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Abstract—Recently there has been a trend to use the
optoelectronic system of pulse oximeters, a photodiode and a
pair of light emitting diodes of different wavelengths, to
perform elementary tissue oximetry by measuring the changes
in oxygenated and deoxygenated haemoglobin concentrations
in tissues. This paper presents introductory work into how an
affordable flexible array of such tissue oximeters could be
manufactured by using direct-write 3D printing and
commercial surface mount devices. For this purpose, a flexible
printed circuit board was fabricated by printing 30 wt. %
silver nanoparticle ink on 60 pm polyimide film. An array of
photoplethysmography (PPG) sensors was made by combining
the circuit board with two pairs of 660 nm and 940 nm light
emitting diodes and six photodiodes. It was demonstrated how
this combination of optoelectronic devices results in a 2-by-4
array of PPG sensors with capability to simultaneously
measure PPG signals with multiple photodiodes. It was
concluded that further work must be completed to evaluate the
possibility of this sensor array to be used for tissue oximetry.
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L INTRODUCTION

Development and fabrication of flexible and wearable
sensors for medicine, e.g. temperature [1, 2], pressure [3-5],
blood oxygen [6-9] measurements, sweat analysis [10-14],
have become increasingly more common both in research
and commercial settings in the last ten years. Wearable and
flexible body sensors offer multiple advantages over their
non-wearable counterparts, including potentially improved
performance due to their better conformability to the
individual's skin [7], easier integration of multiple different
sensors in a single device [13, 15] and improved ergonomics,
as well as cheaper and quicker health problem detection [16,
17] due to the continuous unobtrusive health monitoring.
Naturally, blood oxygen sensors, typically measuring the
saturation of oxygenated haemoglobin (HbO;) in pulsatile
blood, denoted as S,0,, have not been an exception and
numerous  devices, from commercially available
smartwatches [9] to miniaturized wearable S,0O, sensors [6,
8], have been shown, demonstrating the increased use of
continuous blood oxygen monitoring for years to come.

Nevertheless, a novel use of such and similar S;0,
sensors has been proposed by measuring the changes in
concentrations of  oxygenated and  deoxygenated
haemoglobin (HHD) in tissues, i.e. A[HbO,] and A[HHDb],
respectively [7, 15, 18-20]. The ability to measure those
changes not only in pulsatile blood, which usually is

composed of only arterial blood, but in all of the blood in
tissues is the quality that enables the use of such devices for
monitoring of injured tissues, such as after reconstructive
surgeries or with chronic wounds [7, 20, 21]. Consequently,
these devices have been proposed as an alternative to more
expensive and cumbersome sensors that are commonly used
for such applications, e.g. implantable and non-implantable
laser Doppler devices [21].

The reason why S,O, sensors can be employed to
perform A[HbO,] and A[HHb] measurements, i.e. indirect
tissue oximetry, lies within the methodology of pulse
oximetry. According to Beer-Lambert’s law [7], S,O; can be
calculated as follows
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where eump(A) and empo2(A) are the molar extinction
coefficients of deoxygenated and oxygenated haemoglobin
as functions of the wavelength of the light absorbed,
respectively, and R o is the modified modulation ratio. R o is
the product of the modulation ratio R,;, which can be
determined from the PPG signal detected using two
wavelengths A; and A, and the ratio between the differential
pathlength  factors for those two  wavelengths
(DPF(\2)/DPF(\;)) [7]. The values for those factors are
usually taken from the literature [6, 15]. However, DPF(A;)
and DPF(A;) can be used to perform A[HbO,] and A[HHb]
measurements as shown in (2) [7]
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where Iy(A) is a baseline wavelength-specific photocurrent
generated, AI(A) is the corresponding change in the
photocurrent level with respect to the baseline, and d is the
light source to photodetector distance.

