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Article history: Advances in sensors have revolutionized the biomedical engineering field, having an
Received 26 December 2022 extreme affinity for specific analytes also providing an effective, real-time, point-of-care
Received in revised form 14 March 2023 testing for an accurate diagnosis. Quartz Crystal Microbalance (QCM) is a well-

Accepted 29 March 2023 established sensor that has been successfully applied in a broad range of applications to

monitor and explore various surface interactions, in situ thin-film formations, and layer
properties. This technology has gained interest in biomedical applications since novel
QCM systems are able to work in liquid media. QCM with dissipation monitoring (QCM-
Quartz Crystal Microbalance D) is an expanded version of a QCM that measures changes in damping properties of
Dissipation monitoring adsorbed layers thus providing information on its viscoelastic nature. In this article, an
Temperature control open source and low cost QCM-D prototype for biomedical applications was developed.
In addition, the system was validated using different Polyethylene Glycol (PEG) concentra-
tions due to its importance for many medical applications. The statistics show a bigger dis-
sipation of the system as the fluid becomes more viscous, also having a very acceptable

sensibility when temperature is controlled.
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(continued)

Hardware name QCM prototype

Hardware type e Measuring physical properties and point-of-care sensors
¢ Field measurements and sensors
o Electrical engineering and computer science

Closest commercial analog e openQCM NEXT
e QSense Pro (Biolin Scientific)

Open source licence Creative Commons Attribution 4.0 International

Cost of hardware $ 605.5

Source file repository https://doi.org/10.5281/zenodo.7733393

Hardware in context

The use of sensors in the world is on the rise, providing information on medical diagnostics for health care and improving
quality of life [1]. Acoustic sensor systems, such as the quartz crystal microbalance (QCM) have shown versatility in chem-
ical, physical, biological and biomedical research [2]. The QCM technique has traditionally been used to monitor mass or
thickness of thin films deposited on surfaces and to study gas [3]. This device gained interest in the biomedical field since
1980s when novel QCM systems started to work in liquid media being implemented on several applications [4-7]. The crys-
tal is fabricated using growing gold or platinum films (electrodes) on the surface of a thin AT-cut quartz crystal disc [8]. The
characteristics of this sensor are highly dependent on the chemical nature and physical properties of the sensing material
that covers the active electrode [9].

The QCM operation consists of performing a frequency sweep, generally with a vector network analyzer (VNWA) [10], to
make the crystal oscillate at its fundamental resonance frequencies and its overtones. The instrument obtains the scattering
(S) parameters from the reflected signal (S11 parameter) [11]. Mass depositing onto the sensor surface is detected in real
time as negative frequency shifts on QCM natural resonance frequency [12]. The extended QCM-D version allows measure-
ments of dissipative energy (D) arising from the dampening of the crystal’s oscillation by the adsorbed layer of material, thus
providing information on its viscoelastic nature [13]. Dissipation is the inverse of the quartz crystal quality factor (Q), being
the ratio of resonant frequency and full width at half maximum (FWHM) [14]; it also can be observed on the real part of
admittance parameter Y11 from S11 parameter [15,16].

When the crystal is in contact with liquids, both the accumulation of rigid mass and changes in the liquid properties, e.g.,
density and viscosity, contribute to the frequency shift [17] and have a strong dependence on temperature. Controlling tem-
perature effects is significant when high accuracy measurements are desired [17,18]. In addition, oscillation frequency sta-
bility of the quartz crystal is affected by changes in temperature, impacting on the robustness and reproducibility of the
measurements causing resonance frequency shifts [18-20]|. Temperature is controlled with an active Peltier-based temper-
ature system [21] in a closed chamber to achieve temperature stability [22]. A proportional, integral and derivative (PID)
controller is used allowing a good control of time response, response accuracy, and helping to improve the prior and inherent
errors of the system, also adding an automatic tuning and prediction system [23].

