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1. INTRODUCTION

Usual clinical manifestation after an incubation period of 4 days for COVID-19 disease includes
fever, dry cough, and shortness of breath. The exponential increasing the number of new cases has led to a
rapid response of monitoring and detection of early symptoms of infection through public health
measurements like massive testing and temperature monitoring [1]. The World Health Organization (WHO)
defined the novel coronavirus (COVID-19) as a pandemic status on March 11, 2020, and many countries
have taken serious restrictions on human interaction and traffic circulation. Fever usually refers to any kind
of bacterial or viral infection, and those persons who report an increase of their body temperature upper to
37.5 °C should be isolated and tested for COVID-19.

Body temperature can be measured using traditional techniques such as oral, axilla, or tympanic
temperature when noninvasive options are sufficient. The infrared skin measurement device is widely used
due to its fast, safe, and contactless technology [2]. Milici et al. [3] developed an epidermal RFID-UHF
epidermal sensor suitable to be directly attached to the human skin using a biocompatible membrane and a
wireless fabricated adhesive copper antenna to transmit the data. Noninvasive core temperature has been used
in circumstances such as remote health consulting [4] with sensors and microcontrollers using wireless
communication, and in detection and separation of ill students in academic spaces cases [5]. Nevertheless, the
skin temperature depends highly on the environmental conditions, and it can vary across the skin’s surface
[6], but the superficial temperature influences the mean body temperature.
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The heat produced by the human body can be indeed harvested to produce renewable energy.
Between 100-525 W of heat is released from the skin to the environment [7], and that thermal power can be
converted using thermoelectric generators (TEG) directly into an electric current [8]. TEG devices have been
used in a different context as thermoelectric solar generation systems [9], thermal energy harvesting for loT
devices and wearables [10], hybrid photovoltaic-TEG systems [11], [12], waste heat recovery from exhaust
gas applications [13], small scale geothermal sources [14], even in space exploration with radioisotope heat
fuel application like the last rover send by NASA Mars Mission (Perseverance) among others [15]. The
standard sensor technologies for skin temperature measure sometimes require electronics and outer power
supply like batteries or AC power [16] using TEG modules, the system could produce the necessary amount
of energy to sense and report an early fever state, with no outer energy supply. The TEG modules are solid-
state devices that produce electric energy directly from human heat, with neither mechanical, light, or radio
wave inputs [17]. The need for body core temperature measurements and fever monitoring systems
represents nowadays a key factor to control and mitigate the evolution of the pandemic and this mechanism is
the best approach to “flatten the curve”.

The objective of this article is to identify the TEG device as a possible mechanism to effectively
screen and detect fever, that can be applied and contribute to a wide variety of situations including the
reduction of the contagion rate of the SARS-Cov-2 virus. In section 2, the governing equations of the
thermoelectrical phenomena, the use of TEG modules on the human body, and the simulation setup are
presented, which summarizes the methodology used in this study. Following, section 3 presents the
discussion of the results. Finally, section 4 reports the conclusion of the present study.

2. RESEARCH METHOD
2.1. The thermoelectrical phenomena

TEG modules work basically due to the Seebeck effect on thermoelectric materials like
semiconductors. This phenomenon let the TEG module to generate voltage directly from a temperature
gradient, where « is a material dependence property called the Seebeck coefficient, and VT represents the
temperature difference between the two opposite surfaces of the module, as shown in (1).

V..=avVT 1)

TEG

The module consists of two types of semiconductors: positive (P-type) and negative (N-type), where
the P-type has surplus holes and the N-type is the carrier of negative charges (electrons) to transport the
thermoelectric current. The electrons move from one leg to another when the heat flows from the hot surface
(skin) to the low-temperature surface (surrounding environmental air), this movement converts the heat flux
into electrical energy and produce enough power to turn on a light emission diode (LED). Figure 1 presents a
schematic view of the TEG used over human skin. The use of the device would be completely personal since
it relies on direct contact with the skin, so the heat transfer by conduction can occur.

