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Abstract— Monitoring of heart rate in patients in the general
ward is necessary to assess the clinical situation of the patient.
Currently, this is done via spot-checks on pulse rate manually
or on heart rate using Electrocardiogram (ECG) by nurses.
More frequent measurements would allow early detection of
adverse cardiac events. In this work, we investigate a contactless
measurement setup combined with a signal processing pipeline,
which is based on speckle vibrometry (SV), to perform con-
tactless heart rate monitoring of human subjects in a supine
position, mimicking a resting scenario in the general ward. Our
results demonstrate the feasibility of extracting heart rate with
SV through varying textile thicknesses (i.e., 8 mm, 32 mm and
64mm), with an error smaller than 3 beats per minute on
average compared to the ground-truth heart rate derived from
ECG.

I. INTRODUCTION

In hospitalized patients, heart rate (or pulse rate) as one
of the vital signs is measured to assess the clinical situation
and possible deterioration of the patient [1] [2]. Currently,
monitoring of heart rate in the general ward is done by nurses
spot-checking pulse rate through pulse oximeter or heart rate
through ECG every 4-6 hours [3]. Besides, according to
a recent study [4], one-third of vital sign spot-checks are
not done on time and one quarter are incomplete [2]. Such
limited frequency might not be sufficient for early detection
of adverse cardiac events since patients may experience
deterioration between monitoring intervals [5] [2]. Thus,
more frequent measurements are preferred. Current existing
wearable devices have been proposed for continuous heart
rate monitoring in the general ward, such as ViSi Mobile
and HealthPatch [6]. Apart from ECG and pulse oximeter [2],
other contact sensors also offer opportunity for general ward
continuous heart rate monitoring, such as fabric-integrated
multimode optical fiber [7] and finger plethysmography [8].
However, despite their wearable nature, these contact-based
modalities still introduce inconvenience to patients’ move-
ment. Therefore, in this work, we investigate the feasibility
of using speckle vibrometry (SV) as a contactless alternative
for more frequent heart rate measurement.

SV technology can detect the motion-induced temporal
variations of the laser speckle patterns [9]. A laser speckle
pattern is essentially a random intensity distribution, pro-
duced when a coherent laser beam is reflected from a surface
that is optically rough on the scale of the laser wavelength.
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Inside the speckle pattern, the granular spots of intensity
that can be observed by using a defocused camera are called
speckles. The speckle effect results from the interference
among waves that share the same frequency but differ in
phase and amplitude [10]. The laser speckle effect has
long been investigated (e.g., estimation of ego-motion [11])
and SV has been used for various applications including
speech [9] and heartbeat extraction [9] [12] [13]. SV en-
ables magnification of micro-vibrations on the surface and
therefore allows for heartbeat detection similar to Seismocar-
diogram (SCG) [14] and Gyrocardiogram (GCG) [15]. Other
popular motion based remote sensing technologies include
laser Doppler vibrometry (LDV) and radio frequency (RF).
LDV can detect vibration velocity of the surface where the
laser spot is focused, by comparing the frequency shift be-
tween the emitted and reflected laser beams [16]. Marchionni
et al. [17] demonstrated the feasibility of non-contact mon-
itoring of heart rate and respiration rate on preterm infants
using LDV. Wang et al. [18] even managed to use pulsed
laser vibrometer to monitor cardiac activity through clothes.
RF can extract heartbeat by processing the phase variation
information of the microwave radar signal [19]. Feasibility of
heart rate extraction using RF has been demonstrated by [20]
and [21]. Despite the contactless nature of LDV and RF for
heartbeat monitoring, there are also downsides to consider.
LDV can only detect the movement whose direction is along
the incident laser beam [22] and the measured surface has to
be reasonably reflective [23] [19] which often requires the
use of retro-reflective materials on the skin [24] [25]. As for
RF, the heartbeat-induced motion is very small compared to
other detected motion, which renders isolation of the cardiac
component difficult [26]. Furthermore, the positioning of the
radar device and measuring distance is limited by limitations
on power emission because of safety [26]. By comparison,
SV does not require strict camera-surface positioning like
LDV and no retro-reflective materials are needed since laser
speckle patterns can be formed on any kind of optically
rough surface (e.g., human skin and commonly used textiles).
Besides, the use of a laser beam enables SV to measure at
a further distance and be more precise and flexible in terms
of region of interest selection.

