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Abstract
Here we report the fabrication of a noncontact pulse oximeter system based on a dual-wavelength imaging system and its 
oxygen saturation monitoring performance during wound healing. The dual-wavelength imaging system consists of 660 nm 
and 940 nm light-emitting diodes and a multi-spectral camera that simultaneously accepts visible and near-infrared images. 
Using the proposed system, images were acquired at 30 fps at both wavelengths, and photoplethysmography signals were 
extracted by specifying a specific region in the images. We removed the signals caused by small movements and smoothed 
them using the discrete wavelet transform and moving average filter. To confirm the feasibility of the proposed noncontact 
oxygen saturation system, a wound model was created using a hairless mouse and oxygen saturation was measured during 
wound healing. The measured values were compared and analyzed using a reflective animal pulse oximeter. Through a 
comparative analysis of these two devices, the error of the proposed system was evaluated and the possibility of its clinical 
application and wound healing monitoring through oxygen saturation measurement confirmed.
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1  Introduction

Oxygen saturation, which represents the ratio of oxygen-
saturated hemoglobin to total hemoglobin in the blood, is 
typically 95–100% in normal human arterial blood. The 
human body requires and regulates a precise oxygen bal-
ance in the blood. Monitoring is essential as its imbalance 
can cause many acute side effects in organs such as the brain, 
heart, and kidneys [1].

Because of the importance of monitoring oxygen satura-
tion, as described above, many research groups have moni-
tored oxygen saturation using invasive and non-invasive 
methods. A representative test of an invasive method is 
the arterial blood gas (ABG) test. This is a highly accu-
rate method for testing oxygen saturation using phlebotomy 
for blood gas analysis in the intensive care unit. How-
ever, it causes a large amount of blood loss due to phle-
botomy, which can cause anemia [2]. It is also difficult to 

continuously monitor oxygen saturation because of the 
high cost and risk of sample contamination. To solve this 
problem, the pulse oximetry method, is a non-invasive 
method used by many research groups. Pulse oximetry is 
a method of measuring oxygen saturation based on the dif-
ference in absorbance between two wavelengths using light 
at 660 nm, the absorption wavelength of deoxyhemoglobin, 
and 940 nm, the absorption wavelength of oxyhemoglobin 
[3]. The pulse oximetry method reportedly shows a high cor-
relation with the ABG test method in the range of 70–100% 
oxygen saturation [4]. Therefore, the pulse oximetry method, 
which is highly accurate and easy to perform, is preferred. 
Recently, with the commercialization of a pulse oximeter 
consisting of red and infrared light-emitting diodes (LEDs) 
and a photodetector to lower the manufacturing cost, the 
oximeter has become a successfully commercialized model 
of a representative optical medical device. However, the 
recent coronavirus disease 2020 (COVID-19) pandemic 
has resulted in many changes to medical devices. Oxygen 
saturation may drop sharply when COVID-19 is also pre-
sent; therefore, measuring oxygen saturation has become 
important [5, 6]. However, because most pulse oximeters are 
the contact type and multiple people use the same machine, 
there is a risk of cross-contamination. In addition, patients 
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in the intensive care unit, those with trembling hands and 
feet, and those with difficult-to-contact skin such as in cases 
of burns are at risk of infection, making it difficult to moni-
tor using a contact oxygen saturation measuring device [7]. 
Therefore, a non-invasive and noncontact method for meas-
uring oxygen saturation has been proposed as a new solu-
tion, and several groups have been examining bio-signal 
analyses using image-based photoplethysmography (PPG).