TEG device Natural
convection
Qn i
“— :_TH
Core
Body Skin

Figure 1. Working principle of a TEG module on human skin

Where T, and T, are the surfaces of the skin and atmospheric temperature, respectively. To calculate the
output power from a typical TEG configuration (P and N-type legs connected electrically in series and
thermally on parallel), a global thermodynamic energy balance produces (2).
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Poutput = (QH - QL ) 2

Qy represents the heat produced by the human body and Q,, the heat transfer from the TEG module
to the environment through natural convection. Both heat transfers are given by (3) and (4):

. 1
Ql-l:aNP]TH"':uNP(TH_TL)_EIZR ©))

. 1
Q, =, IT, +p,, (TH_TL)_'_E[ZR )

Where uyp represents the combined thermal conductance of N and P-type material, defined according to (5),
ayp 1S the Seebeck coefficient, I the electrical current through the load and R the electrical load resistance of
the LED. The u term is the thermal conductivity of each material, L is the length of each thermoelectric leg,
and A is the cross-sectional area (constant).

A A
Hyp = Hy £_j THp (_] ()
L), L),

The TEG maximum output power Py, mq, Can be approximated as (6) shows. The term V. is the
open-circuit volage between a pair of thermoelectric legs, and R;,,; is the total internal electrical resistance of
the TEG device [18].

2
VOC

Pout,max = H (6)
int

2.2. TEG on the human body

According to Stark [19], the human body can produce between 1.3 and 36.6 mW depending on the
human body part; the chest and the abdomen are the main energy sources available for harvesting thermal
energy, but arms and forearms can produce between 1.7 and 20.2 mW. Power generation application over
human body skin requires the use of flexible and biocompatible substrates since the human body is not a flat
surface. Some fabrication techniques include electrodeposition, screen printing, screen printing, and inkjet
printing. The TEG sensor should be designed to be embedded into an adhesive bandage without batteries,
using a hypoallergenic cosmetic type of glue. The main function of the device is to activate a state output
indicator (LED) to alert the presence of a high temperature (fever) on the human body, but the proposed
system should only work as a fever alert and not as a fever or COVID-19 diagnostic method, and some
inherent error could be carried due to transient variation on skin temperature or environmental conditions.
LED indicator should be connected through a simple series circuit with a boost converter.

Figure 2 presents the DC-DC boost converter, where TEG is presented as a voltage source (V_TEG)
with an internal resistance (R_TEG). The MOSFET’s (metal-oxide—semiconductor field-effect transistor)
control signal is defined by a maximum power point tracking algorithm that is not shown. The DC-DC
converter design equation for L and C are presented in (9) and (10), where V_TEG and R_TEG are selected
at the maximum power point for the application, the switching period (T_S) is chosen for a switching
frequency (FS) higher than 50 kHz, as recommended in [20], and A p, A v and A i are the ripple values of
the power, voltage and current respectively.

1

A, =(A,Res )? (7)
A
A =—F
| A (8)
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Figure 2. Thermoelectric generator device with boost DC-DC converter circuit

2.3. TEG simulation model

The traditional scheme module, a p-n leg type system, is built in ANSY'S and simulated according to
the following assumptions: i) The heat flow only through the element, along the Y axial direction. The filler
material isolates the thermoelectric legs and minimizes the heat transfer along the X and Z axes; ii) Losses
from heat radiation are neglected since they do not represent any significant changes in the heat transfer for
temperature gradients AT< 25 K [21]; iii) The N and P-type materials are isotropic and their thermoelectrical
properties are not temperature dependent, because the small temperature difference between the cold and hot
surfaces do not have a significant effect on thermoelectric properties, like thermal conduction, Seebeck
coefficient, and electrical conductivity [22]; iv) For simulation purposes, the cold side temperature parameter
of the TEG legs is considered constant.

2.3.1. TEG materials, and 3D model

Generally, thermoelectric devices are integrated with various pairs of N and P-type legs, as well as
filler and conductive materials. For the simulation, two pairs of N-type and P-type legs were considered.
Furthermore, the materials and dimensions used for the thermal-electric device implemented in this work
were based on [23]. Table 1 shows the materials used in the TEG device as follows: the copper, N and P-type
materials, through which the electrical current flows; a filler material, that is placed between the conductors
to provide rigidity, encapsulation, and isolation; and silicon rubber (Thermal Interface Layer, TIL), which
can facilitate the wearing of the TEG device on the skin. For the 3D model.

