Time-Dependent FEM Modeling for Transcutaneous Oxygen Sensors
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Abstract— Continuous, real-time respiratory monitoring is
essential in managing chronic respiratory diseases, perioper-
ative care, and critical care settings, where the rapid and
accurate detection of hypoxia can significantly impact patients’
outcomes. Transcutaneous oxygen monitoring (PtcO;) is an
emerging wearable sensing technology that measures the partial
pressure of oxygen diffusing through the skin which correlates
with arterial oxygen partial pressure (PaO,), the clinical gold
standard. Despite its promise, the clinical adoption of PtcO,
has been limited. Prior studies have primarily focused on direct
comparisons between Pa0O, and PtcQ;, yielding mixed results
regarding their agreement and limiting PtcO; to trend monitor-
ing. To address this gap, we propose a finite element modeling
(FEM) framework to investigate the physiological relationship
between PaO, and PtcO,. By simulating oxygen transport
across multiple skin layers, the model provides mechanistic
insights into transcutaneous oxygen dynamics under varying
physiological conditions, such as arterial oxygen fluctuations
and localized blood flow occlusion. This personalized compu-
tational model aims to improve the accuracy and reliability
of transcutaneous oxygen monitoring, enabling more effective
continuous respiratory assessment.

I. INTRODUCTION

Accurate, real-time quantification of arterial oxygen partial
pressure (PaO,) is essential for effective management of var-
ious respiratory disorders, including chronic obstructive pul-
monary disease (COPD) and asthma, among others. Clinical
methods such as arterial blood gas analysis (ABG) and pulse
oximetry are commonly used; however, both methods present
significant limitations. For instance, ABG, while providing
detailed and accurate insights into blood gas content, remains
invasive, painful, and impractical for continuous monitoring,
as it provides only a snapshot of a rapidly changing param-
eter [1]. Noninvasive method of pulse oximetry is widely
used, but it measures only oxygen saturation (SpO2) and is
influenced by peripheral perfusion, ambient light conditions,
skin pigmentation, leading to potential inaccuracies [2], [3].

Transcutaneous oxygen partial pressure (PtcO5) monitor-
ing is a promising method for continuous, non-invasive,
real-time assessment. Luminescence-based wearable sensors
have recently emerged as cost-effective tools for PtcOo
measurement [4]. However, these devices face challenges
stemming from physiological variability, which limits the
reliability of PtcO, as a surrogate of PaO, [5], [6].

To overcome these limitations, this paper proposes a
computational framework based on finite element modeling
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Fig. 1: Cross-section of skin microcirculatory unit [7].

(FEM). We develop a 3D multilayer skin model and simulate
the transport of oxygen through it. We incorporate adjustable
parameters, such as skin thickness and oxygen consumption,
to reflect individual variability, enabling more accurate and
personalized transcutaneous oxygen monitoring.

II. RELATED WORK

Commercial transcutaneous oxygen monitoring devices
use heating to enhance oxygen diffusion through the skin,
considering that this allows PtcO, to approximate PaO,.
However, excessive heating can alter the local blood flow
and cause vascular changes that may not reflect systemic
oxygenation [8], while insufficient heating can lead to un-
derestimation of tissue oxygen levels [9]. Heating also poses
risks of skin burns and irritation, particularly in sensitive
populations like neonates [10].

To address these limitations, a new luminescence-based
transcutaneous sensing technology was developed that elim-
inates the use of heating elements [11]. However, this ap-
proach can potentially widen the discrepancy between PaO,
and PtcO,. To estimate PaO5 from PtcO5 even for the non-
heating sensors, we aim to develop a model describing the
relationship of PtcO, and PaO,.

Oxygen transport in skin was first modeled by Krogh
whose model describes radial oxygen diffusion from a cap-
illary into surrounding tissue, assuming steady-state condi-
tions and uniform consumption [12]. While foundational, it
oversimplifies skin structure. Another approach by Gross-
man built a model based on multilayered skin structure
and accounting for differences in diffusion coefficients and
metabolic activity across layers [13].

III. METHODS

To investigate the relationship between PtcO, and PaOo,
we developed a partial differential equation (PDE)-based
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Fig. 2: Human tests scenarios used in FEM studies [14].

oxygen transport model within a 3D multilayer skin structure
inspired by Grossmann’s model (Fig. 1). FEM was then
performed in COMSOL Multiphysics to simulate oxygen
transport based on this model. We focused on time-dependent
behavior to replicate the experimental conditions in [11],
where PtcO, is measured under modulated PaO, using either
local occlusion with blood pressure cuff or systemic hypoxia
via hypoxia mask as shown in Fig. 2.