PPG detection using an image is similar to a reflective 
pulse oximeter and has the advantage of noncontact meas-
urement of bio-signals such as heart rate, heart rate vari-
ability, oxygen saturation, and blood pressure [8, 9]. As a 
representative method for measuring oxygen saturation 
using a camera, a method for tracking changes in oxygen 
saturation using blue and red wavelengths with two cam-
era channels or polarization properties has been proposed 
[10–12]. However, this method uses wavelengths in the vis-
ible light region that limit the penetration depth or affect the 
measurement of oxygen saturation by melanin concentration 
in the skin [13]. In particular, blue and green wavelengths 
are scattered in the upper dermal layers; thus, its penetra-
tion depth is limited. To solve this problem, several research 
groups have conducted studies using red and near-infrared 
wavelengths. As the red wavelength reaches the subdermal 
tissue, the camera can detect photons that return after suf-
ficient interaction with arterial, venous, and capillary blood 
[14]. In addition, the near-infrared spectrum does not affect 
the PPG signal because skin reflectance, according to the 
melanin content of skin, is relatively constant [15]. Accord-
ingly, research groups have employed two methods using 
red and near-infrared wavelengths. One group triggered two 
light sources and used one camera to measure oxygen satu-
ration, while the other used two identical camera modules 
and different filters to measure oxygen saturation. In the 
first method, an error may be caused by triggering the light 
source; the frame rate is reduced by half, and low quantum 
efficiency in near-infrared light can be a problem because 
the camera operates in the visible light range. The second 
method may also cause measurement errors because of the 
quantum efficiency problem caused by using a camera in the 
visible light region as well as the angle difference between 
the two cameras [7, 16, 17]. Therefore, new methods are 
needed to reduce these errors.

Here we report a system that can measure oxygen satu-
ration by simultaneously acquiring red and near-infrared  
wavelength images at the same location and on the same 
path in a noncontact manner. The proposed method simul-
taneously acquires two wavelength images in the same 
path using a multi-spectral camera that includes two cam-
era sensors with high quantum efficiencies in the visible 
and near-infrared regions. After removal of the noise via 
extraction of the sinusoidal PPG signal from the images 
obtained from the two cameras, the oxygen saturation was 

calculated using the pulsatile and non-pulsatile component 
signals. To confirm the performance of the proposed sys-
tem, a wound model was created using a hairless mouse 
and the results of the proposed imaging technique com-
pared with those of an existing reflective pulse oximeter 
for animals. The potential of the proposed technology as 
a noncontact bio-signal measuring device was confirmed 
via these experimental results.

2 � Experimental setup

2.1 � Dual‑wavelength simultaneous acquisition 
imaging system for oxygen saturation 
measurement

Figure 1 shows a schematic of the dual-wavelength simul-
taneous acquisition imaging system used in this study. 
Two wavelengths were used to obtain oxygen saturation 
based on the acquired image: 660 and 940 nm, respec-
tively, which are commonly used for oxygen saturation 
measurements. First, LEDs were used as light sources. The 
light source used in this experiment was manufactured by 
connecting eighty-one 660 nm LEDs (5050FRC-66L/14; 
Best LED Opto-electronic, Guangdong, China) and eighty-
one 940 nm LEDs (050IRC-94L; Best LED Opto-elec-
tronic, Guangdong, China); the light source driver was 
manufactured so the appropriate optical power could be 
controlled. To acquire images at the two wavelengths, a 
multi-spectral camera (FS-1600D-10GE; JAI, Miyazaki, 
Japan) composed of an optical system (Fig. 1a) was used. 
This camera consists of a dichroic mirror that can sepa-
rate visible and near-infrared light and two camera sensors 
that acquire visible and near-infrared light images. A lens 
(67714; Edmund Optics, New Jersey, U.S.) was used to 
focus the sample in front of the camera; the focal length of 
the sample was approximately 16 cm. As shown in Fig. 1b, 
the light source was arranged at a 45-degree angle and a 
camera with a lens was placed in the middle to acquire 
visible and near-infrared light images of the sample. The 
light sources of the two wavelengths were separated into 
visible light and near-infrared light through a dichroic 
mirror, and the images were acquired using two camera 
sensors. The acquired two-wavelength image was stored 
on a computer using a frame grabber. Figure 1c shows 
a self-produced graphical user interface, which displays 
images collected at 660 nm and 940 nm. The left and right 
images in Fig. 1c are acquired from visible light and near-
infrared, respectively. The image acquisition speed was 30 
fps, which was sufficient to detect a maximum heart rate 
of 7.5 Hz in anesthetized mice and a maximum heart rate 
of 3.3 Hz in humans.
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2.2 � Designing an animal experimental model