Table 1. Materials’ thermal and electrical properties

Materials k[WmK™] a[uWK™Y o [Sm™]
Copper 400 [24] 1.80[25] 5.96x 107 [24]
Solder (SnggsAg Cugs) 64 [26] - 8 X 10° [27]
N-type (Bi,SeqsTe,s) [23] 1.10 -215 6.90 x 10*
P-type (Biy5Sb, sTes) [23] 1.20 186 1.14x 105
Filler (silicone elastomer) 0.27 [28] - -
Thermal interface layer (TIL) [23] 4

k: Thermal conductivity, a: Seebeck coefficient, o: Electrical conductivity

Figure 3 presents the larger configuration of the TEG device to be studied, which has 28 N-P pair of
legs. It has 2 surfaces between which the gradient of temperature is induced: the bottom hot face (T_hot),
which was set to be flat in topology, lies on the human skin. On the other side, there is an upper cold face
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(T _cold), which is exposed to the environment and fixed with a constant temperature condition. Also, there is
a generated-open-circuit voltage [(V)] _oc) on both the external copper strips of the TEG model.
Following, Figure 4(a) shows a frontal view of the XY -plane, the dimensions, and materials of a 2-pair-leg
TEG device. Figure 4(b) shows a right-side view on the YZ-plane with dimensions, and an A-A section
plane, through which a contour of temperature will be shown in section 3.

Cold side
(upper face)

7
Solder *
Hot side
(bottom face)

Figure 3. General view of the N-P type 28 pair-leg module TEG device
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Figure 4. Dimensions of the N-P type 2 pair-leg TEG module; (a) Frontal view of the model and
(b) Right-side view of the model, and A-A plane for result display

2.3.2. Numerical simulation setup, procedure, and parameters

To obtain an approximate solution for the thermal-electric phenomena, the 3D model is analyzed in
the Thermal-Electric module of ANSY'S 2020 R1. The control volume was discretized into finite elements. In
this manner, a mesh independence study was carried out to find the optimum number of elements that can
assure a lower computational cost and good accuracy in the results. Figure 5 shows the results of this study,
where the variable of interest, namely, the open-circuit voltage, reached a stabilization. Therefore, the study
suggested an independent result from the mesh for a number of elements of 48652, with an error to the
previous mesh point of 0.00408%.

Figure 6(a) shows the hexahedral mesh used in this study, containing 48652 elements and 235631
nodes in total, where each element has a maximum size of 9x10-5 m. Quality-wise, and based on the ANSYS
mechanical APDL module documentation [29], the quality parameter that is taken into account for the
simulation is the element quality, which varies between 0 (poor quality) and 1 (high quality). This parameter
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should not be less than 5x10” (-6) for 3D problems, and the average element quality of the utilized mesh is
0.98568, which falls into the category of a very high-quality grid. For isothermal boundary conditions, a
parametric study was carried out to find the electric voltage and power generated from the TEG. In this
manner, Figure 6(b) shows the thermal and electromagnetic boundary conditions. Then, the parameterization
was set up as: On the upper surface (T_cold, exposed to the environment), varies between 293.15 K and
298.15 K, with incremental steps of 1 K. Following, on the bottom surface (T_hot, in touch with human
skin), varies for every given value of T_cold between 306.15 K and 313.15 K, also with incremental steps of
1 K. For electromagnetic boundary conditions, a 0 V voltage reference value was placed on the copper strip
surface that sticks out from the P-type material.
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Figure 1. Mesh independence study for the 3D model numerical simulation

Thermal boundary condition
Tcold on upper surface
293.15 K < Tcold < 298.15 K, steps of 1 K

Electromagnetic
boundary condition
V=0V

Thermal boundary condition
Thot on bottom surface for each Tcold variation
306.15 K = Thot< 313.15 K , steps of 1 K

(@) (b)