Typical QCM-D designs have a sensor case that provides crystal security while measuring and inserting the samples [24].
The case also supplies a connection to the measuring instrument and silicone O-rings seal to avoid electrical shortcuts [25].
The mounting and placement of the crystal is critical and the operation and sensitivity of the QCM are highly dependent on
them [26]. Custom QCM systems still remain popular to suit specific experiments, and commercial systems aim to maximize
electrical and thermal performances with high quality components, expensive, and bulky lab-based high frequency analyzers
[27]. Researchers from Novaetech S.R.L. created the Open QCM project, which consists of developing the necessary tools to
carry out research work with QCM. Based on this, an inexpensive and open source QCM-D prototype designed for biomedical
applications was developed. The prototype quality for biomedical applications was validated by analyzing the viscosity of
different electrolyte solutions of PEG 3350 (Elea), which is a condensation polymer of ethylene oxide and water, being used
for vast applications, as medical, chemical and biological.

Hardware description

A lightweight and compact QCM-D system was developed (Fig. 1). A printed circuit board (PCB) with pogo-pins associates
the quartz crystal electrodes to a VNWA. In addition, an active proportional-integral-derivative (PID) temperature control
system, implemented with a Raspberry Pi board, controls a Peltier cell.

Sensor case

The sensor case was designed on Autodesk Fusion 360 and printed with a 3D printer (Creality LD-006) by using UV
sensitive resin, having a width of 44 mm, a length of 40 mm, a height of 15 mm, and a weight of 21.5 gr (Fig. 2). KiCad
open-source software suite for electronic engineering was used to design a one-layer PCB, allowing the VNWA (Model
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Fig. 1. Overview of the QCM-D System. Parts are detailed in Section 4 (Bill of materials).

Fig. 2. Exploded view of the sensor case. The parts are detailed in Section 4 (Bill of materials).

DG8SAQ, SDR-Kits) to perform measurements on the crystal (Fig. 3). Electrical connection was done through SMA connectors
(Amphenol, low noise) and gold-planted pogo-pins. The upper part of the case provides a hermetic closure while connected
to the hoses through two rigid nipples. Sensor case was set for undemanding maintenance providing both, quick and easy
crystal positioning. The crystal is in contact with a silicone O-ring that stabilizes the pressure on the crystal and also prevents
liquid from spilling out. A ventilation system for optimizing temperature distribution inside the case was added.
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Fig. 3. 3D printed sensor case. Parts are detailed in Section 4 (Bill of materials).

Temperature control system

Peltier cell

A Peltier cell (TEC1-12706) supplied with 12V and 6A, was selected as the thermoelectric device. An aluminum heat sink,
together with thermal grease and a fan, favor the temperature difference between both Peltier faces. Thermal control has a
18 °C-30 °C nominal working range, and bidirectional heating and cooling. 3D printed polylactic acid (PLA) accessories were

made to protect the fan, divide the Peltier from the sensor case, and cover the whole sensor case working as a thermal
insulator as shown in Fig. 4.

Fig. 4. Peltier Cell with heat sink and Fan with plastic accessories. Parts are detailed in Section 4 (Bill of materials).
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PID temperature control

Raspberry Pi 4 Model B was selected as the microcontroller for PID control since it is free to use (Fig. 5). Temperature
acquisition starts with a thermistor (NTC 3950) providing fast response time and precision. Because of the absence of Analog
to Digital Converters (ADCs) on the Raspberry, the voltage difference acquired by the NTC needs to be converted as digital
data at the microcontroller by an ADC (MCP3008). PID program was implemented with Python, being an open source and
commonly used language that suits the temperature control code. The Peltier cell current was driven through a Pulse Width
Modulation (PWM) Raspberry signal by using a “H” bridge 2-channel stepper motor driver (VNH2SP30 30 Amp). A switching
power supply (12V-10A) was chosen to supply the driver, fan, and Peltier cell, while the Raspberry was supplied through an
USB PC port.

