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Abstract—Respiratory diseases are among the top causes of
mortality globally, and their effective control frequently relies
on accurate monitoring of oxygen levels. The home quarantines
during the COVID-19 pandemic have underscored the need for
miniaturized respiratory monitoring technologies, especially in
remote patient care settings. This paper presents a study on
quantifying motion artifacts in a novel, wearable, noninvasive
sensor. This sensor is designed to monitor transcutaneous oxygen,
a marker correlated with the partial pressure of oxygen in
arteries and indicative of pulmonary disease progression. It
utilizes a luminescent film whose emission properties inversely
correlate with oxygen levels. This study was conducted to assess
the impact of motion artifacts on the sensor’s accuracy, evaluating
its performance under various motion conditions through three
tests: dual motion, single motion, and extended motion, involving
a flexible prototype with an integrated sensor and accelerometer.
The test data, with no post-signal processing, demonstrated min-
imal impact on accuracy, with discrepancies not exceeding 0.8%.
These findings highlight the wearable oxygen sensor’s potential
for reliable, continuous monitoring in dynamic environments,
although future research could focus on solutions to further
eliminate the minimal influence of motion artifacts identified in
this study.

I. INTRODUCTION

According to the World Health Organization, some respira-
tory illnesses (chronic obstructive pulmonary disease (COPD),
lower respiratory infections, trachea, bronchus, lung cancers)
are among the top ten diseases that cause death worldwide [1].
The management of these illnesses heavily relies on oxygen
monitoring to track their progression. This necessity, high-
lighted during the COVID-19 pandemic, underscores the need
for effective respiratory monitoring solutions easily deployable
outside of the clinical setting [2]–[4]. As a result, remote
patient monitoring emerges as a significant concern [5].

Monitoring the partial pressure of oxygen in arteries (PaO2)
can help with the early detection of pulmonary diseases,
such as COPD, COVID-19, and lower respiratory diseases
[6]. A recent luminescence-based sensor [7] measures oxygen
diffusing through the skin, also known as transcutaneous
oxygen PtcO2, which is correlated with PaO2. This method
uses a light-emitting diode (LED) to excite a luminescent
sensing film, making luminophore molecules transfer from
their ground energy state to a higher energy state [8]. As the
luminophore molecules revert from the higher energy state,
they emit light characterized by intensity and lifetime (τ ).
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Both luminescence intensity and lifetime correlate inversely
with the partial pressure of oxygen (PO2). Compared to
intensity-based methods, the lifetime-based approach is more
robust against optical path changes (i.e. motion artifacts) and
excitation strength [9]. To calculate the lifetime, the light
detected by a photodiode is processed through an analog front
end (AFE) and converted to digital form with an analog-to-
digital converter (ADC) [10]. In this paper, we explore the
impact of motion artifacts on the measurements of the sensor
in [7]. It is important to quantify the impact of these artifacts
to better understand the reliability of this sensor in dynamic
environments outside of the clinical setting.

The remainder of this paper is organized as follows. In
Section II, we compare similar, light-based technologies to
gain context of the significance of motion artifacts and the
importance of their investigation and characterization. Section
III details the experiments conducted, including setups and
data collection methods. The results of these experiments are
presented and discussed in Section IV. Finally, we reflect on
the contributions our work makes to the field of transcutaneous
oxygen sensing and consider future directions for research in
Section V.

II. BACKGROUND

The concern for motion artifacts stems from other light-
based technologies, such as photoplethysmography (PPG),
a noninvasive optical method commonly used to measure
changes in blood volume to estimate oxygen saturation and
heart rate, which suffers from significant deviations in mea-
surements in the presence of motion [11]–[13]. Pankaj et al.
demonstrated the necessity of computationally intensive mo-
tion artifact correction algorithms in wearable devices to make
PPG data accurate and reliable for heart rate measurement
[14].