In general, because acute hypoxia is an essential process 
for wound healing, oxygen saturation at the wound site 
decreases in the early stages of wound healing and increases 
as the wound heals. Therefore, to confirm the performance 
of the proposed system, a mouse model was selected because 
its wound healing properties are similar to those of humans 
[18, 19]. Seven-week-old hairless mice (SKH1-hr; Orient-
bio, Seongnam, Korea) weighing 24–31 g were used in our 
experiment. The animal experiments were conducted in 
compliance with the standard operating guidelines of the 
Institutional Animal Care and Use Committee (IACUC) of 
the Ministry of Food and Drug Safety and approved by the 
Experimental Animal Steering Committee of Dankook Uni-
versity. Anesthesia was induced using a mixture of Zoletil 
50 (30 mg/kg; tiletamine + zolazepam) and Rompun (10 mg/
kg; xylazine). Using an 8 mm disposable biopsy punch (BP-
80F; KAI Medical, Gifu, Japan) on the back of the mouse, 
symmetrical wounds were made on both sides with respect 
to the spine. Five replicates were analyzed in the same man-
ner. The injured mice were transferred to individual cages to 
prevent infection at the wound site, and no additional treat-
ment was administered for healing. To obtain data from the 

proposed noncontact system, the mice were anesthetized and 
images acquired at regular intervals for 13 days. In addition, 
an animal pulse oximeter (2500A VET; NONIN, Plymouth, 
UK) equipped with a transflectance sensor (2000T; NONIN, 
Plymouth, UK) was used to estimate the reference value 
of oxygen saturation at the wound site and compare and 
evaluate the oxygen saturation of the fabricated system. The 
source and sensor were 6 mm apart on the same side of the 
animal pulse oximeter. The oxygen saturation was measured 
by touching the wound model with the sensor. It can detect 
diffuse light brought on by hemodynamic changes.

3 � Method

Figure 2 shows a block diagram of the measurement process 
of the oxygen saturation using images of two wavelengths 
acquired from a dual-wavelength simultaneous acquisition 
imaging system.

Using the prepared mouse model and dual-wavelength 
simultaneous acquisition imaging system, images were 
acquired at 660 nm and 940 nm at a rate of 30 fps for approx-
imately 30 s. The resolution of each image was 1440 × 1080 
pixels. To extract the PPG signal from the images obtained 

Fig. 1   a Schematic diagram of the dual-wavelength simultaneous 
acquisition imaging system setup for oxygen saturation measurement. 
b The light source was arranged at a 45-degree angle and a camera 

including a lens was placed in the middle in the actual experimental 
setup. c Graphic user interface for image output
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over time, a region of interest (ROI) was set to enter the 
wound area. The intensity was then set by averaging all pixel 
values constituting the ROI. As the amount of light absorbed 
by the blood depends on blood flow, the intensity changes 
over time. The raw PPG signal in sinusoidal form (Fig. 3) 
was extracted by plotting the change in the average intensity 
of the ROI in the acquired image over time.

Although the mice were anesthetized, small movements 
and muscle tremors can cause baseline drift in the low-
frequency region (< 1 Hz) of the raw PPG signal. There-
fore, to remove this part of the raw PPG signal, a removal 
method through wavelet analysis was used. Wavelet analy-
sis is a signal-processing technique that is widely used to 

remove noise from signals because all signal information 
can be used in the time–frequency space. Among these 
methods, the discrete wavelet transform (DWT) is applied 
to remove the baseline drift that appears in the original sig-
nal and functions as a high- and low-pass filter. Therefore, 
using this method, PPG signals can be obtained without 
noise owing to movement and muscle tremors (Fig. 4b). 
To smooth the signal obtained through the DWT analysis, 
we used a moving average filter. This signal uses the num-
ber of previous data points and averages them over time 
to calculate the average value. Therefore, as the number 
of points in the previous data increased, the smoothness 
increased, reducing the abrupt data modulation. Therefore, 

Fig. 2   Block diagram of the measurement process of oxygen saturation using images of two wavelengths acquired from the dual-wavelength 
simultaneous acquisition imaging system

Fig. 3   Extraction of raw photoplethysmography (PPG) signals corresponding to the 660 nm and 940 nm wavelengths for about 30 s from the 
region of interest of the mouse model
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in this study, a moving average filter averaging five previ-
ous data points, including the current data, was used to 
reduce abrupt changes in the PPG signal (Fig. 4c). The 
DWT analysis and smoothing of the resulting signals were 
performed using MATLAB [20–25].