Acquisition system

The used piezoelectric crystal was a 10 MHz AT-cut suitable for liquid biosensing (Novaetech Srl), having a flat crystal
surface carefully polished. It has a thickness of 160 um and a nominal sensitivity of 4.42 x 10-9 g Hz-1 cm-2. For the gold
electrodes, a titanium adhesion layer was used, Diameters of the front and back electrodes (single side) are 11.5mm and
6mm respectively.

A vector network analyzer (DG8SAQ 3, SDR-Kits) (Fig. 6) was selected for measurement of S11 parameter (Fig. 7) and can
be transformed to an impedance (Z) or admittance (Y) parameter on the VNWA software to obtain the desired conductance.
The software application provided by the manufacturer allows a frequency sweep of 1 kHz—.3 GHz and can measure up to
65,000 data points with a sampling time ranging from 0.13 ms—100ms. Data can be exported as a Touchstone format

archive.

Design files summary

Design Filename File type Open source license Location of the file
P1 - Bottom_part_S_case.stl 3D Creative Commons Attribution 4.0 https://doi.org/10.5281/
Printing International zenodo.7733393
P2 - Top_part_S_case.stl 3D Creative Commons Attribution 4.0 https://doi.org/10.5281/
Printing International zenodo.7733393
P3 - Cover_S.stl 3D Creative Commons Attribution 4.0 https://doi.org/10.5281/
Printing International zenodo.7733393
P4 - Cover_Fan.stl 3D Creative Commons Attribution 4.0 https://doi.org/10.5281/
Printing International zenodo.7733393
P5 - P_S_Divisor.stl 3D Creative Commons Attribution 4.0 https://doi.org/10.5281/
Printing International zenodo.7733393
P6 - Base_Fan.stl 3D Creative Commons Attribution 4.0 https://doi.org/10.5281/
Printing International zenodo.7733393
P7- Top_cabinet_T 3D Creative Commons Attribution 4.0 https://doi.org/10.5281/
Printing International zenodo.7733393
P8- Base_cabinet_T 3D Creative Commons Attribution 4.0 https://doi.org/10.5281/
Printing International zenodo.7733393
P9 - QCM_SMA .kicad_pcb PCB Creative Commons Attribution 4.0 https://doi.org/10.5281/
design International zenodo.7733393
P10- Temperature_Control_Sensor.py  Software Creative Commons Attribution 4.0 https://doi.org/10.5281/
International zenodo.7733393
P11-Temperature_Control_PWM.py Software Creative Commons Attribution 4.0 https://doi.org/10.5281/
International zenodo.7733393
P12-Temperature_Control_Interface.py Software Creative Commons Attribution 4.0 https://doi.org/10.5281/
International zenodo.7733393
P13-Temperature_Control_Main.py Software Creative Commons Attribution 4.0 https://doi.org/10.5281/
International zenodo.7733393
P14-Temperature_Control_PID.py Software Creative Commons Attribution 4.0 https://doi.org/10.5281/

International

zenodo.7733393
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Fig. 5. PID Temperature Control devices. Parts are detailed in Section 4 (Bill of materials).

Fig. 6. VNWA for measurement of S parameters.

WINA PORT 1 | DUT

Fig. 7. One port network graph for S parameters.
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Bill of materials summary

Designator Component Number Cost per Total cost- Source of Material type
Unit- USD usD materials