Remote Photoplethysmography (PPG) [27] is another con-
tactless sensing technology for heart rate monitoring, which
is based on a camera to detect blood volume changes on
the skin. In the general ward, textiles (e.g., bedsheet) are
commonly used by patients. Remote PPG requires visible
skin and textiles might pose a risk that it occludes the
skin. Therefore, using ECG as reference, this work aimed
at validating the feasibility of using SV for contactless heart
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rate measurement through textiles while the subjects were
lying on their back. We first conducted on-skin measurements
on four selected anatomical locations (i.e., sternum, tricuspid,
aortic and central abdomen) and selected tricuspid, which
achieved the best performance with on average 0.3 beats
of difference per minute compared with ECG, as the best
aiming location for through-textile measurements. The ob-
tained results showcase the feasibility of using SV to monitor
heart rate at several spots on the skin including one that is
relatively distant from the heart (i.e., central abdomen) and
one spot (i.e., tricuspid area) through textiles.

II. METHODS
A. SV and Motion Extraction

Our setup is based on a front-defocused camera system to
register the motion of the imaged speckle pattern. Following
the theoretical explanations presented by Zalevsky et al.
in [9], when the camera is defocused, the imaging plane
is shifted from the detected object to a plane positioned at
a distance Lq (see Figure 1) and L is the distance between
the camera focus plane and the camera lens. Under this
imaging condition, neither transversal nor axial movement
affects the distribution of the speckle pattern [9]. The tilt of
the detected object manifests as displacements of the speckle
pattern imaged in the camera, as presented by the following
equation:

_LiF

2

d tan (D
where d denotes a relative shift of the speckle pattern due
to object tilt, o denotes the tilt angle of the object and F
denotes the focal length of the imaging lens. The shift of
the speckle pattern is proportional to the amount of camera
defocus (i.e. %) [28].

Video recordings of the laser speckle pattern were pro-
cessed by a motion extraction algorithm to obtain heartbeat
signals. In this work, we used the sub-pixel image regis-
tration algorithm proposed by Guizar-Sicairos et al. [29],
where sub-pixel translations of the speckles along both x- and
y-axes were obtained by first locating the cross-correlation
peak using a coarse-to-fine up-sampling approach and then
dividing the coordinates of the peak by the up-sampling
factor. The values of Li, Ls and I’ in our experimental
setup were about 0.6m, 0.4m, and 0.05m respectively,
under which condition, we selected the up-sampling factor
as 100, which indicates a sub-pixel accuracy of 0.01 pixels
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Schematic of defocused camera system for speckle vibrometry.

Fig. 1.

that guarantees the detection of the minimum angular change
represented as 0.00013 pixels/mm. The up-sampling factor of
100 was empirically selected to be sufficient to detect the
motions induced by heartbeats.

B. Experimental Setup and Protocols

The experimental setup of SV for contactless heartbeat
monitoring is shown in Figure 2. A monochrome camera
with a 2.35 megapixel CMOS sensor (UI-3060CP-M-GL,
IDS Imaging Development Systems GmbH) was used. An
Aixiz Class-I green laser (AD-532-1-830) was mounted to a
C-mount camera lens (M111FM50, Tamron) in parallel. The
focus distance Lo of the camera lens was set to the minimal
value of 0.4m (see Figure 2). The laser and camera view
were along the z-axis. The distance between the camera and
the bed surface was 125 cm, rendering the measuring distance
approxmately 100 cm. For SCG/GCG signal acquisition, an
inertial measurement unit (BWT901CL, WitMotion) was
firmly attached to the subjects’ sternum using double-sided
skin tape (Nitto, ST-502-1). For the single-lead ECG signal
acquisition, a Mind Media Nexus-10 was used with the
BioTrace+ NX10 software package. This configuration was
used in all experiments. Data from different devices was
synchronized by introducing motion artifacts at the beginning
of the measurements, yielding an estimated misalignment
range from Oms to 150 ms.

Fig. 2. Experimental setup for SV heart rate measurement. The blue
rectangle indicates the positioning of the camera and the laser (in the green
rectangle) is attached to the camera lens in an aligned fashion. The red
arrows = and y indicate the z- and y-axes in the camera field of view,
which also correspond to the two directions of the SV measurement.

