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ABSTRACT

Wearable devices, specifically noninvasive attached on skin, provide a very versatile mean
of acquiring physiological information about the human body, such as humidity, pH, heartbeat
(electrocardiograms) and temperature, as well as are capable of transdermal stimulation and
therapeutics. A key challenge in wearable devices, consist in a mismatch between the soft,
curvilinear and dynamic skin, and the rigid and fragile silicon wafer-based electronics. Nor-
mally, the interfaces between skin and devices are insecure and can severally limit the func-
tionality of the wearable devices, as well as increase the amount of motion artifacts and signal
to noise ratio. Temporary electronic tattoos (e-tattoos) are an attractive platform for fabricating
skin worn and body compliant wearable devices. These e-tattoos allow wearable sensors to
mimic the structure of the skin, and conform very well when attached, due to its elasticity
properties, while maintaining good sensing performances.

In this project, we explore the versatility and advantages of using different polymeric
membranes, such as polyimides and parylene for the fabrication of temporary e-tattoos with
sensing devices. Additionally, as a proof of concept, we fabricated a wearable and skin confor-
mal e-tattoo for temperature sensing. The produced polyimide with aluminum sensors pre-
sented resistances of 49.5 Q and 114.4 Q and TCR values of 0.0017 °C™" for both sensors. The
polyimide with gold sensors achieved resistance values of 61.4 Q and 142.3 Q with TCR values
of 0.0015 °C" and 0.0017 °C™. The parylene with gold sensor presented a resistance of 26.4 Q
and TCR of 0.0015 °C"™".

Keywords: temporary e-tattoos, polyimide, parylene, temperature sensors
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RESUMO

Dispositivos vestiveis, especificamente ndo-invasivos em contacto com a pele, apresen-
tam um método bastante versatil para adquirir informacao fisiolégica sobre o corpo humano,
tal como, humidade, pH, ritmo cardiaco e temperatura, e sdo também capazes de estimulacao
e terapia através da pele. Um dos maiores desafios destes dispositivos esta na diferenca entre
a pele, suave e curvilinea, e a eletrénica baseada em bolachas, rigida e fragil. Normalmente, as
interfaces entre pele e dispositivo sdo inseguras e podem limitar seriamente a funcionalidade
do dispositivo, bem como podem aumentar os artefactos de movimento e o ratio sinal-ruido.

Tatuagens eletrénicas temporarias sdo uma plataforma atrativa para o fabrico de dis-
positivos vestiveis conformaveis a pele. Estas "e-tattoos" permitem ao sensor imitar a estrutura
da pele, e conformam-se muito bem quando coladas a pele, devido as suas propriedades elas-
ticas, mantendo boas performances sensoriais.

Neste projeto, exploramos a versatilidade e vantagens do uso de diferentes membranas
poliméricas, nomeadamente poliamida e parileno, para o fabrico de e-tattoos. Adicionalmente,
com o uso destas membranas, provamos que é possivel fabricar uma tatuagem vestivel e con-
formal, especificamente para sensor de temperatura. Os sensores de poliamida com aluminio
apresentam resisténcias de 49,5 Q e 114,4 Q e valores de TCR de 0,0017 °C™' para ambos. OS
sensores de poliamida com ouro apresentam resisténcias de 61,4 e 142,3 Q com valores de
TCR de 0,0015 °C'e 0,0017 °C". O sensor de parileno com ouro apresentou uma resisténcia
de 26,41 Q e TCR de 0,0015 °C™".,

Palavas chave: tatuagens eletronicas temporarias, poliamida, parileno, sensores de tempera-

tura
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INTRODUCTION

1.1 Electronic tattoos (e-tattoos)

Wearable sensors have received a major recent attention owing to their considerable promise
for monitoring a wearers health [1].

E-tattoos are ultra-thin and ultra-soft electronics, sensors, and actuators, whose stiffness and
mass density match well with those of human epidermis [2]-[4]. These sensors could be at-
tached onto the skin by van der Waals interactions alone in a manner that does not irritate the
skin during prolong use. The epidermal electronic system is almost mechanically unnoticeable
to the carrier, and could retain conformal contact with the skin under compression/tension [5].
The softness and conformability offer several unique advantages over conventional thick and
stiff sensors [6]. Firstly, conformable contact enlarges the contact area between the sensors
and the skin, which can effectively lower the contact impedance and facilitate signal transfer
across the sensor—skin interface. Second, when skin deforms, e-tattoos would be able to follow
skin displacement, minimizing interfacial slippage and as a result, motion artifacts [7][8]
Figure 1.1a) depicts a temporary tattoo based electrochemical sensor for physiological analysis
and environmental monitoring obtained by printing active ink materials such as carbon and
Ag/AgCl on tattoo papers to obtain sensor electrodes with for epidermal chemical sensing and
physiological monitoring [9]. In comparison, figure 1.1b) shows a stretchable and transparent
graphene Tattoo (GET) sensor that is sub-micrometers in thickness and can be used to measure
to measure electrocardiogram (ECG), electromyogram (EMG), electroencephalogram (EEG),
skin temperature, and skin hydration. The GET is fabricated by a simple “wet transfer" (copper-
etching step, which ensures high continuity of the large-area graphene grown on copper foil),

and "dry patterning” (the application of a programmable mechanical cutter plotter to carve out
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the designed shapes on the graphene sheet) without requiring skin preparation or skin adhe-
sive [10] [11]. In figure 1.1¢c) a chest laminated ultrathin and stretchable e-tattoo is shown that
consists of a hair thin, skin soft, and highly stretchable PVDF vibration sensor for high fidelity
SCG (Seismocardiogram) and ECG (Electrocardiogram) monitoring [12]. Now, in figure 1.1d) an
e-tattoo can be viewed, that consists of: a generic near field communication (NFC) layer for
wireless power and data transmission, a replaceable functional circuit layer for signal read-out,
and an optional disposable gold (Au) electrode layer for ECG or hydration sensing [13]. Table

1 presents an overview of recent developments in wearable sensors, and e-tattoos. to attest to

the versatility of these types of sensors.

600
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Figure 1.1 — Different temporary tattoos currently developed to measure different human body information: a)

electrochemical sensors based on printable temporary transfer tattoos [9]; b) graphene electronic tattoo sensors;

[10]. ¢) Chest-Laminated Ultrathin and Stretchable E-Tattoo for the Measurement of ECG, SCG, and Cardiac Time
Intervals [12]; d) Modular and Reconfigurable Wireless E-Tattoos for Personalized Sensing [13].



Table 1 - Overview of different applications of several types of e-tattoos.

Printable electrochemical sensors
Graphene electronic tattoo sensors

Chest-Laminated Ultrathin and Stretch-
able E-Tattoo

Modular and Reconfigurable Wireless
E-Tattoos

Ultrasensitive mechanical crack-based
sensor

A flexible and highly pressure-sensitive
sponge

lontronic microdroplet array

1.2 Polyimide

Polyimide (PI) is a high-performance polymer that has superior properties such as temperature
stability, resistance to solvents and mechanical strength [17]. These polyamide (PI) films have
remarkable optical properties (transparency and low solar absorption and infrared emission),
high thermal stability and wide service temperature (-300-+300 °C), radiation resistance, en-
hanced electrical insulation, low density, toughness, flexibility, and high mechanical stability
[18]-[22]. The dipole—dipole interactions between carbonyl bonds in the imide structure of
macromolecules and charge transfer increases the mechanical and chemical stability of Pls.