P15 Hose 1 $6.00 $6.00 AMAZON Silicone

P16 Peltier Cell TEC1-12706 1 $9.00 $9.00 DIGIKEY Semiconductor

P17 Power supply 12V/10A 1 $19.96 $19.96 AMAZON Other

P18 Raspberry Pi 4 Model B 1 $75.00 $75.00 DIGIKEY Other

P19 VNH2SP30 30A 2-channel 1 $21.71 $21.71 UNIBOT Other
stepper motor driver

P20 NTC 3950 analog sensor 1 $0.64 $0.64 DIGIKEY Semiconductor

P21 Resistor 100 KOhm 1 $0.03 $0.03 DIGIKEY Other

P22 Ceramic capacitor 220 nF 1 $0.03 $0.03 AMAZON Ceramic

P23 MCP3008 A/D converter 1 $3.21 $3.21 MOUSER Other

P24 Fan 1 $13.24 $13.24 DIGIKEY Other

P25 Screw 2 $0.12 $0.24 DIGIKEY Metal

P26 Heat sink 1 $10.65 $10.65 DIGIKEY Metal

P27 Thermal grease 1 $20,31 $20,31 MOUSER Polymer

P28 *Cover_Fan_PLA 1 $24.69 $24.69 AMAZON Polymer

P29 *Base_Fanl_PLA 1 $24.69 $24.69 AMAZON Polymer

P30 *Divisor_PLA 1 $24.69 $24.69 AMAZON Polymer

P31 *Base_cabinet 1 $24.69 $24.69 AMAZON Polymer

P32 *Top_cabinet 1 $24.69 $24.69 AMAZON Polymer

P33 0O-Ring 2 $0.36 $0.72 EBAY Polymer

P34 Pogo-Pin 2 $0.80 $1.60 DIGIKEY Metal

P35 Inserts 2 $0.08 $0.17 AMAZON Metal

P36 “Bottom_part_Resin 1 $37,58 $37,58 AMAZON Polymer

P37 ~Top_part_Resin 1 $37,58 $37,58 AMAZON Polymer

P38 *Cover_S_PLA 1 $24.69 $24.69 AMAZON Polymer

P39 PCB 1 $13.99 $13.99 AMAZON Other

P40 SMA connector 1 $10.66 $10.66 MOUSER Metal

P41 Glue 1 $3.13 $3.13 DIGIKEY Other

P42 Vector Network 1 $305.88 $305.88 SDR-Kits Semiconductor
Analyzer v3 DG8SAQ

P43 Crystal open QCM 10 MHz 10 $26.85 $268,55 openQCM Other

*3D printed parts with PLA, a single 1.75mm 1kg PLA filament was used, its cost is $24.69.
3D printed parts with resin.

The full version of the Bill of Materials that contains electronic components detail is available with the supplementary
material (https://doi.org/10.5281/zenodo.7733393).

Build instructions
Materials and tools

Refer to the bill of materials (Section 4) for a sorted list of materials. STL files provided are intended to be 3D printed.
Building the device requires access to some basic tools:

-Soldering iron

-Tin lead solder wire

-Wire cutters

-Screwdrivers

-Tweezers

-Multimeter

Sensor case construction

Step 1: Make the printed circuit boards (P9). This can be done on your own or sending the designs to a PCB manufacturing
company.
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Step 2: Solder the SMA connector (P40) and pogo-pins (P34) on the PCB.

Step 3: Print the pieces (P1, P2) with a 3D printer.

Step 4: Attach the soldered PCB (made in step 2) to the sensor case base (P36) using glue (P41).

Step 5: Insert O-Rings (P33) into the base and the upper part of the sensor. Press the O-Rings.

Step 6: Insert two pogo pins (P34) where the lower O-ring sits.

Step 7: Place two inserts (P35) in P36.

Step 8: Perform a leak test. Before liquid adding, insert two strips of paper between case parts and wait one hour to iden-
tify if papers are wet (Fig. 8).

Temperature control
Step 1- Solder MCP3008 A/D converter (P23) on a PCB and connect these components:

- 200 pF ceramic Capacitor (P22) between CH7-GND of MCP3008
- 100K Ohm Resistor (P21) between CH7-GND of MCP3008
- NTC 3950 analog sensor (P20) between CH7-VDD of MCP3008

Step 2: Connect MCP3008 (P23) to Raspberry Pi (P18) via SPI and follow these connections:

- MCP3008 VDD to Raspberry Pi 3.3V (pin 17)