The Ethical Review Board (ERB) of the Eindhoven Uni-
versity of Technology approved the data collection and
processing protocol (ERB2020EE3) for this study. After
obtaining their informed consent forms, a total of 9 healthy
human subjects participated in the study (five males). Data
collection was conducted on each subject while the subject
was breathing spontaneously in a supine position. An in-
dication of the selected anatomical locations is shown in
Figure 3. The used textile materials are shown in Figure 4.
The specifications of the devices used for the experiments
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Fig. 4. Textile materials used for the study.

are presented in Table I. The detailed recording procedure for
each subject is indicated in Table II. It is worth mentioning
that the textiles were folded tightly and symmetrically once,
once and three times to respectively obtain 2 layers of
comforters, 2 layers of blankets and 3 layers of bedsheets.
8 and 16 layers of blankets were thus obtained by stacking
4 and 8 pieces of folded blankets respectively. 12 and 24
layers of bedsheets were thus obtained by stacking 4 and 8
pieces of folded bedsheets respectively. While each subject
remained static in bed, the textiles were directly placed on
them covering their whole upper torso without additional
adjustment. For each separate recording, the textiles were
removed and placed back on the subject.

C. Evaluation Metrics

Firstly, we proposed a method to derive a single measure-
ment for SV. Secondly, using ECG as a reference, combined
with two peak detection algorithms that are presented below,
average heart rates (HR,) were derived from the beat-to-beat
intervals of the ECG and SV signals for comparison and
quality assessment.

1) Derivation of SV measurement D,: A SV signal has
two directions, i.e., along its x- and y-axes. These are denoted
as D, and D, (see Figure 2) in this work. By mapping
the Cartesian coordinates to polar coordinates, we located
the dominant heartbeat-induced vibration direction, denoted
by 6, and thereby we derived a single measurement for SV
denoted by D,., which is independent of the camera-surface
orientation. The conversion equation is presented below:

D, = D, - cosf + D, - sinf )

For each one-minute recording of SV measurements, to
locate one polar angle value that represents the dominant
vibration direction of the heartbeat induced peaks, the am-
plitudes calculated by
Cartesian quadrants respectively. The Cartesian quadrant
with the highest 90th percentile values of the amplitudes
were selected and the dominant vibration angle was the
median of all existing € values within this plane, denoted
by 6. The derivation of 6 is presented below:

D2 + D2 were derived in four

C = argmaxc, {Poo(y/ D2 + D2)((zy)ec;) ), Cj = j-th Cartesian quadrant

Dy, [(#i,y:)€C]

Do y)eC] i=123,...,N

0; = arctan

b= M({0:})

3)

where M denotes the median and N denotes the number

of x- and y-coordinate pairs of the whole recording in the
selected Cartesian quadrant C.

The same procedure was applied to x- and y-axes of
GCG to obtain G, for a fair waveform comparison with D,..
However, x- and y-axes of SCG appeared to be too noisy so
only the z-axis A, was used for waveform comparison.

2) Peak detection: To detect the peaks in the SCG,
GCG and SV signals, we propose the following algorithm
consisting of three steps. Steps 1 and 2 were adopted from
Tadi et al. [30]:

« Step 1: the signal was first passed through a fourth-order
Butterworth IIR high-pass filter with a cutoff frequency
equal to 0.5 Hz, with the purpose of removing baseline
wander and respiratory components. The Hilbert
transform was applied to the high-pass filtered signal to
obtain its analytic signal. Since Hilbert transform yields
a 90° phase shift, the magnitude of the analytic signal
was computed to derive the Hilbert amplitude envelope.

o Step 2: the computed Hilbert amplitude envelope was
then passed through a third-order Butterworth IIR
band-pass filter with cutoff frequencies of 0.5Hz and
3Hz to obtain a simpler structured waveform that
contains the same periodicity as the original signal,
named as the filtered Hilbert envelope signal. Although
the participants were all healthy with a normal resting
heart rate range (60-100 beats per minute), the lower
bound 0.5Hz (i.e., 30 beats per minute) and the
upper bound 3Hz (i.e., 180 beats per minute) were
chosen since in the general ward patients might exhibit
abnormal heart rates.

« Step 3: we employed the find_peaks' function from the
Scipy library of Python to perform peak detection on
the filtered Hilbert envelope signal with the required
minimal peak height set as 0. The envelope peaks,
i.e., the detected peak locations of the filtered Hilbert
envelope signal, were then mapped back to the original

"https://docs.scipy.org/doc/scipy/reference/
generated/scipy.signal.find_peaks.html
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TABLE I
DEVICE SPECIFICATIONS