Pls are suitable for coating applications due to adhesion to the several substrates such as met-

als, polymers, carbon, silica-based materials. Different coating methods such as solution-coat-

Ag/AgCl

Graphene and Cu

PVDF and Au

Tegaderm

and Au

tape
Platinum thin film
Graphene and
polyurethane

Indium-tin-oxide

(ITO) and PET

Epidermal and physio-
logical sensing

ECG, skin temperature
and skin hydration

ECG, SCG, and Cardiac
Time Intervals

ECG or hydration sensing

Strain sensing

Pressure sensing

Ultrasensitive tactile

sensing

(9]

(10]

[12]

[13]

[15]

[16]

ing, dip-coating [23] or spin-coating [24][25] can be used to make thin membranes.

a)

% Electrodes

Temperature
Sensor

b)

P A
L _-.‘{-Al

Figure 1.2 — Different applications of polyimide polymers in sensors: a) polyimide based humidity sensor [26]; b)

Heater

Au

polyimide based force sensor [27] .
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Due to all these properties and versatility, polyimide membranes are ideal for the fabrication
of wearable sensors. In figure 1.2 a), Boudaden et al. [26] reported a polyimide-based capacitive
humidity sensor. This sensor consists of a transducer, in this case a pair of planar interdigitated
electrodes (TiW and Au) and a polyimide sensitive layer for relative humidity measurements. In
comparison, Jagoda et al. [27] developed flexible polyimide-based force sensor, illustrated in
figure 1.3b). Polyimide is used in both as flexible substrate and as elastic dielectric between

two levels of finger-shaped aluminum electrodes, to provide great force sensitivity.

1.3 Parylene

Parylene polymers are classified as thermoplastic polymers formed on substrate surfaces using
vacuum deposition polymerization. Parylene possesses exceptional properties such as being
stress free, truly conformal, chemical inertness, biocompatibility, present high dielectric
strength, and optical transparency [28][29]. These types of polymers have ideal properties for
barrier applications as their uniform deposition process allows for optimal coverage for encap-
sulation, making them widely used in biomedical applications such as coatings for medical
implants [30]. Parylene, being a bio-friendly material as was previously refereed, shows the
prominent capability of being safely used within the human body which makes it suitable for

wearable device applications.

©
= l by Microneedle array

Al

Parylene-C
W

Parylene-C Substrate

Flexible PCB

Silicon Wafer

Figure 1.3 - a) Parylene based device for memory and temperature sensing [31]; b) Flexible parylene-based weara-
ble patch for ECG, EMG monitoring [32].



Lin et al. [31] demonstrated a polymer (organic) device based on parylene-C with functionalities
of memory and temperature sensing. The polymer device has a metal/polymer/metal (MIM),
with Al top electrodes and W bottom electrodes in between parylene layers as shown in figure
1.3a). Meanwhile, In figure 1.3b), Huang, et al. [32] reported a flexible wearable patch integrat-
ing parylene-based microneedle array (MNA) and signal acquisition flexible PCB (FPC) circuit
for long-term biopotential monitoring, namely electromyogram (EMG), electrocardiogram

(ECG) measurements with high wearability and high applicability on any site of the body.

1.4 Temperature sensors

Body surface temperature is easily affected by the surrounding environment, bringing chal-
lenges to body temperature monitoring equipment [33]. The temperature sensors in e-skin are
based on resistance thermometers, p—n junctions or composite materials undergoing thermal
expansion [34]-[37].

Recently developed temperature sensors, specifically thin film thermocouples, have shown a
small heat capacity and fast temperature measuring response time. One example of these sen-
sors consists of a temperature-sensitive layer of platinum and indium oxide as the positive and
negative electrodes, and a flexible substrate, in this case polyimide. This flexible temperature
sensor has good deformation resistance and stability when measuring surfaces with different
curvatures, and its illustrated in figure 1.4a) [38]. Meanwhile in figure 1.4b), is depicted a bio-
compatible parylene thermal flow sensing array. This device comprises several thin film plati-
num sensing elements sandwiched in a Parylene C membrane that is suspended over a bulk-
micromachined silicon channel for improved thermal isolation for multi-mode testing in hot-

film, calorimetric and low overheat ratios [39].

Parylene C
Membrane

a) e 5 e
‘%"C//{, 4n,0, b)

<= \eg _— =

Micro-

Thermoelectrode
-platinum channel Fluidic
Coupler
Substrate- Thermosensitive
polyimide position '

Figure 1.4 - a) Temperature sensor with flexible polyimide substrate [38]; b) parylene based thermal flow sensing

array [39].



MATERIALS AND METHODS

2.1 Production of the polyimide and parylene membranes

The production of the polyimide membranes began with the mix of 5 g of PVA powder (88%
hydrolyzed, average M.W. 20000-30000, Acros Organics) in 100 ml of Dl-water (5wt%) in a
glass flask heated at 90°C with 1000 rpm until the dissolution was complete (approximately 12
hours). The glass substrates (Glass plates from Marienfeld) were cleaned in ultrasounds bath,
firstly 10 min in acetone, followed by 10 minutes in isopropyl alcohol (IPA). Then the glass was
cleaned with ultrapure water, and dried under N, jetting. The PVA solution, previously prepared
and cooled for 3 hours at room temperature, was then spin-coated in a glass substrate (previ-
ously cleaned) using a syringe (10mL Injekt Luer Lock Solo from Braun) and a particle filter (0.45
pum PTFE filter from Chromafil). The spin coating conditions for the PVA were, 10 s at 1000 rpm
with acceleration of 500 rpm/s, followed by 20 s at 2000 rpm with 1000 rpm/s of acceleration.
After the spin coating, the sample was heated in a hot plaque for 10 min at 110 °C. Following
the PVA deposition, the adhesion promoter (VM652 from HD MicroSystems) was spin coated
in the substrate and the spin coating conditions were: 30 s at 3000 rpm with 2000 rpm/ s
acceleration. Polyimide (2611 from HD MicroSystems) was then spread onto the substrate with
the PVA and adhesion promoter, and a thickness of 6um was obtained with the following spin
conditions: 7 s at 500 rpm (acceleration 500 rpm/s) and 30 s at 3000 rpm (acceleration 500
rpm/s). All the spin coating depositions were performed under clean room environment and
vacuum conditions. The sample with the spin coated polyimides was soft baked at 90°C for 90

seconds and at 150 °C for 90 s. After the soft baking process, the samples were left cooling for
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10 minutes, before the cure process, in which the samples were heated with a ramp of 240 °C/h
from 150 °C to 350 °C, and stayed at 350 °C during 30 minutes, making a total curing time of

1 hour and 20 minutes, a process fully illustrated in figure 2.1.