Functional near-infrared spectroscopy (fNIRS) devices, used
to monitor changes in the cortical layer for brain imaging by
using near-infrared light, are another technology that needs
motion artifact correction for improved measurement [15]–
[17]. Brigadoi et al. discuss the need for motion artifact
correction in fNIRS devices and Huang et al. even suggest
a combination of hardware and algorithmic-based solutions
[18], [19]. Given the existence of motion artifacts in similar
technologies and the prevalence of complex movements and
accelerations in sensors attached to an active human body,
the transcutaneous oxygen monitor demands investigation to
characterize the influence of motion on the wearable PtcO2

sensor.
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Fig. 1: The protocols designed for (a) single motion test, (b) dual motion test, and (c) extended motion test (motion types are denoted as NM - no motion,
LIM - low-intensity motion, and HIM - high-intensity motion).
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Fig. 2: (a) PCB prototype annotated with main circuit blocks. Motion test setups for (b) single- and dual-motion tests and (c) extended-motion test.

III. PROTOCOL IMPLEMENTATION, TEST SETUP, AND
DATA COLLECTION

To accurately quantify the impact of motion on measure-
ment accuracy, a comprehensive testing methodology has
been developed to examine variations in lifetime values under
different scenarios. Our approach includes three distinct test
protocols, illustrated in Fig. 1, each designed to understand
how motion artifacts can affect lifetime values under various
conditions. Since this sensor is to be part of a wearable device,
it is imperative to test various motion scenarios. The device can
be used during different motion intensities as well as varying
lengths of time. In addition, testing motion at various oxygen
levels is crucial to analyze the varied changes in lifetime
values, as the nature of the exponential decay curve of PO2

versus lifetime, depicted in Fig. 5, implies that the alterations
in lifetime values will differ for each level of PO2 [7], [8].

The experiment setup comprises an aluminum gas chamber,
within which a luminescent film is placed. Opposite this film, a
flexible circuit board equipped with an accelerometer is placed.
The flexible circuit board’s architecture resembles the printed
circuit board (PCB) with main circuit blocks, illustrated in
Fig. 2a. This arrangement aims for efficient data collection by
ensuring the sensor directly faces the center of the luminescent
film, as illustrated in Fig. 2b. The extended motion experiment
is performed by a Romi Robot controlled by a Romi 32U4
control board. The test setup from the previous experiment is
used and attached to the robot, as seen in Fig. 2c.

A. Single Motion Tests at 50 mmHg Oxygen

The first protocol, ’Single Motion,’ showcased in Fig. 1a,
is designed for a constant PO2 of 50 mmHg, with a single
instance of motion to assess its impact on lifetime values.
Selecting 50 mmHg is based on the typical PtcO2 values
observed in the absence of heat application in our experiments

[20]. Heating is used to increase the oxygen diffusion through
the skin in the traditional transcutaneous oxygen monitors
[21]. This test allows for the isolation of motion’s impact on
the sensor’s performance, establishing a clear baseline for its
responsiveness without the confounding effects of fluctuating
oxygen levels.

The initial stability phase begins with a three to ten-minute
period of no motion. Initially the tests were performed with
three minutes in the no motion phase. However, to better
visualize the baseline at the initial phase, we extended the
stabilization period to ten minutes for the remaining tests. This
extended duration allows the sensor to settle into the environ-
ment, ensuring that a reliable baseline for sensor readings is
established without any motion influence. In the following,
a five-minute motion period is introduced for assessing the
sensor’s response to movement, simulating potential real-life
disturbances. Concluding the sequence, a 33-to-40-minute sta-
bility period follows the motion. This extended final phase is
designed to observe the sensor’s ability to maintain its baseline
readings after experiencing motion, providing a comprehensive
view of its stability over time. The experimental setup in Fig.
2b is utilized for Single Motion tests.

B. Dual Motion Tests Across Oxygen Variations

In the ’Dual Motion’ protocol, motion is induced twice in a
single experiment under varying PO2. During this test, high-
and low-intensity motions are tested at four different PO2

levels. This test protocol provides insight into whether the
sensor’s performance is affected by consecutive disturbances,
which is vital for understanding how it might perform in real-
world scenarios where users are not stationary. Furthermore,
testing across a range of PO2 levels with repeated motion
events allows for a detailed analysis of how oxygen variability
influences the sensor’s response to motion.
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Fig. 3: (a) Single motion test with negligible change in lifetime, (b) single motion test with noticeable change in lifetime, (c) means and standard deviations
for no motion phases 1 (NM1) and 2 (NM2) during single motion tests.

