [50]. Thissuggests
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that the performance of the seat cushion prototypeiscomparable
with that of commercially available wearable devices.

We note that the detection accuracy for the proposed algorithm
would be increased by using ECG R-pesks as a reference to
detect J-peaks. However, this research focused on calculating
heart rate by having aperson simply seated on a cushion without
them having to wear or attach any sensors, which is a
requirement for the acquisition of an ECG signal.

The limitations of the J-peak detection algorithm can be
improved. In this study, the CWT scales were used to highlight
heartbeat segments to detect J-peaks; however, it would be
worthwhile to investigate whether a scale of the CWT can
directly provide heart rate information, as it has a repetitive
nature similar to that of the BCG (Figure 5). Thiswould increase
the agorithm speed while decreasing the computational
resources. Machinelearning—based approaches are another area
worth exploring to detect patternsin BCG across various BCG
signals and thus further improve accuracy.

Conclusions

This paper presents research on creating a seat cushion for
ambient heart rate monitoring using BCG. The seat cushion was
developed using off-the-shelf components and resulted in a
cost-effective prototype that performed robust BCG detection.
The CWT-based algorithm we devel oped for autonomous J-peak
detection achieved 94.6% accuracy (excluding three outliers),
making it a viable aternative to existing health monitoring
technologies. The solution presented here is portable,
unobtrusive, and can be easily integrated into a living
environment for zero-effort heart rate monitoring.

Emerging research that captures ECG without requiring
electrodes attached to the skin, such as coupled capacitance,
could be explored to improve the robustness of detecting heart
rate as well as potentialy supporting measurement of other
cardiac information, such as blood pressure. The system
input—referred noise can be calculated to quantify noise and
identify changes in the seat cushion design that could lead to
cleaner BCG signals. To better exclude BCG segmentsinvolving
significant physical movement, a sensor fusion approach could
be explored by sensing acceleration using an accelerometer to
detect this movement in real time. Devel opments such as these
will shape the future of unobtrusive and more pervasive heart
rate monitoring.
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