A b) , 3
0 Sy a

PVA

VM652 ®.. 0°c @ @. . @®.., 150
v 9 y
- Polyimide ‘ S0°c y 350°c

Figure 2.1 - Schematics of the fabrication of the polyimide membranes. a) spin coating of the PVA in a glass sub-

strate; b) soft baking for 10 min at 110 °C; c) spin coating of the adhesion promoter; d) spin coating of the polyi-

mide; e) soft baking of the polyimide at 90 °C and 150 °C each for 90 s; f) curing at a ramp of 240 °C/h from 150
°C to 350 °C, for 1 h and 20 min.

The parylene membranes were produced by CVD (chemical vapor deposition). The glass sub-
strates were prepared equally to the polyimide procedure. After the cleaning of the substrates,
a syringe (10 mL Injekt Luer Lock Solo from Braun) and a particle filter (0.45 pm PTFE filter from
Chromafil) were used to place the PVA solution onto the substrates. The spinning conditions
of the PVA are similar to the process of polyimide deposition, which are 10 s at 1000 rpm with
500 rpm/s acceleration, followed by 20 s at 2000 rpm with 1000 rpm/s acceleration. After the
spin coating, the glass with the spin coated PVA was heated for 10 min at 110°C. The CVD
process begins with the weighing of 10 g of Parylene dimer, that was placed in aluminum foil
and inside the chamber, that needs to reach a vacuum of 10 mbar for the deposition. As the
chamber reaches the PLA of 10 mbar, the temperature was turned on, in the furnace and cham-
ber, until their setpoint, 690 °C and 135 °C respectively, was reached. As the temperatures
setpoint is reached, the vaporizer temperature is increased, while maintaining an 18 mbar
(chamber pressure setpoint) pressure in the chamber, to deposit a 6um thick layer of parylene

in all the samples in the chamber.



2.2 Aluminum and Titanium/Gold deposition

After the production of the parylene and polyimide membranes, a metallization of the former
was performed. By thermal evaporation, 100 nm of aluminum were deposited, and through e-
beam assisted thermal evaporation, 6 nm of Titanium and 80 nm of Gold were deposited. For
the thermal evaporation, the membrane was set in the chamber of the thermal evaporator, as
a W crucible was filled with aluminum. The chamber was then left for 12 hours in vacuum.
When the vacuum was at least 6.5x10”7 mbar, a current of 55 mA was applied in the crucible,
in order to melt the aluminum, and the former was deposited in the substrate.

To deposit the Ti/Au alloy onto the polyimide and parylene substrates a e-beam assisted ther-
mal evaporation process was used. A loaded gold crucible and titanium crucible, as well as 4
glass samples with the membranes already prepared were set in the chamber and left for 3
hours until a pressure of 3.0x10® mbar was reached in the chamber. The electron beam was
then set onto the crucible with a current of 0.06 mA until the Titanium was melted and until
the deposition of 6 nm of Titanium. The electron beam was then set onto the crucible with the
gold, with a current of 0.05 mA, to melt the gold, and a layer of 80 nm was deposited in the
sample. The initial temperature of the chamber was 20 °C and the final was 32 °C. The final

pressure was 9.0x10° mbar.

2.3 Characterization of the polyimide and parylene membranes

In order to characterize the parylene and polyimide membranes, an ATR (Attenuated total re-
flectance) FTIR (Fourier transform infrared spectroscopy) analysis was performed from 600cm"
' to0 3300 cm™ on a Nicolet 6700 FT-IR (from Thermo electron corporation) in order to deter-
minate the chemical composition of the produced membranes. A Differential Scanning Calo-
rimetry and Thermogravimetry (DSC-TG) analysis was performed in equipment STA 449F3 Ju-
piter on the membranes and the tattoo paper (Laser Tattoo A4-Paper from FOREVER) to eval-
uate their behavior with a temperature change, as well as to determine the temperature on
which membrane degradation begins, and mass loss during sample heating. The measure-
ments were taken from 27 °C to 550 °C at 5 °C/min under ambient conditions.

Additionally, the membranes with and without the deposited metal, were analyzed in aP-
ANalytical X'Pert PRO XRD (x-ray diffraction) diffractor, in the 26 range from 0° to 90°, with a
0.1° step, in order to confirm the correct metallization of the membranes with the Ti/Au and

Aluminum layers.



2.4 E-tattoo assembling and sensor characterization

The e-tattoo assembling began with the peeling off of the metalized membranes with Al or
Ti/Au from the glass substrate. The samples were put in water at 90 °C during 2 hours, to
dissolve the PVA layer, thus peeling of the metalized membrane from de glass substrate. This
process was followed by the slight wetting of the tattoo paper, in order to remove the liner,
and to allow the metalized membrane to adhere to the paper. With both of these steps pre-
pared the removed metalized polyimide and parylene membranes were then slide into the
tattoo paper and then dried for 5 minutes in a hot plate at 55 °C followed by 3 hours at room
temperature. Finally, the sample, that needs to be fully dried, was cut by a Silhouette Cameo 4,
with the desired Adobe lllustrator circuit for a temperature sensor and with the machine spec-
ifications being: blade 2; force 4; velocity 1 and repetitions O for the polyimide membranes and,
blade 2; force 3; velocity 1 and repetitions 0 for the parylene membranes, as shown in figure
2.2. After the cutting of the serpentine shaped circuit design, the paper was then slightly wet
again, in order to facilitate the peel-off of the extraneous parts of the membrane, leaving only
the desired circuit on the tattoo paper. To attach the final sensor (to measure temperature) to
the human skin, the skin surface was slightly wetted, and the tattoo paper was placed. Follow-

ing this, the tattoo paper is then fully wetted and then its slide to keep only the desired circuit.

Figure 2.2 - a) removal of the glass substrate in a heated plaque at 90 °C for a continuous period of time; b) lami-
nating the metalized membranes onto the tattoo paper. c) cutting process on a silhouette cutter plotter of the

desired circuit.

The produced temperature sensors were then characterized in a Polaron cryostat with a
Keithley, in order to determine the resistance of the produced sensors (through IV curves anal-
ysis), as well as the variation of said resistance with a temperature change, to determine the
TCR (temperature coefficient of resistance). The sensors were tested before Adhesion to the
skin (before the transfer process, still on the paper). The produced sensors were also charac-

terized in a 4 Point Probe FPP-50000, to determine their sheet resistance.
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RESULTS AND DISCUSSION

3.1 Characterization of parylene and polyimide membranes

3.1.1 FTIR analysis

To detect the polar bonds, namely for the detection of organics, a FTIR analysis was performed.
Organic materials usually exhibit multiple peaks due to the polar bonds between O-H, C-O and
C-H. FTIR is then used to evaluate the chemical composition of the parylene and polyimide
membranes and the results were compared with the basic materials (liquid polyimide and
parylene dimers) and their commercial versions.

Figure 3.1 shows the ATR-FTIR spectra for the parylene membranes. In table 2 it is possible to
identify notable bands of the parylene-C spectrum. The absence of a transmittance band in the
region of ~1700 cm™, in the parylene dimer and parylene spectrums, indicate that here are no

carbonyl or carboxylic bonds in the as-deposited film. [40]

Table 2 - Notable bands in the parylene films FTIR spectrum [41] .

