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Abstract 
In this work, a commercial flexible thermoelectric generator (f-TEG) was used to harvest the body thermal energy during 
the execution of activities of daily living (ADL). The f-TEG was placed at the level of the ankle, and the performed 
activities were sitting at the desk and walking. In the first stage of measurements, tests were performed to choose the 
value of the resistor load that maximizes the power output. Then, while performing ADL, the values of generated power 
were in the range from 100 to 450 µW. Moreover, while users are walking, the pattern of the output signal of f-TEG is 
compatible to a sine function with frequency close to that one of human gait. This preliminary result may represent a new 
way to study the movement of human body to recognize ADL. 
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Introduction 

Nowadays, wearables are commonly used to monitor 
the physiological signals of human beings, as they are 
low-cost and non-invasive devices [1, 2]. The main 
advantage of this technology is the capability of moni-
toring bio-parameters in unstructured environment; by 
using wearable devices, it is possible to measure the 
health and safety of human beings wherever they are, 
e.g. at home, at work, or while they are performing lei-
sure and sporting activities [3–9]. Moreover, wearables 
can compute the acquired data and transmit them by 
a wireless interface [10, 11]. 

However, the issue of wearables’ operating-time is 
a big challenge to solve, yet. It compromises the possi-
bility of long-term monitoring [12]. By using a big 
battery is possible to overcome that issue, but the weight 
of the entire device would make it uncomfortable and 
not suitable for a daily use. 

In this context, the research field of low power energy 
harvesting may fix the issue of wearables’ operating-
time. It addresses the need for continuous power sup-
plying, by harvesting the energy from the environment. 
The most available energy sources in nature are light, 
thermal energy, mechanical vibrations, and electro-
magnetic waves [13]. 

About human body, it generates energy in the form of 
movement, and heat exchanged with the environment 
[14, 15]. However, the mechanical energy is provided 

only if the body is moving, while the thermal energy is 
always available, because the body disperses heat, 
continuously [16–17]. Thus, it seems to be appropriate 
do research on body thermal energy harvesting. 

Thermal energy harvesting takes place by means of 
the thermoelectric effect, which was discovered by 
Seebeck in 1821, and it can be summarized as follows: 
by exploiting the thermal gradient between two dissimi-
lar metals or semiconductors, it is possible to convert 
thermal energy into electrical one [18]. 

Nowadays, ThermoElectric Generators (TEGs) are 
the most used transducers to harvest the body heat 
released into the environment. A TEG consists of many 
p-n pairs, electrically connected in series; two ceramic 
plates, which make the TEG thermally conducting; and 
output wires for measuring and harvesting the energy. 
For on-body applications, the energy is generated by the 
difference of temperature between the two sides of TEG, 
which are the skin and the environment, respectively. 

About the skin side, the temperature changes 
according to the body physiological parameters, and at 
the air temperature of 22.5 ± 1.7 °C is approximately 
30 ± 2.5 °C [19]. About the environment side, air tem-
perature, humidity and speed of tasks execution are the 
aspects that most influence the performance of TEG 
[20]. 

In the commercial market, TEGs are used to power 
wristwatches. Seiko Instruments Inc. designed the first 
wristwatch powered by TEGs at the end of ‘90s [21], 
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while the latest novelty is the Matrix PowerWatch, 
which is a self-powered smart-watch [22]. 

About research groups that have developed prototypes 
powered by TEGs, we highlight the pulse oximeter and 
the 2-channel electroencephalography system devel-
oped by IMEC engineers between 2006 and 2008 
[23, 24]. These systems were powered by a TEG system 
able to generate approximately 2 mW, when the temper-
ature difference between its two sides was approximate-
ly 8 °C. However, the researchers stated that is very 
difficult maintain such gradient of temperature over 
a prolonged period. 

In recent years, the main goal for designers all over 
the world is to reduce the TEG volume while keeping 
the output voltage on the order of hundreds of millivolts 
[25]. 

Anyway, the biggest issue for wearable application 
relates to the curved shape of human body. It means that 
a TEG must be flexible to fully adhere to the skin. There-
fore, a new promising way for harvesting the thermal 
energy on the body involves the use of a flexible-TEG 
(f-TEG) [26, 27]. 

Moreover, despite a considerable number of scientific 
researches focusing on harvesting the thermal energy on 
the upper part of the body, there is a lack of information 
regarding the thermal energy harvested on legs [28, 29]. 
It could be useful to compare the values of the thermal 
power generated by legs while users are performing 
different Activities of Daily Living (ADL). 

The detection of ADL by means of f-TEGs may 
represent an innovative way for the evaluation of ADL, 
since today the only way to study human activities 
through energy harvesters is by exploiting the physical 
principle of kinetics [30, 31]. 

In this paper, we use a f-TEG, placed around the ankle, 
to measure the value of harvested power while users are 
performing activities in the form of sitting at the desk 
and walking. 