The oxygen saturation value was calculated using a signal 
smoothed through a moving average filter. Existing pulse 
oximeters measure arterial oxygen saturation (SpO2) based 
on the differential absorption of light by oxyhemoglobin and 
deoxyhemoglobin, and the wavelengths of this differential 
absorption use 660 nm (λ1), which corresponds to red light, 
and 940 nm (λ2), which is near-infrared light. According to 
the pulse oximetry, the pulsatile (AC) component of light 
absorption is derived from pulsatile arterial blood, whereas 
the non-pulsatile (DC) component is derived from quiescent 
arteries, veins, and other tissues. The pulsatile signal for 
each wavelength can be normalized to the non-pulsatile sig-
nal, yielding the pulsatile absorbance [26]. Equations (1) and 
(2) define the pulsatile absorbance at these two wavelengths.

For images obtained for 30 s at a camera speed of 30 
fps, IAC is the standard deviation value for the intensity 
and IDC is the average intensity value [27]. The ratio of 
absorbance at two wavelengths can be defined as the ratio 
R
�1
∕R

�2
 as follows.

(1)R
�1 =

(IAC)�1

(IDC)�1

(2)R
�2 =

(IAC)�2

(IDC)�2

The arterial oxygen saturation was assumed to follow the 
second-order equation. The equation is based on the normal-
ized ratio of ratios value ( R

�1
∕R

�2
 ) as in Eq. (4):

where a , b , and c are best filter coefficients obtained by 
fitting a second-order polynomial to a graph of measured 
R
�1
∕R

�2
 by the proposed system and the measured SpO2 by 

the commercial animal pulse oximeter.

4 � Results

We used a mouse model to verify the proposed system and 
compared it with a commercial animal pulse oximeter. In 
this experiment, two wounds were created on the backs of 
the mice using a biopsy punch, and oxygen saturation was 
measured to detect changes in the wound during the healing 
process for 13 days. Five hairless mice were used to confirm 
reproducibility of the experiment. Figure 5 shows images of 
hairless mice used in the experiment for 13 days from wound 
induction to recovery. When the wound was induced using a 
biopsy punch, an incision was made in the thin muscle layer 
under the skin and slight bleeding occurred. After first day, 
the wound surface had dried and a crust of dried blood was 
observed around the wound. From the third day after the 

(3)
R
�1

R
�2

=
(IAC∕IDC)�1

(IAC∕IDC)�2

(4)SpO2 = a

(

R
�1

R
�2

)2

+ b

(

R
�1

R
�2

)

+ c

Fig. 4   Preprocessing of the raw PPG signal to remove noise. a Raw PPG signal with noise caused by small movements and muscle tremors. b 
Signal after removing baseline drift using discrete wavelet transform (DWT). c Signal after moving average filter to smooth the signal
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wound, yellow scabs began to form on the wound; on the 
fifth day, the entire wound surface was covered with scabs. 
From the seventh day, the area of the wound area decreased, 
and the scab began to fall off. In this experiment, the wounds 
recovered naturally without drug treatment. Changes in oxy-
gen saturation were measured during the entire wound heal-
ing process in the mouse model. For the reference values, 
a commercially available reflective oxygen saturation pulse 
oximeter was placed on the mouse wound and measured. In 
this process, the measurement was performed after anesthe-
sia because contact with the wound site was required. Fig-
ure 6 shows the oxygen saturation changes measured using 
the animal pulse oximeter from the occurrence of the wound 

to the complete recovery of the wound. In the early stages 
of wound healing, oxygen saturation drops to a maximum 
of 85% and the wound remains hypoxic. As wound healing 
progressed, oxygen saturation increased and was maintained 
within the normal range of 95–100% at the end of the wound 
healing process.