Two neighboring H atoms bonded to aromatic ring vibrations 827

Cl bonded to aromatic ring vibrations 877; 1051
In-plane deformation of C-H bond in aromatic ring vibrations 1200; 1100
CH3 symmetric bending vibrations 1340

C-C deformation vibrations 1403

CH2 rocking vibrations 1452

C-C ring stretching vibrations 1495
Skeletal aromatic C-C vibrations 1557; 1607
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The bands in the parylene membranes produced and the characteristic bands of the parylene
in table 2 confirm the production of a parylene membrane. The diference of peaks between
the dimer and the parylene membrane, spcifically in the 850 cm™ to 700 cm™ area are due to

the polymerization of the parylene dimer.

parylene dimer
parylene

R

Transmitance (a.u.)

3200 2800 2400 2000 1600 1200 800
Wavenumber (cm-1)

Figure 3.1 - ATR-FTIR spectrum of the parylene dimer and membranes.

In figure 3.2 is shown the ATR-FTIR spectrum of the polyimide membranes. The ATR-FTIR spec-
trum of polyimide membranes is characterized by main bands at around 1778 cm™, 1772 cm”™
(imide ring); 1498 cm™ (phenylene); 1377 cm™ (pyromellitic imide) and 1245 cm™ (aromatic
ether) [41], and the bands described in table 3. The band at 1 015 cm™ that represents the
vibration of the aromatic moieties was considered as an internal standard as it is invariant [42].
Due to the polyimide being a liquid, the spectrum presents some differences to the studied
membranes. However, a comparison between the bands of the produced membrane and a
commercial Kapton tape (same components), alongside the similarity of the samples to the
characteristic bands of polyimide in a FTIR spectrum, allow the conclusion that the presented

sample is a polyimide membrane.
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Table 3 - Frequencies of characteristic bands of the polyimide FTIR spectrum [43].

C-C(=0)-C symmetric stretch (imide ring) 1780
C-C(=0)-C antisymmetric stretch (imide ring) 1720
Aromatic ring 1600; 1015
Aromatic CH 1500
Pyromellitic imide (CNC stretching) 1370
Aromatic C-O-C ether stretch 1270
(O=C-0 or O=C-N) 888

Comercial Kapton
—— Polyimide solution (liquid)
Polyimide membrane

TV VT
L —

Wf“\r\/w

Transmitance (a.u.)

N I N I N 1 N 1 v 1 ' I v
2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm-1)

Figure 3.2 - ATR-FTIR spectrum of the polyimide membranes.

3.1.2 Differential Scanning Calorimetry analysis

The Differential Scanning Calorimetry (DSC) is one of the main techniques for thermal analy-
sis. DSC detects endothermic and exothermic transitions like the determination of transfor-
mation temperatures and enthalpy of solids and liquids as a function of temperature. A DSC-
TG analysis was performed in the produced parylene and polyimide membranes, a commercial
polyimide membrane (Kapton) and to the tattoo paper. In figure 3.3, it's possible to view a
DSC-TG curve, concerning mass loss, and DSC in function of temperature, for the tattoo paper.

As is shown, the tattoo paper presents a slight peak at 66 °C, and a slight mass change of -
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5.55% at this temperature, which can be attributed to evaporation of water present in the sam-
ple. The peak at 330 °C is attributed to the temperature of degradation of the tattoo paper,

which also presents significant mass loss at such temperature in figure 3.3 b).

110
—— Tattoo paper
2,04 |—— Tattoo paper 100 -
l exo # Mass Change: -5.55 %
a) 90 -
1,51 Value: 333.0 °C, 1.929 mW/mg b)
80 4
=) Mass Change: -70.47 %)
E 1,04 < 704
E Value: 66.0 °C, 0.5819 mW/mg \o>
[S (H 60
o 051 =
1) 50
[a]
0,0 40 4
304
~|
057 20
T T T T T T T T T T T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550

Temperature (°C) Temperature (°C)

Figure 3.3 - DSC analysis of the tattoo paper; a) DSC peaks; b) Mass change during heating.

In figure 3.4 is depicted the DSC analysis of the parylene membranes, from 27 °C (room tem-

perature) to 550 °C, at a rate of 5 °C/min.

120
- —— Parylene membran
0.2 a) ‘ arylene membra e\ 1109 p) ——Parylene membrane
0.0+ 100 A
90
S -0,2 4 80
£ . 70-
= 04+ 5
£ ‘6 60 Mass change =-52,51%
O 06 = 50
& 0.6
[a)] Value: 258,2 °C, -0.60477 mW/mg 40
-0,8 30 4
Value: 458.0 °C, -0.4809 mW/mg
20
-1,0
Value: 440.0 °C, -0.7648 mW/mg 10 4
'112 T T T T T T T T T T O T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550

Temperature (°C) Temperature (°C)

Figure 3.4 - DSC analysis of the parylene membranes; a) DSC peaks; b) Mass change during heating.

As its seen in figure 3.4a), the exothermic pic at 258.2 °C can be attributed to a crystallinity
rearrange in the parylene membrane, as it doesn't present any significant mass change in the
sample. Although there are no mass changes at this temperature, crystallinity orientation
changes can influence the mechanical resistance of the material, making it more fragile. Mean-
while, at 440 °C and 458 °C, the endothermic peaks, represents the temperature of degradation

of the parylene membrane, as it coincides with a significant mass loss in figure 3.4 b).
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Figure 3.5 shows the comparison between the DSC-TG curves and mass loss curves of the
commercial Kapton membranes and the produced polyimide membranes. The similarity be-
tween both the curves indicates the presence of a polyimide film, that presents no significant
mass loss, in both membranes, until 550 °C. In figure 3.5a), the Kapton membrane presents a
peak at 70 °C, and in figure 3.5c) the polyimide membrane the slight peak is situated at 71 °C,
both with no significant mass loss. This indicates that at these temperatures, some internal
rearrangements between the atoms that constitute the membranes occur, which can affect the
stability of the membranes, but don't compromise the integrity of such. In figures 3.5 b) and
d), is observed that, although the mass loss in the produced membranes is slightly higher at -
5,16 %, compared to the -3,78 % of the Kapton membranes, these produced membranes main-

tain their integrity when submitted to high temperatures.

a) b)
0,8 110
Comercial Kapton membrane\ -
0.7 Commercial Kapton membranes
0,6
S 051 jexo 100
£
= 044 g
= S
< 034 V]
o =
%)
0 02+ \ 90
Value: 70.0 °C, 0.2418 mW/mg Mass Change: -3.78 %
0,1
0,0
_Ovl T T T T T T T T T T 80 T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550
o) Temperature (°C) d) Temperature (°C)
110
307 Polyimide membrane Polyimide membrane)
105
2,5
S 207 i exo 100
£ ~
= 15 5
£ ~ 95 -
= O
Q 1.0+ =
a o\ 90 4 Mass Change: -5.16 %
0,5 Value: 71.0 °C, 0.8055 mW/mg
85 -
0,0
_015 T T T T T T T T T T 80 T T T T T T T T T T
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550
Temperature (°C) Temperature (°C)

Figure 3.5 - DSC analysis of the commercial Kapton membranes; a) DSC peaks; b) Mass change during heating;
and of the polyimide membranes: c) DSC peaks; d) Mass change during heating.
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3.1.3 X-ray diffraction

X-ray diffraction is a technique often used to study the crystallographic structure of the sam-
ples under analysis. Moreover, this technique can also be used to detect the presence of dif-
ferent crystalline phases as well as quantify their weight fractions. This technique was used to
evaluate the crystallographic structure of aluminum and gold films deposited onto parylene-C
and polyimide substrates. The XRD diffractogram for the parylene membrane after peel-off,
presented in figure 3.6, exhibits a peak at around 15 °, characteristic to parylene compounds
[44], confirming the production a parylene membrane. The presence of a solo peak in parylene

membranes attest to the semi-crystallinity of the polymer.