- MCP3008 VREF to Raspberry Pi 3.3V (pin 17)
- MCP3008 AGND to Raspberry Pi GND (pin 20)
- MCP3008 DGND to Raspberry Pi GND (pin 20)
- MCP3008 CLK to Raspberry Pi (pin 23)

- MCP3008 DOUT to Raspberry Pi (pin 21)

- MCP3008 DIN to Raspberry Pi (pin 19)

- MCP3008 CS/SHDN to Raspberry Pi (pin 24)

Step 3: Connect VNH2SP30 motor driver (P19) to the Raspberry Pi (P18) making the following connections:

- VNH2SP30 GND to Raspberry Pi GND (pin 34)
- VNH2SP30 +3.3 V to Raspberry Pi 3.3V (pin 1)
- VNH2SP30 EN1 to Raspberry Pi (pin 10)

- VNH2SP30 B2 to Raspberry Pi (pin 5)

- VNH2SP30 A2 to Raspberry Pi (pin 8)

- VNH2SP30 PWM2 to Raspberry Pi (pin 9)

Step 4: Connect VNH2SP30 motor driver (P19) to power supply (P17).

Step 5: Connect Peltier cell (P16) to VNH2SP30 motor driver (P19) A1:B1.

Step 6: Screw the fan (P24) with four support screws (P25).

Step 7: Mount the heat sink (P26) above the fan (P24).

Step 8: Apply thermal grease (P27) between the Peltier cell (P16) and the heat sink (P26). Then mount the Peltier cell
(P16) above the heat sink (P26).

Step 9: 3D-Print the fan and sensor case plastic support parts (P3, P4, P5, P6). On the other hand, 3D-print the cabinet (P7,
P8).

Step 10: Insert the temperature sensor (P20) into the cover (P38) and then into the sensor case (P36, P37).

Fig. 8. Two paper strips located inside the sensor case were used for the leak test.
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Step 11: Set up the Raspbian operating system using the document described by the Raspberry Pi Foundation (https://
projects.raspberrypi.org/en/projects/raspberry-pi-getting-started).

Step 12: Connect the Raspberry board (P18) to the PC via USB port and open IDE.

Step 13: Load script “Temperature_Control_Interface.py” (P12). The file has to be in the same folder as the other files with
extension.py (P10, P11, P13, P14).

Step 14: On Interface, select temperature. Then select time.

Step 15: Compile and Upload the firmware to the microcontroller.

Operation instructions

Before doing any experiment, a calibration for one port operation must be done on VNWA. The process uses different
loads: short, open and 50 O SMA accessories (Fig. 9).

Once the measuring instrument is calibrated, the crystal must be cleaned according to the required protocol. Then, the
crystal is placed on the O-ring of the upper case by using plastic tweezers, thus preventing excessive pressure and a crystal
break. The case is closed with screws ensuring a constant pressure. The cannula connected to a syringe reaches the sensor
case by means of a hose in the cover (Fig. 10). Finally, the cover is located and the VNWA is connected to start the acquisition.

Temperature control system software is accessed using peripherals. These are connected to the Raspberry having a simple
and friendly user interface for easy handling. Time and temperature can be set once the program is loaded by typing the
value in the text box and pressing the set button (Fig. 11). Once the temperature and time have been set, the controller starts
to work by pressing the main button. While temperature is controlled, the main button remains on its original state until
time reaches zero.

The VNWA software (Fig. 12) allows to observe graphs in real time and exports the frequency sweep data in Touchstone
format for later analysis by the free program R-studio.

Fig. 9. VNWA calibration tools.

(@) (b)

Fig. 10. (a) Hoses, sensor case and cover. (b) Sensor case assembly and syringe connection.
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Fig. 12. VNWA DG8SAQ3 software graphical user interface.