Images for calculating the oxygen saturation were simul-
taneously acquired using the proposed system. A total of 900 
images were simultaneously acquired over 30 s at a camera 
speed of 30 fps for each wavelength. For each image, an ROI 
was set at the wound area to measure the average intensity, 
and a graph of the intensity change over time was created 
for each image at each time point (Fig. 4a). For the intensity 
signal over time, the DWT method was used to remove base-
line changes caused by small movements or muscle tremors, 
and rapid changes were smoothed using a moving average 
filter. The intensity average and standard deviation at each 
wavelength were obtained through the hourly intensity data 
obtained through this process; finally, the R

�1
∕R

�2
 value was 

measured.
Figure 7 shows the second-order polynomial fitting curve 

of oxygen saturation for wound healing in the mouse model. 
After wounds occur, the oxygen saturation is restored as the 
wound heals from a low oxygen saturation state. The y-axis 
represents the values measured by the commercial animal 
pulse oximeter, and the x-axis represents the R

�1
∕R

�2
 value 

measured by the dual-wavelength simultaneous acquisition 
imaging system presented in this study. A second-order 
polynomial curve fitting is then performed to confirm the 
correlation between the R

�1
∕R

�2
 values obtained using the 

proposed system and the animal pulse oximeter. The red 
solid line in Fig. 7 shows the SpO2 calibration curves fitted 
for the two different measurement methods. The best filter 

Fig. 5   Wound healing process 
in mouse model from wound 
induction to recovery over 
13 days

Fig. 6   Changes in oxygen saturation (SpO2) measured with the ani-
mal pulse oximeter from wound induction to complete healing over 
13 days
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coefficients, a , b , and c, are identified for the second-order 
polynomial. Substituting the values of a , b , and c obtained 
through this process into Eq. (4) yields the following SpO2 
calculation model:

The accuracy of the oxygen saturation values calculated 
using the proposed dual-wavelength simultaneous acquisi-
tion oxygen saturation measurement system is then evalu-
ated based on the root mean square error (RMSE) between 
the oxygen saturation values measured using a commercial 
animal pulse oximeter:

where n represents the number of measurements from injury 
to recovery, SpOSYS

2
 is the oxygen saturation value calculated 

using the proposed system, and SpOREF
2

 is the value meas-
ured using a commercial animal pulse oximeter. The RMSE 
of total oxygen saturation measured using the proposed sys-
tem was 1.49. Table 1 shows the RMSE values of SpOSYS

2
 

(5)SpO2 = 6.174 ×

(

R
�1

R
�2

)2

− 27.12 ×

(

R
�1

R
�2

)

+ 112.2

(6)RMSE =

�

∑n

i=0

�

SpOSYS
2

(i) − SpOREF
2

(i)
�2

n

according to recovery after injury; relatively similar RMSE 
values were obtained from the initial wound stage to recov-
ery. Figure 8 shows a Bland–Altman plot, a tool for visu-
alizing the differences between two different measurement 
methods [28]. This agreement can be analyzed by quantify-
ing the differences between the measurements. The x-axis 
of the plot shows the average of the measurements and the 
y-axis shows the difference between the measurements of 
the two measurement methods. The horizontal center line of 
the plot represents the average difference in measurements 
between the two methods; the value was − 0.00467. The 
upper and lower lines of the plot represent the 95% confi-
dence intervals. The 95% confidence interval is calculated by 
average ± 1.96 × SD, where average and SD are the average 
and the standard deviation of the differences of the measure-
ments. The lower and upper limits of the 95% confidence 
interval were − 2.9407 and 2.9313, respectively. Most meas-
urements were within the 95% confidence interval, indicat-
ing that the measured values of our proposed system were 
similar to those of the commercial animal pulse oximeter.