—— Parylene
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Figure 3.6 - XRD diffractogram of the parylene membranes.

An aluminum layer (100 nm) was deposited on top of the parylene-C membrane through ther-
mal evaporation and the corresponding diffractogram is presented in figure 3.7. The charac-
teristic peak of the parylene membranes is still present at 26=15°, and at around 38° and 45°
are representative of the (111) and (200) planes, characteristic of the face-centered cubic (fcc)
form of aluminum (ICDD card: 01-085-1327)[45]. Thus, the diffractogram of figure 3.7 indicates
that the deposition of the aluminum layer does not interfere with the crystalline structure of
the parylene-C membrane. The absence of peaks above 50 °, characteristic of the planes (220),
(311) and (222) [46], is justified by the low thickness (100nm) of the aluminum layer present in

the sample.
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Figure 3.7 - XRD diffractogram of the parylene membranes with a 100 nm layer of aluminium.

Figure 3.8 depicts the diffractogram of parylene membranes after a deposition of a Ti/Au layer.
Through the analysis of this figure, it is possible do detect the presence of the characteristic
parylene peak at 26=15 °, although with a lower intensity. The remaining peaks coincide and
present more compatibility with the characteristic peaks of gold compounds, namely at 26=38
°,45°, 65 °and 76 °. attributed to the (111), (200), (220) and (311) planes, respectively, which
are characteristic of the structure of Au (ICDD card: 00-001-1172) [47] [48].

'—— Parylene and Gold|

Al

A~ AN
Au (ICDD 00-001-1172)

Intensity (a.u.)

10 20 30 40 50 60 70 80
26 (°)
Figure 3.8 - XRD diffractogram of the parylene membranes with an 80 nm layer of gold.
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In comparison, polyimide membranes with a 6 ym thickness were produced through spin-
coating of a commercial polyimide solution (2611 from HD MicroSystems) onto a common
glass substrate and their corresponding diffractogram, after peel-off is presented in figure 3.9.
Only a slope at around 20 ° can be detected in the polyimide membrane's diffractogram, which

indicates that the produced polyimide membranes are amorphous [49].

- Polyimide,

Intensity (a.u.)

10 20 30 40 50 60 70 80

26 (°)
Figure 3.9 - XRD diffractogram of the polyimide membranes (6 um).

Similarly, to the process performed for the parylene-C membranes a 100 nm aluminum layer
and an 80 nm Au layer was deposited on top of the polyimide membranes. The corresponding
diffractograms are presented in Figure 3.10 and Figure 3.11. The presence of a slight cluster at
20°, characteristic of the polyimide membrane, can be observed in figure 3.10. Additionally,
the diffractogram presents peaks at 38 © and 45 °, similar to parylene membranes with alumi-
num, which are representative of the (111) and (200) planes, characteristic of the face-centered
cubic (fcc) form of aluminum (ICDD card: 00-004-0787) [45], but, due to low thickness of the
films (100nm), the peaks that usually characterize the aluminum above 60° are not presented,
characteristic of the planes (220), (311) and (222) [46].

The diffractogram of the polyimide membrane covered with an 80 nm Au layer, is shown in
figure 3.11. The characteristic slope of the amorphous polyimide membranes is still present at
206=20 °. The diffractogram peaks at 26=35 ©, 38 ©, 45 © and 65 ° coincide with the (111), (200),
(220) and (311) planes, characteristic of gold compounds (ICDD card: 00-001-1172 ) [47] [48],

which supports the a presence of a gold layer on top of the polyimide sample.
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Figure 3.10 - XRD diffractogram of the polyimide membranes with a 100 nm layer of aluminium.
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Figure 3.11 - XRD diffractogram of the parylene membranes with a 80 nm layer of gold.
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3.2 Dimensioning and production of the e-tattoos

3.2.1 E-tattoo assembling

After the production of the polyimide membranes, they were metallized (with aluminum or
gold), and the e-tattoos were produced, following the protocol previously showed, as is shown

in figure 3.12.

Figure 3.12 - E-tattoo assembling, full process: a) membrane production; b) metallization of the polymer mem-

brane; ) peel-off of the metalized membrane; d) removal of the liner of the tattoo paper; e) sliding of the peeled-
off membranes onto the tattoo paper; f) cutting of the circuit; g) application of the tattoo in the skin.

The final sensors were subdivided considering the constituting materials, polyimide and
parylene, as well as if they are metalized with aluminum or gold. Additionally, the circuits were
divided concerning the complexity of the serpentine circuit, a simpler and more complex de-
sign, illustrated in Annex Ill. The produced and tested sensors are depicted in figure 3.13 and
table 4. It's important to refer, that the thicknesses presented here, are the programed depos-
ited thickness of the metal films, in the thermal evaporator and e-beam thermal evaporator.
The thickness of the membranes is the characteristic of the spin coating conditions, and curing

temperature and time used in the fabrication process.
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Table 4 - Overview of the design and constitution of the tested sensors.

Name Membrane Thickness Metallization Thickness Design Figure
PLLAI A Polyimide 6 um Aluminum 100 nm Simple 3.13a)
PI_LAu A Polyimide 6 um Ti/Au 86 nm Simple 3.13b)
Par_Au Parylene 6 um Ti/Au 86 nm Simple 3.13¢)
PI_Au B Polyimide 6 um Ti/Au 86 nm Complex  3.14a)
PI_AI B Polyimide 6 um Aluminum 100 nm Complex  3.14b)

Figure 3.13 - Produced temperature sensing e-tattoos; a) PI_Al A (polyimide and aluminium); b) PI_Au A (polyi-
mide and gold); Par_Au (parylene and gold).

Meanwhile, in figure 3.14a) and b) the more complex designs were prepared and were desig-

nated as PI_Au B (polyimide with gold) and PI_Al B (polyimide with aluminum), respectively.

Figure 3.14 - Produced sensors for the more complex circuit design; a) PI_Au B (polyimide and gold); b) PI_Al B
(polyimide and aluminium).

22



3.2.1 Sheet Resistance of the metalized membranes

The sheet resistance was determined through 4-Point probe analysis of the metalized mem-
branes still on the glass substrate. This method consists in applying a current in the sample
and viewing the tension response in the apparatus. The sheet resistance is then calculated
through the following equation:

Ry = 4.532 7 (1)
Where | is the applied current, and V is the measured voltage.
In table 5, there are shown the voltage measurements from 1 mA through 5 mA applied current

(with 1 mA increases) for the aluminum layers (in the polyimide and parylene).