Material  and Methods 

f-TEG module chosen 

The f-TEG suitable for our aim is the thermoelectric 
module provided by TEGway, South Korea [32]. It is 
flexible, thin, light and and comfortable to be worn 
(Fig. 1). 

 

 
Fig. 1: The f-TEG module; TEGway, South Korea. 
(a) the module in planar position; (b) the module in 
folded form. 

The equation related to the thermoelectric figure of 
merit (ZT) describes the efficiency of f-TEG, and it is 
defined as follows: 

 𝑍𝑍𝑍𝑍 =  
𝑆𝑆2𝑑𝑑
𝑘𝑘

 𝑇𝑇 
 

(1) 

where: S is the Seebeck coefficient, d is the electrical 
conductivity, k is the thermal conductivity, and T is the 
absolute temperature. 

The following Table 1 lists the device and thermo-
electric parameters. 
 
Table 1: f-TEG specification. 

Properties Value Unit 
*Dimension 84.82 × 63.8 × 2.2 mm 
*P-N pairs 170 Couples 
*Fill factor 16.0 % 
*Appl. Temp. 

 
 

< 100 °C 
*Bend. radius Xaxis & Yaxis: < 10 mm 
**RTEG (@300 K) 2.95 ± 0.1 Ω 
**ZT (@300 K) ≈0.72 - 

*Device parameters. 
**Thermoelectric parameters. 
 

As it can be seen in Table 1, the size of the f-TEG 
module is big. It is due to the flexibility feature of the 
module that allows a value for the bending radius 
parameter less than 10 mm. The module encapsulates 
170 p-n pairs, and the ZT value is approximately 0.7, 
which is a similar value compared to that one of rigid 
TEGs [33]. To increase the power generation of the 
module, a soft polymer heat sink is designed to be 
attached to and detached from the f-TEG. Before 
attaching the heat sink, it must to be wet and squeezed, 
so that the water would not flow out. 

Electrical measurement circuit 

Fig. 2 shows the electrical circuit used for measure-
ments. 

 

 
Fig. 2: Electrical measurement circuit. 
 
The electrical series between the voltage generator and 
the resistor, RTEG, is the equivalent circuit for the f-TEG 
module, and the voltage output is measured across 
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a resistor load, RLOAD. The voltage output data were 
recorder by using the NI USB-9162 DAQ provided by 
National Instruments, and we used the MATLAB® 
software for the data visualization and processing. To 
calculate the f-TEG power output, the following 
equations explain the relation between the voltage 
output, VOUT, the resistor load, RLOAD, and the power, 
PLOAD. 

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑉𝑉𝑇𝑇𝑇𝑇𝑇𝑇
𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
 ⇒  𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂2

𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
 (2) 

𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿,𝑚𝑚𝑚𝑚𝑚𝑚 ⇔
𝑑𝑑𝑃𝑃𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
𝑑𝑑𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

= 0 ⇔ 𝑅𝑅𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇 (3) 

In Eq. (3), it is easy to denote that f-TEG generates the 
maximum power output when RLOAD is equal to RTEG, i.e. 
the impedance matching. 

To measure the environmental temperature, was used 
a NTC 10K3MBDI thermistor probe connected to 
a recording system. The resolution value of sensor 
is ±0.2 °C, and it has a response time of approximately 
400 ms. The temperature sensor was calibrated through 
a Fluke 1523 reference thermometer. 

The chosen on-body position for f-TEG 

 

 
Fig. 3: The f-TEG module placed on the ankle. 

While performing tests, the f-TEG module was placed 
around the ankle. It is one of the key points on the body 
for the placement of wearable devices to acquire 
biomechanical data for the recognition of ADL [34, 35]. 

Fig. 3 shows the placement of the f-TEG module plus 
the soft polymer heat sink at the level of the ankle. 

Testing and Evaluation 

Two healthy volunteers (age: 29 ± 2 year; body 
weight: 75 ± 5 kg; height: 165 ± 5 cm) were recruited to 
perform the practical experiments. 

The first stage of measurements was performed to find 
out the best value of the resistor load that maximizes the 
power output. The range values of the resistor loads 
were as follows: [2.5, 3.0, 3.6, 4.2, 5.0, 5.9, 7.1] Ω. The 
two volunteers were seated at the desk for around an 
hour, and voltage measurements, for each resistor load, 
were acquired at the 10th and the 50th minute, 
respectively.  As result, at an environmental temperature 
of approximately 22 °C, the best values of power output 
were obtained for the 3.6 Ω resistor load (Fig. 4). 

In the second stage of measurements, we use the 3.6 Ω 
resistor load in the electrical circuit, and the volunteers 
performed two ADL in the form of sitting at the desk 
and walking. 

While performing the former, the users were seated 
for approximately 45 minutes. Fig. 5 shows the mea-
sured voltages at an environmental temperature of about 
24 °C. In the figure, the middle line is the mean value, 
while the blue areas around the middle line represent the 
standard deviations. At the end of test, the voltage output 
was quite steady around a value of approximately 
0.02 V, which implies a power output of 110 µW. In 
addition, in Fig. 5 it is easy to denote that during the first 
five minutes, the voltage output decreases rapidly; 
in that case it is halved from a value of approximately 
0.06 V to 0.03 V. 