This experiment investigates the sensor’s performance
across four different PO2 levels, from no oxygen present (0
mmHg) to a level resembling that of ambient air (∼ 150
mmHg). To accurately create these specific oxygen conditions,
a mixture of high-purity oxygen (OX UHP20, sourced from
Airgas) and nitrogen (NI UHP80, also from Airgas) is used.
The utilized experimental setup was previously elaborated in
[7]. This mixture is carefully adjusted through mass flow
controllers to reach the target PO2 levels: 0 mmHg (0% O2),
50 mmHg (6.57% O2), 100 mmHg (13.2% O2), and 150
mmHg (19.7% O2). Nitrogen makes up the balance to total
760 mmHg, the standard atmospheric pressure.

To assess the influence of motion artifacts on sensor per-
formance across the various PO2 levels, the test sequence
is designed to mimic real-world conditions where motion
intensities can vary, depicted in Fig. 1b for Dual Motion tests.
Each test starts with a three-minute initial no motion phase.
Subsequently, this phase transitions into five minutes of high-
intensity motion, followed by a ten-minute no motion interval
to monitor post-motion signal behavior. Following this, a phase
of low-intensity motion for five minutes is conducted before
entering a concluding stabilization period of ten minutes to
again monitor post-motion signal behaviour. The experimental
setup in Fig. 2b is utilized for Dual Motion tests.

C. Extended Motion at 50 mmHg Oxygen

The ’Extended Motion’ test is performed at 50 mmHg
oxygen pressure but extends the motion duration to evaluate
its prolonged effects. This is crucial for continuous monitoring
applications, where the sensor must accurately track changes
in oxygenation over extended periods, despite ongoing user
activity. To observe the effects of a longer period of motion
on the sensor, we test movement for 30 minutes, as shown in
Fig. 1c. The 30 minutes of movement is performed by a Romi
Robot, programmed to move back and forth 15 cm. Before the
movement, there is a ten-minute stabilization period to identify
the drop during the motion period. The test setup from the
previous experiment is used and attached to the robot as seen
in Fig. 2c. The oxygen pressure level used is 50 mmHg. This

TABLE I
Summary of Max Drops in Lifetime Values, Corresponding mmHg, and

Percentage in Single Motion Tests

Lifetime Drop PO2 Drop PO2 Drop
(µs) (mmHg) (%)

0.011 0.082 0.011
0.025 0.180 0.024
0.056 0.406 0.053
0.012 0.088 0.012
0.117 0.837 0.110
0.022 0.156 0.021
0.053 0.378 0.051
0.023 0.167 0.022

test helps us to identify the effect of motion artifacts on the
signal during extended periods of motion.

IV. RESULTS

A. Single Motion Tests at 50 mmHg

Upon analysis of the measurement data, we observed two
distinct response patterns. Notably, two tests exhibited a clear
decrease in lifetime values during the motion phase, as illus-
trated in Fig. 3a. This contrasted with the remaining tests,
which did not present a clear decline during motion periods
as seen in Fig. 3b. After the motion, we observed that the
signal tends to settle at a new value. The mean and standard
deviations during the ”No Motion” phase 1 (NM1) and ”No
Motion” phase 2 (NM2) are shown in Fig. 3c. The Table I
shows the drops in lifetime values (µs) and the corresponding
value in mmHg and percentage. Each 1% of oxygen pressure
is equivalent to 7.6 mmHg. The highest drop in PO2 is 0.11%.

B. Method to Quantify the Motion Artifacts

To quantify the effects of motion artifacts during the motion
phase, the maximum drops on the mean plot (difference
between maximum and minimum values during motion) were
calculated. Subsequently, these drops were translated into
corresponding PO2 values in mmHg. This conversion was
essential for understanding how much motion artifacts neg-
atively influence the sensor’s PO2 readings. Based on data
collected from experiments carried out at four distinct PO2

values for the dual motion tests, Fig. 5 was created to illustrate
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Fig. 4: (a) Dual motion test, (b) extended motion test, and (c) multiple test results with the averages of extended motion tests.