Here we improve upon the previously developed sensors
by demonstrating the fabrication of an array of PPG sensors,
which could in the future be used for indirect tissue
oximetry, using direct-write 3D printing [22-25] and by
employing commercially available light-emitting diodes
(LEDs) and photodiodes (PDs). This method of fabrication
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Fig. 1 (A) A flexible printed circuit board (FPCB) printed and used for
the fabrication of the sensor, (B) a fully fabricated array of pulse oximetry
sensors with red and blue arrows pointing at 660 nm and 940 nm LEDs,
respectively, (C) demonstrating the flexibility of the pulse oximetry array
by bending it with a radius of curvature of approximately 14 mm.

was chosen to reflect the need for rapid customization of the
shape of the sensor for its application in monitoring of
injured tissues and its relatively low cost even when
manufactured at low volumes.

II. METHODS

A. Sensor Fabrication

Flexible printed circuit boards (FPCBs) were prepared by
direct-write printing of silver interconnects using 30 wt. %
silver nanoparticle dispersion in ethylene glycol (Sigma-
Aldrich) onto 60 pum polyimide (PI) sheets using 102 pm
nozzle (32 GA, Metcal). The printed pattern was designed
using Autodesk Eagle and the generated Gerber file was then
converted to G-code using FlatCAM. Prior to printing, the PI
substrates were prepared by rinsing them in acetone,
isopropyl alcohol, and deionised (DI) water, followed by 5
min oxygen plasma treatment and a subsequent rinse in DI
water. The silver nanoparticle ink used in this work had a
sufficiently low viscosity (28 cP), therefore, no overpressure
was needed for its extrusion when using the 102 pm nozzles.
Nanopositioning stages (Aerotech ~ Nanopositioner
ANTI130L) employed in the 3D printing system allow for a 4
cm x 4 cm size prints; in this case, each FPCB was prepared
by performing two side-by-side prints. Multipass printing
with five layers of ink enabled lower interconnect resistance.
The printed interconnect patterns were then cured at 240 °C
for 4 hours. Optoelectronic components, i.e. PDs, 660 nm
and 940 nm LEDs, were integrated onto the substrates by
using a two-part conductive epoxy (MG Chemicals) and
curing the samples at 65 °C for 2 hours. After that, the
FPCBs were encapsulated by carefully applying Ecoflex
(Dragon Skin™ 30), which was dyed using up to 2 wt. % of
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Fig. 2 PPG signals recorded by PD no. 1 from four LEDs
simultaneously when an index finger is placed on the PD and the four LEDs
at the same time. B and T letters are assigned in order to distinguish from
which pair of LEDs, bottom (B) or top (T), the PPG is signals are recorded.

carbon black powder, over the interconnects and other areas
of the FPCBs but not covering the LEDs and PDs. Dyed
Ecoflex was used as we found that the sensor performance in
terms of the ratio of AC to DC signal from the PPG
waveforms, which were recorded using 940 nm light,
improved in comparison to the performance of sensors with
translucent Ecoflex encapsulation. Similar strategy to reduce
the negative effect from the ambient light has been reported
before [15]. The concentration of carbon black in Ecoflex
used was not great enough to result in a conductive
encapsulation layer, consequently, no short circuits were
formed by performing the encapsulation of the sensor array
in this way.

B. Signal Acquisition and Processing

The LEDs were biased and the photocurrent from the
PDs was collected by inserting ends of the FPCBs into
connectors and subsequently connecting them to either an
Arduino Uno board with MCP4728 DAC for the LED
biasing or a separate amplification circuit for the
photocurrent, which was then recorded using an oscilloscope.
660 nm and 940 nm LEDs were sequentially biased at 5.40 V
and 1.35 V, respectively, at 50 Hz frequency with 25 % duty
cycle. The output from each PD was amplified with an
individual inverting transimpedance amplifier, with a gain of
2.2 x 10° The PDs were reverse biased with 0.5 V voltage
when the sensor was operating to ensure their stable
operation and constant responsivity. The amplified signal
from each PD was filtered by using a 10th order lowpass
Butterworth filter with 3 Hz cut-off frequency.