Figure 6. N-P type 2-pair-leg simulated module; (a) The hexahedral mesh of the TEG module,
and (b) Applied thermal and electromagnetic boundary conditions

3. RESULTS AND DISCUSSION

Figure 7(a) shows the TEG temperature distribution of a 2-pair-leg TEG device across all the
materials, obtained at T_cold= 298 K and T_hot= 306.15 K. The contour was placed on the A-A plane as
shown in Figure 4(b), which is the middle plane of the TEG module along the Z axis. Symmetrical
temperature distribution is developed, due to the isothermal boundary conditions. Figure 7(b) shows the
voltage distribution induced on the conductive materials of the 2-pair-leg TEG module. Besides, the voltage
contour is also symmetrical, which means that there are no mismatching conditions in the simulation due to
isothermal temperature boundaries. A maximum voltage difference (AV) of 5.88 mV was reached between
the N and P-type materials.
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Figure 7. Numerical contour results for a 2-pair-leg TEG module; (a) XY-plane temperature distribution of
the TEG device at the A-A section plane, (b) Voltage distribution of the TEG module

Furthermore, a parametric analysis is also presented, in which the numerical results of the 2-pair-leg
module, shown in Figure 7, were extrapolated to a number of pair legs equal to 28, as is shown in Figure 3.
The open-circuit voltage generated by the TEG module is plotted against the hot surface temperature for
variations of the temperature surface exposed to the environment as Figure 8 shows. The vertical line at
Thor =310.65 K is marked to represent the triggering temperature of the human skin, above which a test for
COVID-19 is recommended. Also, Table 2 reports the open-circuit voltages intercepted by the vertical line
for different variations of the cold surface temperature T,,;4.
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Figure 2. Open-circuit voltage V,. vs. Hot surface temperature Ty, for different cold
surface temperatures T4

The power output characterizes the electrical behavior of the device itself, and it can be also used for
other various applications concerning DC-DC converters design. In the effort to calculate the power output of
the TEG module, in (2), it is mandatory to compute its total internal electrical resistance. The data to carry
out this procedure is given in Table 3. Following, Figure 9 presents the power output of the TEG module as a
function of temperature difference AT = T}, — T,014, With a non-linear behavior, reaching a maximum value
of 60.70 mW, under a temperature difference of AT= 20 K at a generated voltage of 411.12 mV.
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Table 1. Reference open-circuit voltages for COVID-19 testing for different cold surfaces temperatures T,,;4

Cold surface temperature

COVID-19 testing reference

COVID-19 testing triggering

Teora [K] voltage [mV] temperature [K]
293.15 359.73
294.15 339.17
295.15 318.62
296.15 298.06 310.65
297.15 277.50
298.15 256.95

Table 2. Electrical properties and dimensions of the TEG conductive materials

. - L Total
Materials Number of p Height Width Depth Area [m?] Materials’ R Internal R
components [Q-m] [m] [m] [m] [Q] [0]
N-type 2 1.449%10° 0.0012 0.0015 0.0015 2.25x10® 1.5456x10?
P-type 2 8.770x10® 0.0012 0.0015 0.0015 2.25x10® 9.3547x10°
Solder 8 1.250%107 0.0001 0.0015 0.0015 2.25x10® 4.4444x10°
-2
fl‘;fgps)r 3 1680x10° 00003  0.0015  0.0035  525x10°  2.8800x10° 2486210
Copper 2 1680x10° 00003 00015 0.00175  2.63x10°  3.8400x10°
(small) .680x . . . .63x1 .8400x 1
p: Electrical resistivity, R: Electrical resistance
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4. CONCLUSION

Figure 3. Open-circuit electrical power output vs. temperature difference AT

A TEG device study is presented as a possible solution to flatten the curve on the current pandemic.
The power and voltage produced by the module could easily be adapted by a simple DC-DC power convertor
to activate a LED under possible fever detection. The open-circuit voltage from 164.45 to 411.12 mV was
reached with 28 P-N pairs, a larger number of couples would let to generate higher values. Future
investigation work related to variable thermal boundary conditions, transient effects, and manufacturing for

large-scale implementation should be developed.
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