Table 5 - Voltage measurements for aluminium layers.

Al on parylene Al on polyimide

Current (mA) Voltage (mV) Current (mA) Voltage (mV)
1.00 0.17 1.00 0.25
2.00 0.33 2.00 0.50
3.00 0.49 3.00 0.74
4.00 0.65 4.00 0.98
5.00 0.81 5.00 1.22

Through equation 1, and due to the fact that the values of voltage increase linearly with the
increase of the current, the average of sheet resistance for the aluminum layer on parylene
is 0.74 Q/0O and for the aluminum and polyimide sensors is 1.20 Q/0. These values differ from
the calculated value, accounting the resistivity and thickness of the material deposited (in An-
nex Ill), 0.28 Q/0O, possibly due to the non-uniformity of the deposited film, through thermal
evaporation.

Similarly, in table 6, the same measurements are shown for the gold layers (also in the polyi-

mide and parylene).
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Table 6 - Voltage measurements for gold layers.

Current (mA) Voltage (mV) Current (mA) Voltage (mV)
1.00 0.07 1.00 0.12
2.00 0.15 2.00 0.25
3.00 0.22 3.00 0.30
4.00 0.29 4.00 0.50
5.00 0.35 5.00 0.60

Through equation 1, and due to the fact that the values of voltage increase linearly with the
increase of the current the value of sheet resistance for the gold on parylene layers is 0.32 /O
and for the polyimide and gold sensors is 0.53 Q/D.

These values are very similar to the calculated value (in Annex Ill), 0.31 Q/0O, which proves the
stability of the polymer membranes metalized with gold, possibly due to gold being deposited

though a different method (e-beam thermal evaporation), while comparing with aluminum.
3.3 Electrical characterization of the temperature sensors

3.3.1 Sensor’s nominal resistance

The resistance of the tested temperature sensors was determined by analysis of the IV curves,
where a sample was clipped to a voltage source, and applied tension, between -0.5 V and 0.5
V, while the current (in mA) is measured. Through the analysis of the slope of the IV curve, it's
possible to extract the value of the resistance of the sensor. The resistance value is extrapolated
from a linear fit through the inverse of the slope.

The I-V curve for sensor PI_Al A is presented in figure 3.13a), and through analysis of the linear

fit, the sensor possesses a Resistance of 1/slope that equals to 49.5 Q.
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Figure 3.15 - Analysis of the IV curve for sensor PI_Al A.

In figure 3.16, Sensor PI_Au A, with polyimide with gold, with the same design as the previous
sensor, is presented. Through the analysis of the slope in this sensor’s IV curve, the resistance
value is 142.3 Q, a value explained due to the continuous manipulation of the e-tattoos during

the assembling process.
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Figure 3.16 - Analysis of the IV curve for sensor PI_Au A.

In figure 3.17, the IV curve for the parylene and gold sensor, is presented. The design is the
same as in figure 3.15 and 3.16, however, the resistance value for this sensor is 26.4 Q, from
the analysis of the IV curve, which represents a significant decrease comparatively to the pre-
vious sensor. This can be explained due to some constrains in the sensor, after the cutting

process, as well as due to the lower adhesion of the gold to the parylene membrane.
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Figure 3.17 - Analysis of the IV curve for sensor Par_Au.

In figure 3.18, the IV curve for sensor PI_Au B, with the more complex design is shown. The
resistance extrapolated from the IV curve for this sensor is 61.4 Q. This value can be explained
due to some constrains in the serpentines, that lead to less resistance. These constrains can be
attributed to some irregularities in the cutting process or in the peeling-off of the extra remains
after the cutting process. Finally, in figure 3.19, is depicted the IV curve for the polyimide and
aluminum complex sensor (sensor PI_Al B). The value of resistance is 114.4 Q from de IV slope.
This sensor possesses a bigger resistance value than the simpler design of the circuit, however,

has less resistance than the gold PI_Au A sensor.
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Figure 3.18 - Analysis of the IV curve for sensor PI_Au B.
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Figure 3.19 - Analysis of the IV curve for sensor PI_Al B.

3.3.2 TCR calculation for the temperature sensor

The TCR is a vital parameter for many practical applications of temperature sensor which refers
to the relative change in resistance when the temperature changes. TCR can be calculated by

equation 1.

(&) TCR°C~1 )

R = Ro[ 1+ (T = To)](=) o= 71

Where Ry (Q) represents the resistance value measured in the initial temperature 7, (°C) and AR
is equal to R— Ro, and ais the TCR.

In table 7, are represented the values of TCR characteristics of aluminum and gold, the mate-
rials used in the produced sensors. The TCR analysis, consists in calculating the TCR of the

different designed sensors and comparing them with the literature values [50].
Table 7 - TCR values for Aluminium and Gold [50];

Metal (bulk) TCR (°C™)

Al 0.0028

Au 0.0035

As shown in equation 1, the TCR can be calculated via the slope of a linear fit in a curve of the
R/Ry in function of 7-7o. Through these curves, the slope can directly correlate to the value of
the temperature coefficient of resistance of the produced sensors. In the following analysis

there are presented the graphs for the variation of R (resistance) in function of 7 (temperature)

27



as well as the graphs for the R/R as a function of 7-7, for the heating process, because the
TCR values can be directly extrapolated from their slope.

In figure 3.20a), is shown the variation of the resistance with a temperature increase for sensor
PI_AI A. The TCR curve is shown in figure 3.20b), with the x values being 7-7; and the y values
being R/R,, where Ry value is 58.5 Q for 75=28.1 °C. Through the analysis of a linear fit to the
TCR graph, the extrapolated slope is representative of the TCR value for the first serpentine
sensor, which is 0.0017 °C™".

In figure 3.21a) the curve of resistance in function of temperature regards sensor PI_Au A.

Meanwhile in figure 3.21b), the TCR curve is presented for this sensor, with the R value being

146.1 Q for 7,=28.3 °C. The slope of this linear fit, and TCR of sensor PI_Au A is 0.0015 °C™",
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61.0 4 m  Sensor PI_AIA
' 1,04 -
& 60,5 -
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Figure 3.20 - Sensor PI_Al A: a) Resistance variation with temperature increase; b) TCR curve.
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Figure 3.21 - Sensor PI_Au A: a) Resistance variation with temperature increase; b) TCR curve.
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The variation of resistance with temperature change for sensor Par_Au, is shown in figure
3.22a). The TCR curve, and respective linear fit, for this sensor is depicted in figure 3.22b), with
a Ro value of 22.0 Q for 7,=28.4 °C, the slope of this curve, and consequent TCR for this sensor
is 0.0015 °C™".

In figure 3.23a) the resistance variation with temperature is shown, for sensor PI_Au B, the more
complexly designed gold sensor. The R value for this sensor is 61.0 Q at To=32.1 °C, and

through the analysis of the TCR curve, in figure 3.23b), the TCR value for sensor PI_Au B is
0.0017 °C™.
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Figure 3.22 - Sensor Par_Au: a) Resistance variation with temperature increase; b) TCR curve.