Camera & Lens Laser Accelerometer ECG Positioning of
camera & laser
Frame rate (fps) 360 Wavelength (nm) 532 | Fs (Hz) 200 Fs (Hz) 256 | Elevation (degrees) 90
Exposure (ms) 2.002 Power (mW) <1 Acc (g) +2 Nr. of leads 1 Distance (cm) 100
Resolution (pixels) 280x330 Gyr (degree/s) +250
Aperture (f-stop) F/1.8
Focus dist. Lo (m) 0.4
TABLE II
RECORDING PROCEDURE ON EACH SUBJECT
Anatomical location | Textile material | Layer thickness | Number of layers | Duration of Repetitions per | Number of
one recording | subject subjects

Sternum N/A 0 mm 0 1 minute 3 9

Tricuspid N/A 0 mm 0 1 minute 3 9

Aortic N/A 0 mm 0 1 minute 3 9

Central abdomen N/A 0 mm 0 1 minute 3 9

Tricuspid N/A 0 mm 0 1 minute 3 9

Tricuspid area Furry blanket 8 mm 2 1 minute 3 9

Tricuspid area Furry blanket 32 mm 8 1 minute 3 9

Tricuspid area Furry blanket 64 mm 16 1 minute 3 9

Tricuspid area Cotton sheet 8 mm 3 1 minute 3 9

Tricuspid area Cotton sheet 32 mm 12 1 minute 3 9

Tricuspid area Cotton sheet 64 mm 24 1 minute 3 9

Tricuspid area Cotton comforter | 32 mm 1 1 minute 3 9

Tricuspid area Cotton comforter | 64 mm 2 1 minute 3 9

signal to locate the original peak locations through
window-searching of local maximal amplitudes. The
range of the i-th window was defined as [0.5* (peak; —
peak;_1), peak;+A], where A was empirically selected
to be 150ms to avoid locating the peak of the next
cardiac cycle.

As for the R-peak detection of ECG signals, the imple-
mentation of the widely adopted algorithm proposed by W.
Engelse and C. Zeelenberg [31] with the modifications pro-
posed by A. Lourenco et al. [32] was used, which proved to
be capable of correctly detecting noisy single heartbeats [32].

3) Average absolute heart rate errors: Using ECG as
reference, the average absolute heart rate error (AHRE,) of
each subject’s three repeated measurements can be calculated
from the following equation:

i1 [HR.(ECGy) — HR,(SV)|
3

4) Average peak amplitude of D,: By employing the
peak detection algorithm mentioned above, both the maximal
positive and negative amplitudes of SV measurements were
determined within each search window formulated in Step 3.
The average peak amplitude was thus derived from the
average of three repeated measurements from each subject.

AHRE, = 2

III. RESULTS AND DISCUSSIONS
A. Waveform of SV Measurement
Since both GCG and SCG signals were obtained from the
sternum, we chose SV measurements D,. collected from the
sternum for comparison, along with ECG. Figure 5 displays
the ensemble peaks from these four measurements collected

from two subjects which show clear raw waveforms. ECG
demonstrates the most stable peak morphology among all.
In the upper plot (i.e., subject 5), the peak morphology
of SV measurement D, is most similar to that of GCG
measurement (7., both exhibiting low variability. In the lower
plot (i.e., subject 2), the peak morphology of D, is also most
similar to that of G, both exhibiting larger variability.

For through-textile measurement, Figure 6 shows 10-
second segments from subject 2 with respect to different
textile materials and layer thicknesses. Subject 2 was se-
lected because the collected measurements in all textile
coverage scenarios exhibited clear raw waveforms. It can
be observed that textile layers dampened the amplitudes of
SV measurements. Figure 7 further shows that for most
subjects, regardless of the textile materials, textile layers have
dampening effect on the amplitudes of SV measurements in
general. Exceptions are with 8 mm of bedsheet (subjects 4,
7, and 8). We speculate that 8 mm of bedsheet can enhance
high-frequency heartbeat motions and dampen low-frequency
respiratory ones in certain cases, which are probably de-
pendent on body mass index (BMI), respiration-to-heartbeat
magnitude ratio etc. and require further investigation.

B. Feasibility of SV Heart Rate Measurement

Figure 8 illustrates the distributions of AHRE, between
ECG and on-skin SV signals calculated from all 9 subjects. It
can be observed that for all anatomical locations, the median
AHRE, are less than 1 BPM with the largest deviation less
than 3 BPM, indicating the feasibility of using SV to monitor
heart rate on uncovered skin. SV signal on both tricuspid and
aortic yielded the lowest AHRE, while central abdomen the
highest, but these differences were not significant. Figure 9
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Fig. 5. Ensemble peaks of ECG, on-sternum SV, GCG and SCG from subjects 5 and 2. The corresponding measurements were synchronised based on
motion artifacts with peak misalignment less than 150 ms. Each graph is composed by 50 segments sampled from one continuous measurement.