A. Grossmann’s Model

The model describes oxygen dynamics within each layer:

o Dead epidermis (ed, outer non-viable part of skin):
Oxygen transport is governed solely by diffusion, with
no metabolic oxygen consumption.

o Viable epidermis (ev, inner metabolically active re-
gion): Transport of oxygen is diffusive, but with a
constant rate of oxygen consumption.

o Stratum papillare (sp, vascularized dermal layer
beneath the epidermis): This layer contains capillaries,
and oxygen transport occurs via both diffusion and con-
vection. Diffusion-driven transport with steady oxygen
consumption is assumed within the surrounding tissue.

1) Oxygen Transport Equations: A set of PDEs was used

to describe the blood flow and oxygen transport inside the
capillaries and across each skin layer as follows

« Capillary (c) (diffusion and convection):

0=V (acD:VP —V [acP + HChpSo(P)]) (1)

« Viable epidermis (ev) and stratum papillare (sp) (diffu-
sion with consumption):

0=V (a;D;VP)— A(P), i=sp,ev (2)

o Dead epidermis (ed) (diffusion only):
0=V-. (OéedDedVP) (3)

Here, P denotes the oxygen partial pressure (kPa), « is

the oxygen solubility coefficient (ml Oz/g-kPa), V is the

velocity field (cm/s), Cyp is the hemoglobin concentration

(gHb/gblood), H is the Hiifner number (ml Os/gHb), and

So(P) represents the oxygen-hemoglobin dissociation curve.
The oxygen dissociation curve is defined as
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_ 4
4ZI+ZZ 1 @i pi ()

where a; are the dissociation constants.

2) Fluid Flow Equations: The laminar flow of blood
within the capillary is modeled using the incompressible
Navier-Stokes equations

Ou
Por

where p is the fluid density (kg/m3), p is the dynamic
viscosity (Pa:s), F is the body force (N/m?), and I is the
identity matrix.

3) Boundary Conditions: The only boundary conditions
considered at the skin surface were no-flux, assuming the
sensor lies on top of the skin unit perfectly adhered, and
effectively blocking oxygen exchange with the air, which
can be expressed as 7 = 0 [13]. Sensing film thickness
was assumed negligible.

4) Model Assumptions: Incompressible flow, i.e. V-u =
0, and a no-slip boundary conditions were assumed at
vessel walls, i.e. u = 0, with initial conditions ug =
(0,0,0) m/s and P, = 13.1 kPa. A no-flux condition is
applied at the outer lateral boundaries of the microcirculatory
unit since oxygen flux across unit boundaries is considered
negligible [13]. The reaction term for oxygen within the
capillary is defined as R, = VV - (H Cyp So(P)), and at
Sp and Ev the oxygen consumption, that is, Ry = Rey =
A = 223 x 1073 mol/(m3 - s), with initial concentration
Cy =13.3 kPa [13].

B. FEM Simulation

In experiments reported in [11], the transcutaneous sen-
sor was tested by modulating PaO, via i) local occlusion
restricting the blood flow and ii) systemic hypoxia reducing
the overall oxygen intake as shown in Fig. 2.

We implemented our model in Section III-A using COM-
SOL Multiphysics. The Grossmann’s microcirculatory model
was geometrically constructed using a 3D representation with
dimensions of 140 x 140 x 240 pm and incorporated a cen-
tral capillary loop measuring 190 um in height. Oxygenated
blood enters from the arterial end and exits through the
venous end of the capillary, with oxygen dissociating from
hemoglobin and diffusing across the capillary walls into the
surrounding skin layers as shown in Fig. 1.

The simulation utilized the Laminar Flow module to
describe hemodynamics within the capillary loop, and the
Transport of Diluted Species module to model oxygen trans-
port across the skin and into the sensor layer. As COMSOL’s
transport modules require concentration as the dependent
variable, Henry’s Law was applied to convert oxygen partial
pressure, P, to concentration, C, using the solubility coeffi-
cient, o, as aP = C.