64,0 1,05
a) . b) = TCR Curve, Sensor PI_Au B
63,5 - | = SensorPI_AuB 1044 Linear Fit 2
. :

63,0 .
a 1,03+
(] [ ]
é 62,5 - . <
o @ 1,02
D 62,0 - ]
x

| |
1,01
61,5 - .
| |
6104 m 1,00 + _ _ o1
, slope=TCR=0.0017 + 0.0001 °C
T T T T T T T T T T T
30 35 40 45 50 55 60 0 5 10 15 20 25
Temperature (°C) T-T, (°C)

Figure 3.23 - Sensor PI_Au B: a) Resistance variation with temperature increase; b) TCR curve.
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Finally, the study of sensor PI_Al B, englobes the variation of the resistance with temperature
change, the TCR curve, during the heating process, and the TCR curve for the cooling process,
in order to infer about the hysteresis and reproducibility of measurements. This sensor presents
a Ry of 116.3 Q for 75=28.3 °C. In figure 3.24a) is shown the Resistance and temperature curve.
Figure 3.24b) shows the TCR curve for the heating of the sensor, and figure 3.34c) depicts the
TCR during cooling of the circuit. The value of this sensor’s TCR is the same, when in heating
or in cooling mode, 0.0017 °C", which proves the absence of hysteresis of these sensors, as
well as confirm the reproducibility of measurements, of these sensors. The TCR values for the

cooling process, of the remaining sensors are discussed in Annex IV.

122
a) .
\ = Sensor PI_AIB -
121 ]
— [ ]
g 120 -
8
[ ]
§ 119 -
2] |
‘D
& 118 .
[ ]
117 -
[ ]
[ ]
116
T T T T T T

25 45

Temperature (°C)

50 55 60

B TCR curve of sensor PI_AI B (coolin
1054 b) ®m  TCR curve, Sensor PI_Al B 1,054 ¢) . : AIB ( 9
. ) Linear Fit
Linear Fit
1,04 1,04
1,03 1,03
o o
[ fad
ad 24
1,02 1,02
1,01 1,01
1,00 A o~1| 1,007 1
slope=TCR=0.0017 + 0.0001 °C slope=TCR=0.0017 £ 0.0001 °C
T T T T T T T

5 10 15

TT,

20 25 30

30

25

20

15
T-T, (°C)

10 5 0

Figure 3.24 - Sensor PI_Al B: a) Resistance variation with temperature increase; b) TCR curve for the heating of the

sample; ¢) TCR curve for the cooling of the sample.
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The sensors present TCR values in the same decimal range as the theoretical value for alumi-
num, 0.0028 °C™" and for gold 0.0035 °C"", which means, that although they are lower values
than the theoretical, the sensors still possess good temperature sensing capabilities. The dif-
ference between the obtained and theoretical values comes from the characteristic lower TCR
for thin films in comparison to materials in bulk. [51]

In table 8, an overview is presented, of the sheet resistance, resistance, and TCR values obtained

from the characterization of the produced sensors.

Table 8 - Overview of the obtained values of R, R and TCR for the tested sensors.

Sensor R.(Q/D) R(Q) TCR (°C™) ‘
PILAI A 1.20 495 0.0017
PILAu A 0.53 142.3 0.0015
Par_Au 032 26.4 0.0015
PI_Au B 0.53 614 0.0017
PILAI B 1.20 114.4 0.0017
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4

CONCLUSION AND FUTURE PERSPECTIVES

The main objective of this work, which consisted in the development of e-tattoos using poly-
meric membranes prepared in CENIMAT, aiming the development of functional on-skin de-
vices, was successfully achieved.

The use of polymeric membranes, prepared in our laboratory, has a huge advantage since the
polymeric substrate supporting the functional device can be produced according to the desired
needs and specifications such as thickness, mechanical and electric properties. The produced
membranes, parylene and polyimide, presented a thickness of 6 um, and also allowed the pro-
duction of functional e-tattoos, that can be safely attached to the human skin due to their
excellent mechanical stability.

As a case study, temperature sensors were developed based on this technology. The produced
sensors, consisted in polyimide with an aluminum layer, presented a resistance value of 49.5 Q
for the simpler serpentine design and 114.4 Q and for the more complex design. The value of
TCR was 0.0017 °C™' for both designs. Polyimide with gold temperature sensors were also pro-
duced, with resistance values of 61.4 Q and 142.3 Q and TCR values of 0.0015 °C" and 0.0017
°C™" for the simpler and more complex design, respectively. Additionally, a parylene with gold
sensor was also successfully produced, achieving a resistance value of 26.4 Q and TCR of 0.0015
°C'. With these values, it's possible to conclude, that the produced e-tattoos, are capable of
functioning as temperature sensors.

In spite the progresses made in this work, there are still many milestones left to overcome, and
based in the obtained results, there are some suggestions and future perspectives: experiment
with surface treatments of the parylene membranes to improve the adhesion of the aluminum
and gold to the substrate, which can improve the stability; develop other sensors to test the
versatility, in the measurement of several other physiological features, such as electrocardio-

grams, humidity measurements or glucose monitoring.
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6

ANNEXES

Annex |. Surface treatment of the membranes

In figure x, is shown the result (on the right) of a surface treatment of the polyimide membrane
before thermal evaporation. A dry etching was performed in sample at 50mT pressure and 10.0
sccm of O, during 200 seconds. Figure 6.1a) represents a polyimide membrane with evaporated
aluminum, without any surface treatment. Meanwhile, figure 6.2b) represents a polyimide sam-
ple dry etched before thermal evaporation. As it can be seen, the sample after dry etching
presents a burnt non-conductive layer of aluminum, which leads to the uselessness of the sam-
ple. Although initially it was thought to be a good process to improve the stability of the mem-
branes and improve the adhesion of the metals to the membrane, this process doesn’'t work in

polyimide membranes

Figure 6.1 - Membranes after thermal evaporation: a) without dry etching treatment; b) with dry etching surface

treatment.
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Annex Il. Cutting trials

In table 5, it is shown the cutting trials of the Silhouette Cameo 4 cutter plotter, for a layer of
6um of polyimide (PI) and 100 nm Al and 6um of polyimide (Pl) + 86 nm of Ti/Au (the same
force and blade were used for the Al and to the Au). The cutter plotter must have the necessary
force, velocity, blade, and number of passings in order to only cut the membrane, maintaining
the integrity of the tattoo paper. The force and blade are the main parameters to change, as
they are the ones who most influence the cutting depth. The thinner the membrane to cut, the
lower the force and smaller the blade to use. The velocity and number of passings stayed the

same for all the samples, of parylene and polyimide.

Table 9 - Cutting trials for the polyimide and Al, and Ti/Au membranes.

Blade Force Results
1t 1 Nocaut
1 2 No cut
1 3 Can cut
1 4 Can cut
1 5 Starts cutting the paper
2 1 No cut
2 2 Can cut
2 3 Can cut
2 4 Optimal cut
2 5 Starts cutting the paper

Additionally, in table 6, it is possible to observe the cutting trials for the parylene membrane
(6 um with 86 nm of Ti/Au and with 100 nm of Al). The results were similar to the polyimide
membranes, however, as was previously mentioned, the cutting process of the parylene mem-
branes was easier, so it required less force to cut the desired circuit.