10



G.G. Mufioz, M.J. Millicovsky, ].M. Reta et al. HardwareX 14 (2023) e00416

31

30

30 °C

28
|

Temperature[°C]
29
|

2
L
[ S

0 200 400 600 800 1000 1200
Time[s]
5 27 °C 2
o N
e N
S 8
®E -
a 5
58 - 20
~ &
=
o™~
[ T T T T T 1
0 200 400 600 800 1000 1200
Time[s]
I~
g — - o™
%) 24 °C
o < _| — g
Rl
o
=
Sz - R
o
g 24 °C )
O =l |
}.—
ST T T T T T 1
0 200 400 _600 800 1000 1200
Time[s]
- _
™~ w0
5) RS
. 21 °C L
2 ~ [Ts]
= | @
5 &
oS L
o w0
5. 21 °C a
w
o
I T T T T T 1 o™
0 200 400 600 800 1000 1200
Time[s]
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Fig. 13 (continued)

Results
Characterization

Temperature stability

NTC was placed as close as possible to the crystal and the test consists of sweeping the temperature from 18 °C to 30 °C
and vice versa by 3 °C (Fig. 13) steps in a 20 min process.

The device presents a temperature stability time of 10 min with a long-term stability of 0.1< °C/h.

Crystal cleaning

Crystal was cleaned (Fig. 14) with 2% SDS detergent for 5 min, rinsed with distilled water and dried with pure nitrogen gas
(Fig. 15).

Experimental design

Ten measurements, both in air and water at five temperatures (18°C, 22°C, 26°C, 30°C, no control (NC)) were taken
(Fig. 16, Fig. 17). The experiment was replicated three times giving a total of 300 measurements (Fig. 18).

The results were expected to be stable over the entire temperature range, and the most stable temperature was 26°C. This
temperature was defined as the working temperature and the fundamental resonance frequency obtained was 9.998957

MHz. Furthermore, long-term stability values were obtained for the fundamental frequency (1.1 Hz/h) and the dissipation
(1.7 E-12/h).

Validation

Validation was performed by measuring the resonance frequency and dissipation of different concentrations of PEG 3350
(5%, 10% and 20%). Crystal cleaning was done before taking measurements. Every time the sample was changed, the crystal
was rinsed with distilled water, injecting a volume of approximately 1.5 ml to eliminate any remaining PEG on surface.

Fig. 14. Crystal front and back electrodes.
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Fig. 15. Crystal cleaning elements.
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Fig. 18. Resonance Frequency and Dissipation replicate comparison at 26 °C.

PEG solutions show significant difference with respect to dissipation (p< 6.02e-06) and frequency (p< 0.000176), and an
increase in dissipation and frequency variation can be seen as the PEG concentration increases (Fig. 19). Results present a
greater variability than expected regarding the marked difference between PEG concentrations.
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Fig. 19. Variation of FO and DO as a function of the change in PEG concentration.

Discussion and conclusion

In this article, an open source and low cost QCM-D prototype for biomedical applications with active temperature control
was presented. It was made up of simple and high-quality parts that allow the user to set up the device and its handling in an
easy way. The characterization of the active temperature control resulted in a working temperature of 26 °C with a resonance
frequency of 9.998957 MHz and long-term stability of 0.1<°C/h. Meanwhile, some commercial devices like QSense Pro (Bio-
lin Scientific) have similar long-term stability, with a long-term stability of <0.02C/h. Additionally, the system characteriza-
tion data was contrasted with the openQCM Next (Open QCM) to confirm the efficiency showing a long-term stability <1 Hz/
h and dissipation <0 0.15-10-6/h, just below what a commercial device offers.

Different PEG concentrations were analyzed as a validation procedure, showing an expected increase in resonance fre-
quency and dissipation shift when the concentrations were higher. Results were more variable than expected regarding
the marked difference between concentrations. Variations in measurements were shown to be due to the crystal cleaning
process, due to impurities left on the crystal. The VNA software used in this article can show the real-time signal and does
not include the option of obtaining the information from a continuous sweep. There are open source software such as Nano
VNA Saver where modifications are allowed and could lead to saving the information in a continuous temporal sweep. Next
steps will involve the study of the system performance in biomedical applications by using samples such as blood, human
tears, bacteria and proteins.
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