10-Second Segments of Raw Through-Textile Dr of One Subject

Fig. 6.

10-second segments of raw D, of subject 2. The proposed peak detection algorithm was applied to all these segments. The y-axis of each

individual plot denotes pixels and the x-axis denotes time in seconds.
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Fig. 7. Average amplitudes of the positive and negative peaks in the raw

waveform of D, from all 9 subjects.

demonstrates that for the four anatomical locations, despite
the difference in body shape between the two genders around
the chest area, no significant differences were found in the
distributions of AHRE,. If we combine the four anatomi-
cal locations, as shown in Figure 10, still no statistically
signifcant difference was found between two genders (p-
value=0.126). At each anatomical location, there is one male
subject that exhibits higher AHRE, values. We speculate that
it was because of the subject’s BMI (>25), which might have
negative impact on heart rate estimation based on SV.

Distribution of the Average Absolute Heart Rate (BPM) Error
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Fig. 8.  Average absolute heart rate error (BPM) of on-skin heartbeat

measurement. The number of data points for each anatomical location is
9 (i.e., N = 9), composed by the average results of 3 repetitions from all
9 subjects. No statistical significance was found among these distributions
according to Kruskal-Wallis H test [33].
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Fig. 9.  Average absolute heart rate error (BPM) of on-skin heartbeat

measurement: comparison between males and females. The numbers of data
points for each anatomical location are 4 and 5 for females and males
respectively. No statistical significance was found according to Kruskal-
Wallis H test.
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Fig. 10.  Average absolute heart rate error (BPM) of on-skin heartbeat

measurement: comparison between males and females. The numbers of data
points for each anatomical location are 16 and 20 for females and males
respectively. No statistical significance was found according to Kruskal-
Wallis H test (p-value=0.126).

Figure 11 illustrates that compared with on-skin SV, all
three textile materials did not introduce significant differ-
ences with 8mm or 32mm of layer thickness. However,
when the layer thickness was 64 mm, bedsheet layers yieled
slight increase in both median AHRE, and interquartile
range (IQR) values (p-value=0.031). Both comforter and
blanket layers yielded significant increases (p-value=0.031,
p-value=0.012). Therefore, it can be concluded that SV
can provide accurate heart rate measurements even through
64 mm of bedsheets with median AHRE, less than 2 BPM,
which should suffice for through-textile measurement in the
general ward. However, if the textile material was a blanket
or a comforter, SV was less accurate when the layers have a
thickness of 64 mm and exhibited larger values of both me-
dian AHRE, (i.e., more than 2 BPM) and IQR, where blanket
layers yielded the worst performance. The blanket material
used in the experiments was the softest, which potentially
made it more predisposed to relative displacements between
the skin surface and the textiles and that could hinder the
propagation of vibration from the heart to the textile layer
surface.

Distribution of the Average Absolute Heart Rate (BPM) Error
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Fig. 11.  Average absolute heart rate errors (BPM) of through-textile

heartbeat measurement. The number of data points for each textile cov-
erage scenario is 9 (i.e., N = 9), composed by the average results of 3
repetitions from all 9 subjects. According to Kruskal-Wallis H test, statistical
significance was found between 0 mm and 64 mm (blanket: p-value=0.012;
bedsheet: p-value=0.031; comforter: p-value=0.031).

IV. CONCLUSION

With proper on-skin selection of anatomical locations, SV
is able to provide accurate heartbeat measurements through
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textiles within 3 BPM error on average, serving as a contact-
less alternative to ECG in the general ward. Our current study
is limited to the supine resting position and the anatomical
location is limited to tricuspid area in case of through-textile
measurement. Therefore, future work needs to investigate if
SV still works when the resting position is lateral and if
other anatomical locations that are relatively distant from the
heart (e.g., central abdomen) can also provide through-textile
heartbeat measurement. Subjects were asked to remain still
during recording, where motion distortions that can happen
in the general ward were not taken into consideration. The
magnitude and frequency of respiratory motions both have
impact on the quality of the extracted heartbeat-induced
motions from SV videos, which is not addressed in this
work due to lack of breathing belts that can quantify such
effects. Future work needs to look into the detection and
cancellation of motion distortions that can be present in the
general ward. The effects of respiratory motions and BMI on
SV measurements should also be addressed and quantified.
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