Within the Laminar Flow module, the capillary was
modeled with a no-slip boundary condition and incom-
pressible flow with backflow suppression. In the Transport
of Diluted Species module, individual transport properties
were assigned to each unit component (capillary, stratum
papillare (sp), viable epidermis (ev), and dead epidermis
(ed)) according to Egs 1, 3, 2. Reaction boundary conditions
were applied inside the capillary to account for hemoglobin-
oxygen dissociation, and in the sp and ev layers for tissue

+p(u-V)u = V- [-PI+K|+F, K = u(Vu+(Vu)") (5)
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(d) PtcO, vs time for 80% hypoxia.
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Fig. 3: Simulation results showing PtcO, with respect to time for local occlusion (a-b) and systemic hypoxia (c-d).

oxygen consumption. No-flux boundaries were enforced at
all external surfaces. Once all governing equations and
boundary conditions were established, the model was solved
using the transient solver.

IV. RESULTS AND DISCUSSION

The FEM study was divided into two parts: i) local blood
flow occlusion and ii) systemic oxygen inflow variation.

A. Blood Flow Occlusion

As shown in Fig. 2a, applying a blood pressure cuff to
upper arm restricts blood flow to the forearm, where the
sensor is attached, represented by a drop in the blood pres-
sure. A time dependent study was performed with 50% and
80% linear blood pressure drop and resulting PtcO, profiles
are plotted with respect to time in (Fig. 3a) and (Fig. 3b).
After the settling period, a linear occlusion was applied to the
blood flow inlet at the capillary for 3 min and then removed.
The simulated occlusions showed an immediate response
in PtcOy levels, reflecting rapid physiological response to
decreased perfusion. Notably, the more severe occlusion
scenario with 80% pressure drop exhibited a lower PtcO,
during occlusion and reaches this minimum faster, suggesting
accelerated skin oxygen consumption due to limited oxygen
availability. Post-occlusion recovery times (around 6 min-
utes) were consistent across scenarios, emphasizing delayed
vascular and metabolic compensatory mechanisms. Unfortu-
nately, there are no reported human data using non-heating
PtcO- measurements for comparison. Moreover, comparison
with current PtcO5 devices, with heating elements, is invalid
as their measurement will be closer to PaO5 than our results.
However, our recovery time and PtcO5 behavior closely
aligned with the experimental results reported in [11].

B. Oxygen Inflow Variation

To replicate the hypoxia study [11], a transient simulation
was performed using two linear reductions in PaO,, 50%
(Fig. 3c) and 80% (Fig. 3d), modeled by a decrease in
oxygen inflow at the arterial end of the capillary. Following a
stabilization period, the oxygen drop was applied for 30 min
and was allowed 20-25 min restoration period, based on the
hypoxia level, according to [15]. The simulations showed a
rapid initial decline in PtcO5 under severe hypoxia, whereas
moderate hypoxia resulted in a slower and more gradual
decrease, indicating a delayed skin response to less drastic
oxygen deprivation. The PtcOy levels gradually returned
back to normal following the restoration trend.

Skin and oxygen transport properties vary across indi-
viduals due to a range of physiological and environmental
factors, leading to differences in PtcOs measurements. To
evaluate the impact of this variability, we adjusted model
parameters based on literature for skin thicknesses [16] and
oxygen diffusion coefficients [17]. The simulation results for
PtcO, are shown with respect to time in Fig. 4a and Fig. 4b
for different skin thickness factors, k, and in Fig. 4c and
Fig. 4d for oxygen diffusion coefficient for both occlusion
and hypoxia cases. Increasing skin thickness led to lower
PtcO,, which can account for personal variabilities in PtcO,
among men and women. On the other hand, the increase in
the diffusion coefficient affected PtcO, less, but it can be
used to account for plasma composition due to illnesses.

V. CONCLUSION

Our FEM model accurately simulates the dynamic phys-
iological responses of PtcO, to both local and systemic
changes in PaO,, demonstrating trends consistent with hu-
man experimental data. We also introduce a method for cap-
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Fig. 4: PtcO, for varying skin thickness (a-b) and diffusion coefficient (c-d) for occlusion (a-c) and hypoxia (c-d).

turing inter-individual variability by adjusting model param-
eters to reflect personal physiological differences. While still
in development, this modeling framework lays the foundation

for

estimating PaO, from PtcO, measurements combined

with personal parameters. This advancement significantly
enhances the clinical utility of transcutaneous oxygen sen-
sors and highlights their potential in personalized wearable
devices for reliable, continuous respiratory monitoring.
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