It is important to refer, that due to the polyimide and parylene membranes being responsible
for the main thickness of the final sensor (6um), the cutting process with aluminum and gold
presents the same optimal cutting specifications. Additionally, with such thin film membranes,
the cutting processes didn't exceed the 5 force which began with consequent destruction of

the sample.
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Table 10 - Cutting trials for the parylene and Al, and Ti/Au membranes.

Blade Force Results

1 1 No cut

1 2 Can cut slightly

1 3 Can cut

1 4 Optimal cut

1 5 Starts cutting the paper
2 1 Can cut slightly

2 2 Can cut

2 3 Can cut

2 4 Stars cutting the paper
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Annex lll. Determination of the theoretical resistance of the sensors

The determination of the resistance of the sensors starts with subdividing the sensor design in
pads and squares of 0.2 mm width.

The first designed sensor, in figure 6a) and the more complex design is depicted in figure 6b);
The first sensor, with the simpler circuit presented about 200 squares, with 16 corner squares
and the 2 big pads at the bottom. The more complex sensor consists of approximately 500

squares, 50 corner squares and 2 big pads as well.
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Figure 6.2 - Schematics of the subdivision of the designed sensors in 0.2 mm squares: a) simpler design; b) sensor

with more complex design.

The first step is to calculate the sheet resistance for the aluminum sensors which is given by:

_ pAl _ 2.8x1078(Qxm) ,_ .
R S(AD ™ ‘thickness 100x10~°(m) (=)0.28 /o, (1.1)
The calculus of the resistance of sensor PI_Al A is then:
1642
Rexpectea = Rocan (200 — 222) =539 0 (I11.2) b

Meanwhile the expected resistance sensor PI_Al B, is calculated as shown:

50+2
Rexpectea = Rsqap (500 —E22) = 133.7 0 (111.3)

The calculus of the sheet resistance for the gold sensors is given by:

pAu _ 2.44x10”8(Qxm)
thickness  80x10~%(m)

R say = (=)0.31 Q0; (111.4)
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Sensor PI_Au A and Sensor Par_Au presents the same layout and same material, so the calcu-
lated expect resistance can be applied to both. These sensors have the same number of con-
stituents as sensor PI_Al A, being the same layout, which are 200 squares, with 16 corner
squares and the 2 big pads at the bottom. Using the sheet resistance calculated for gold, the

resistance of both this sensors is given by:

Rexpected = Rs(Au) (200 -

Sensor PI_Au B, similarly to sensor PI_Al B, possesses approximately 500 squares, 50 corner

(16+2)

) =583 Q); (111.5)

squares and 2 big pads. The resistance value for sensor PI_Au B, the more complex design, with

polyimide and gold, is calculated by:

50+2
Rexpected = Rs(Au) (500 - ¢ 2+ )) =144.6 Q; (|||.6)
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Annex IV. Determination of TCR with sample cooling

The measures of the TCR for the cooling of the samples were made to ensure the reproduci-
bility, which can be achieved, because there is a similar change in the resistance with cooling
and heating, and the sensor returns to similar values to the initial resistance. In figure 6.3 is
shown the TCR curve for the cooling process of sensor PI_Al A. This sensor presents a cooling
TCR of 0.0014 °C™".

0,900

u B TCR curve of sensor PI_Al A (cooling)
Linear fit

0,895
0,890
0,885

0,880

RIR,

0,875
0,870

0,865

0,860 slope=TCR=0.0014 + 0.0001 °C™*

T T T T T T T T T T
30 25 20 15 10 5 0

T-T, (°C)
Figure 6.3 - TCR curve for the PI_Al A sensor, during cooling of the sample.

In figure 6.4 is shown, the TCR curve for the cooling of the sensor PI_Au A, and the sensor

presents a cooling TCR of 0.0018 °C™",

m  TCR curve of sensor PI_Au A (cooling)
1,04 4 . .
Linear Fit
1,03
go 1,02
nd
1,01
1,00
slope=TCR=0.0018 + 0.0001 °C*
0,99 T T T T T T T T T T T
25 20 15 10 5 0
T-T, (°C)

Figure 6.4 - TCR curve for the PI_Au A sensor, during cooling of the sample.
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Sensor Par_Au, has the cooling TCR depicted in figure 6.5. The cooling TCR of the Par_Au sensor
is 0.0013 °C™".

1,040 B TCR curve of sensor Par_Au (cooling)
Linear Fit
1,035
1,030
0\:0 1,025
hd
1,020
1,015
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1 slope=TCR=0.0013 + 0.0001 °C*
1,005 T T T T T T T T T T T
25 20 15 10 5 0
T-T, (°C)

Figure 6.5 - TCR curve for the Par_Au sensor, during cooling of the sample.

Sensor PI_Au B, has the cooling TCR depicted in figure 6.6. The cooling TCR of this sensor is
0.0012 °C™".

1,040 ®  TCR curve of sensor PI_Au B (cooling)
Linear Fit

1,035
1,030

o 1,025

R/R

1,020 ]
1,015

1,010

1,005 slope=TCR=0.0012 + 0.0001 °C™*
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25 20 15 10 5 0 -5
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Figure 6.6 - TCR curve for the PI_Au B sensor, during cooling of the sample.
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Annex V. On-skin Measurements

In figure 6.7, it is illustrated the first step, for the measurement of resistance values while the
sensor is attached on-skin. In this first step, the value of resistance is measured, while the circuit
is still on the tattoo paper, after the removal of the extraneous parts of the circuit. This step is
made, to ensure that, both the cutting of the circuit and the removal of the extraneous parts,
were performed correctly. The integrity of the circuit is then ensured, and the e-tattoo can be
attached onto the skin. The sample is prepared, as illustrated in figure 6.7 a), and the measures

are performed as depicted in figure 6.7 b).

Figure 6.7 - Measurements while on the tattoo paper: a) preparation of the sample; b) measurement of resistance

to confirm the integrity of the circuit.

The attachment process of the e-tattoo on the human skin is illustrated in figure 6.8. This step
begins with the wetting of the tattoo paper, shown in figure 6.8 a), in order to re-dissolve the
water-soluble adhesive. This allows for the removal of the tattoo paper, and the complete
transfer of the circuit onto the human skin, illustrated in figure 6.8 b) below. Usually, in this

step, a spray-on glue is used, in order to preserve the integrity of the circuit while on-skin.
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Figure 6.8 - a) Attachment of the circuit to the human skin and wetting of the tattoo paper; b) removal of the tat-
too paper, leaving only the desired circuit on-skin.

Finally, in figure 6.9, the measurements on-skin are illustrated. With both previous steps cor-
rectly ensured, two alligator clips, are attached to the e-tattoo. This is possible due to the
placement of copper strips in the sensor’s pads.

It's important to refer that the illustrated pictures are that of different sensors, so the resistance

values are merely illustrative, and don't correlate.

Figure 6.9 - Measurements of resistance, while the sensor is attached on-skin.
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