5 � Discussion and conclusion

Here we presented a dual-wavelength simultaneous acquisi-
tion imaging system for oxygen saturation measurements 
using a multi-spectral camera and used it to measure changes 
in oxygen saturation during wound healing. In this system, 
the lighting was built using 660 nm and 940 nm LEDs, 
and drivers with adjustable light outputs were included. In 

Fig. 7   Second-order polynomial fitting curve of the oxygen satu-
ration (SpO2) values measured by the animal pulse oximeter and 
R(�1)∕R(�2) values measured by the dual-wavelength simultaneous 
acquisition imaging system

Table 1   Root mean square error 
(RMSE) of oxygen saturation 
values obtained from the 
proposed system at the early 
(Days 0–2), middle (Days 3–5), 
and late (Days 6–13) wound 
healing stages

Days (SpO2 (%)) RMSE

0–2 (85 ≤ SpO2 ≤ 91) 1.59
3–5 (91 < SpO2 ≤ 95) 1.35
6–13 (95 < SpO2) 1.48
Total 1.49

Fig. 8   Bland–Altman plot of reference SpO2 values acquired by the 
animal pulse oximeter and estimated SpO2 values acquired by the 
dual-wavelength simultaneous acquisition imaging system. The hori-
zontal center line of the plot represents the average measurement 
difference between the two methods, while the upper and lower plot 
lines represent the 95% confidence interval
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addition, images were acquired simultaneously using multi-
spectral camera at an image-acquisition speed of 30 fps. We 
acquired raw PPG signals by acquiring images at two wave-
lengths over 30 s and used DWT analysis to remove small 
movements and muscle tremors from the raw PPG signals. 
The signal was then smoothed using a moving average filter.

To verify the proposed dual-wavelength simultaneous 
acquisition imaging system, a wound model was created 
using hairless mice to measure changes in oxygen satura-
tion during wound healing. Two wounds were created on 
the back of each mouse using a biopsy punch, and the meas-
urement data of the proposed system were compared with 
those of a commercially available animal oxygen satura-
tion measurement device for a 13-day recovery period. We 
created wound models for five hairless mice and measured 
and compared them using a commercial reflective-type 
pulse oximeter. The system proposed here consisted of five 
repeated experiments for each measurement. The RMSE 
value was calculated using these two datasets; that for the 
proposed system was approximately 1.49. This value satis-
fied the clinical criteria for pulse oximetry, and most of the 
measured values were within the 95% confidence interval of 
the Bland–Altman plot. Therefore, the measured oxygen sat-
uration values obtained using the proposed dual-wavelength 
simultaneous image acquisition system closely matched the 
measured values of the animal pulse oximeter.

In addition, using the proposed system, this study con-
firmed through measurement data that oxygen saturation 
was significantly lowered immediately after wounding and 
gradually recovered the oxygen saturation during the wound 
healing period. This indicated that the wound healing pro-
cess from hypoxia to normoxia after wounding could be 
predicted by measuring oxygen saturation. The measure-
ment error in the low oxygen saturation state immediately 
after wounding was larger than that in the stable state. This 
result is similar to the large error in the commercial pulse 
oximeter for animals at low oxygen saturation. The increase 
in error between wound healing Days 6 and 13 was consid-
ered caused by the scattering of light by the scabs formed 
during healing. In order to reduce this error due to surface 
scattering, a polarization gating technique can be included 
to improve our system's accuracy. It is expected to block the 
scattering of light by the scabs, including specular reflec-
tion. We used a reflective-type pulse oximeter to measure 
the animal wounds. Because the measurement error of the 
reflective oxygen saturation measurement device for animals 
was somewhat larger than that of the transmission type, it 
was difficult to accurately compare the errors of the pro-
posed system. If the stability of this system is secured and 
its accuracy verified through a comparative analysis with 
more accurate measuring devices in clinical trials, it sug-
gests that oxygen saturation monitoring is possible during 
wound healing. Further, the proposed system is expected to 

garner increasing attention as a noncontact bio-signal meas-
uring device in the infection era. It can also be applied to 
patients with wounds, burns, and pressure ulcers, enabling 
noncontact monitoring of severely ill patients.
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