Fig. 5: Decay curve used for lifetime to PO2 conversion.

the relation between PO2 and lifetime values. The black data
points signify the average lifetime value corresponding to each
PO2, while the red error bars illustrate the deviation in lifetime
value observed during each maximum drop. The data points
were fit to an exponential decay model, shown as a dashed
blue line in Fig. 5, and the fit equation is given as follows:

τ = 20.6905× e−0.0127x + 11.5368, (1)

where the variables x and τ represent PO2 in mmHg and
lifetime in µs, respectively. With this equation, we calculate
the derivative at the four different PO2 values used in the dual
motion tests. The derivative is the rate of change in mmHg/µs.
This rate is then used in a linear equation as the slope and
maximum τ drops serve as the dependent variable. Through
this approach, we can determine the maximum PO2 drop in
mmHg and the oxygen percentage from the lifetime values
that the prototype measures.

C. Dual Motion Test Results

Fig. 4a illustrates an example of the signal output obtained
during the dual motion test at a PO2 of 150 mmHg. To
quantitatively evaluate the extent of artifacts during dual
motion experiments, we determined the maximum decrease
in lifetime values during motion, observed across each oxygen
level tested. These maximum drops were converted into corre-
sponding PO2 in Table II. It is evident from Table II that none

TABLE II
Summary of Max Drops in Lifetime Values, Corresponding mmHg, and

Percentage in Dual Motion Tests

PO2 Lifetime Drop PO2 Drop PO2 Drop
(mmHg) (µs) (mmHg) (%)

150 0.165 4.219 0.555
100 0.377 5.102 0.671
50 0.337 2.422 0.319
0 0.363 1.383 0.182

of the observed drops exceed 1% PO2. The most substantial
drop is 5.102 mmHg (0.67%), indicating that motion artifacts
have a minimal effect on the PO2 output of the sensor. In
addition, the standard deviation of lifetime, represented by the
error bars in Fig. 5, is not significant.

D. Extended Motion at 50 mmHg

The extended motion tests provide a similar result to the
dual motion tests. In Fig. 4b, the plotted data reveals a drop
during the motion period of the test that tapers off towards the
end of the 30-minute motion period around 900 samples. The
results from the extended motion tests are visualized in Fig.
4c. All tests were performed under the same PO2 conditions
with the same sensor film and board on different days.
Cross markers represent the moving average measurements,
computed with a window length of one hundred. Solid lines
depict the polynomial fit with a degree of 4, serving as the
line of best fit. Additionally, a vertical line at 250 samples
denotes the start of the motion period. From each average test,
it is evident that the slope decreases as time increases. The
total drops in PO2 values varied between 2 mmHg to about 6
mmHg with the highest value being 6.054 mmHg (0.797 %).
It is evident that the longer motion does not increase the drop
in lifetime and the values stop decreasing around 15 minutes.

The Food and Drug Administration (FDA) recommends that
the accuracy of PtcO2 should be within 5 mmHg over the
range of 0 to 20.9% and 10 mmHg for the higher oxygen
range [22]. The presented values in Table I are consistently
lower than the values recommended by the FDA. The values
in Table II are also mainly lower than 5 mmHg except one
slightly higher than that value. In the extended motion tests,
the PtcO2 change reaches a maximum of 6.054 mmHg (0.797
%). These results indicate the robustness of the lifetime-based



measurements of luminescence-based transcutaneous oxygen
prototype against motion artifacts even with the raw data
without post-processing applied.

V. CONCLUSION

This paper has detailed efforts to quantify and understand
the impact of motion artifacts on a transcutaneous oxygen
measurement sensor, highlighting the pursuit of a reliable,
wearable, noninvasive blood oxygen sensor. Grounded in pre-
vious research, the findings contribute significantly to the com-
prehension of the sensor’s behavior in the presence of motion.
Through the setup and execution of three experiments—dual
motion, single motion, and extended motion—the resilience
of this luminescence-based sensor against motion artifacts was
evidenced, demonstrating less than 1% sensor error even when
subjected to motion.

Compared to the motion artifacts found in other light-based
technologies, such as PPG and fNIRS, the luminescence-based
transcutaneous oxygen monitor with lifetime measurement
technique demonstrates less vulnerability against motion ar-
tifacts. At most, the motion artifacts caused a PO2 error of
about 6 mmHg at an extended motion duration. These findings
support the potential for this sensor in applications that require
reliable, long-term, wearable, continuous, oxygen monitoring.
Future motion artifact testing could involve long-term human
testing to better quantify long-term drift and deviation and the
development of motion artifact correction to further improve
sensor accuracy.
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