III. RESULTS AND DISCUSSION

A. Sensor Fabrication

As it can be seen from Fig. 1 (A) and (B), in which a 3D-
printed pattern of the FPCB is shown, the sensor was
designed to have 6 PDs and two pairs of 660 nm and 940 nm
LEDs with the distance between the centre points in between
the pairs of LEDs and each neighbouring PD to be 7 mm.
The interconnects were arranged in serpentine-like shapes in
order to increase the flexibility of the FPCB and prevent their
cracking during bending. Five layers of silver ink were
deposited for each FPCB in order to minimise the probability
of critical flaws in the print as well as to reduce the resistance
of each interconnect. Interconnect resistance for FPCBs used
for the experiments presented here varied from 2.5 = 0.8 Q to
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Fig. 3

940 nm LEDs and PDs 1 to 4.
93 + 1.4 Q, having measured the resistances of four
interconnects of each geometry on the FPCB. Following the
mounting of the optoelectronic components onto the FPCB,
the sensor was encapsulated in dyed Ecoflex as it is shown in
Fig. 1 (B). Fig. 1 (C) shows how the fully fabricated sensor
can easily undergo bending with a curvature of radius of 14
nm. With the intended sensor application in mind, i.e. the
monitoring of injured skin tissue, we believe the sensor array
is sufficiently flexible as any deformation with a smaller
radius of curvature is unlikely.

B. Separating PPG Signals

When biasing the LEDs on the sensor array, it was
essential to ensure that the PPG signal from each LED could
be distinguished from the overall output of each PD. The
selected voltages in conjunction with different molar
extinction coefficients of 660 nm and 940 nm light by the
tissue as well as slightly different resistances of the
interconnects resulted in different DC levels of the
photocurrent recorded. For example, Fig. 2 shows the four
different PPG signals recorded when PD 1 and the four
LEDs are covered with an index finger. The DC values of the
signals were sufficiently different that they could be easily
distinguished from the overall output of PD 1; the same
result was achieved when testing PD 4. Therefore, PD 1 and
PD 4 each create two PPG sensors with the neighbouring
LEDs. All the other PDs on the array were confirmed to be
able to detect two PPG signals, i.e. for 660 nm and 940 nm
light. In total these findings show that this sensor array is
capable of 2 X 4 PPG recordings for two wavelengths of
light.

C. Simultaneous PPG Measurements

Fig. 3 shows how multiple PDs, in this case four of
them, can record two PPG waveforms each simultaneously
when a thumb is placed on those optoelectronic
components. The waveforms for 660 nm light recorded by
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Simultaneous PPG signals recorded when a thumb was placed to cover the bottom 660 nm and

PDs 1 and 4 have smaller AC and DC signal magnitudes
than the equivalent 940 nm waveforms. On the other hand,
the signals recorded by PDs 2 and 3 have higher DC
magnitudes for 660 nm light while the AC signal for both
wavelengths is of a similar amplitude. The differences in
DC signal magnitudes can be explained by the fact that the
940 nm LED is closer to PDs 1 and 4 than the 660 nm LED,
and vice versa for PDs 2 and 3; and the fact that the
intensity of scattered light reflecting off the skin decreases
exponentially with the distance from the light source [26].
Regarding the AC magnitude, it can be evaluated as a ratio
to the DC wvalue because a relatively low ratio would
indicate that a low fraction of light is absorbed by the
pulsatile blood which is undesirable in a PPG or an S,0»
sensor. In the recordings in Fig. 3, the ratio of the AC to DC
signal, having considered the additional -0.5 V DC offset
due to the reverse bias of the PD, for 660 nm and 940 nm
light was in the range of 0.02 — 0.03 and 0.02 — 0.05,
respectively. These values agree with results that have been
shown before with non-3D-printed sensors in [6, 7, 26, 27].
Despite the promising results, the sensor array calibration
based on (1) and attempts to perform A[HbO,] and A[HHD]
measurements as described in (2) should be achieved in the
future in order to assess the viability of this device to be
used as a tissue oximeter.

IV. CONCLUSIONS

Here we demonstrated how an affordable flexible array of
PPG sensors could be fabricated by employing direct-write
3D printing of 30 wt. % silver nanoparticle ink on polyimide
substrate and using commercially available surface mount
devices, i.e., 660 nm and 940 nm LEDs and photodiodes. It
was demonstrated that a combination of six PDs and two
pairs of LEDs can produce a 2 x 4 PPG sensor array, which
is capable of simultaneously detecting PPG waveforms for
both 660 nm and 940 nm wavelengths with multiple PDs.
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