 

 
 
 

Fig. 4: The calculated mean values of power output for each value of resistor load. Error bars represent standard 
deviations. 
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Fig. 5: The measured voltage output when the users were sitting at the desk for approximately 45 minutes. 
 

 
Fig. 6: The measured voltage output when the users were walking for approximately 5 minutes. In the inset, the Fourier 
transform of the signal showing a frequency value of approximately 0.86 Hz. 
 

 
Fig. 7: Five measurements of open-circuit voltage, i.e. VOC, acquired between the 5th and the 10th minute of data 
recording. 
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About the latter ADL, the volunteers walked for 
approximately 5 minutes, after being seated for a brief 
period. In addition, in the last part of the test the mea-
surements quitted after a further sitting period of about 
2 minutes. While performing these measurements, the 
air-temperature was about 23 °C. As result, in Fig. 6 
the middle line is the mean value while the areas around 
it are the standard deviations. While walking, the mea-
sured voltage output was approximately 0.04 V, which 
corresponds to a power output of approximately 
450 µW. Moreover, in the inset of Fig. 6, it is clearly 
visible that the Fourier transform of the calculated 
mean value shows a frequency peak around the value 
0.86 Hz. This value is compatible with usual 
frequencies of human gait. 

Finally, Fig. 7 shows five measurements of open-
circuit voltage, i.e. VOC, acquired between the 5th and 
the 10th minute of data recording. During these 
measurements, the users were seated at the desk. In the 
first one, the air-temperature was 21 °C. In the second 
and third ones the temperature was 23 °C, but the 
voltage values were acquired in different days. The 
fourth measurement is the voltage output at the air-
temperature of 23 °C with the heat sink kept for 
twenty-four hours without to be re-wet. The last 
measurement is the voltage output measured without 
using the heat sink, at the air temperature of 23 °C. For 
these measurements, the best VOC value is obviously 
the first one: 0.08 V. 

Discussions  

In the first stage of measurements we found out the 
value of resistor load that maximizes the f-TEG power 
output. This value, i.e. 3.6 Ω, differs from the value 
shown in Table 1, i.e. 2.95 Ω. It may due to the differ-
ence of temperature at the time the measurements were 
carried out: the TEGway company states a value of 
2.95 Ω at 300 K, while our measurements were 
performed at an environmental temperature of approxi-
mately 295 K. 

About the ADL in the form of sitting at the desk, the 
placement of f-TEG on the ankle is not appropriate for 
harvesting the energy, because the leg activity is almost 
zero, and the trend of voltage output decreases over the 
time (Fig. 5). 

Conversely, the ADL in the form of walking shows 
the ability of the f-TEG to generate voltage values 
appropriate to meet the input voltage requirement of 
integrated low power DC-DC converters, such as the 
LTC3108 [36], and EM8900 [37], in which the 
minimal input voltage is around 20 mV. Moreover, the 
calculated power output, while users were walking, 
was approximately 450 ΩW, thus confirming the 
possibility to use the f-TEG for powering wearable 
sensor node for the wireless communication of parame-
ters. In example, the NFC Dynamic Tag sensor node 
[38] includes a dynamic NFC/RFID tag, an ultra-low-

power µC, a linear regulator power management, an 
accelerometer, a pressure and a temperature sensor, for 
a total power consumption less than 1 mW. 

Anyway, in connection with a mobile phone, the 
NFC sensor tag only works with a reading distance of 
around few centimeters, i.e. 1–10 cm. This constraint 
does not allow to use the f-TEG on the ankle for pow-
ering sensors able to communicate in a continuous way 
with mobile phones, since they are usually placed in 
pockets of trousers. 

However, as preliminary result shown in the inset of 
Fig. 6, we found out that the output signal of the f-TEG, 
while users are walking, is like a sine function with 
frequency close to that one of human gait [39, 40]. 

Finally, in the last stage of measurements we ana-
lyzed the values of VOC for different environmental 
temperatures while performing measurements, and as 
it is well known if the temperature is low, the voltage 
output will be bigger. In addition, we performed mea-
surements with and without heat sink, and we can 
affirm that the presence of the heat sink is mandatory 
to meet the requirements of input voltage of a DC-DC 
converter, which is the first block in a diagram related 
to an electronic circuit for storing the harvested thermal 
energy on the body surface. 

Conclusions  

In this work, a f-TEG was placed at the level of the 
ankle for measuring the power generated while 
performing ADL in the form of sitting at the desk and 
walking. As result, the power output was in the range 
from 100 to 450 µW. Moreover, while users were 
walking, the signal output of f-TEG shows a pattern 
like a sine function with a frequency comparable to that 
one of human gait. It is only a preliminary result, but 
the reported statement should encourage the 
investigation on the field of body thermal energy 
harvesting to power wearables for the recognition of 
ADL. 
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