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Abstract

Quartz Crystal Microbalance with Dissipation monitoring (QCM-D) systems are widely used for the
real-time analysis of mass changes and viscoelastic properties in biological samples, enabling
applications such as biomolecular interaction studies, biosensing, and fluid characterization.
However, their accessibility has been limited by high acquisition costs. To address this limitation, the
development of a low-cost, open-source QCM-D system tailored for biomedical applications has been
carried out. A 10 MHz quartz crystal with a sensor module and a control and acquisition unit were
integrated. The full system was built at a total cost below USD 500. Performance validation showed
a temperature stability of £0.13°C, a frequency stability of +2 Hz in air, and a limit of detection of
0.46% polyethylene glycol (PEG) in batch mode. These results demonstrate that key sensing
capabilities can be achieved at a fraction of the cost, making it a viable alternative for certain
biomedical applications. Its open-source nature allows full customization and future upgrades,
offering a flexible alternative for laboratories seeking affordable yet reliable tools for biophysical
analysis.

Keywords: quartz crystal microbalance; open-source hardware; real-time monitoring; viscoelastic
properties; biomedical applications

1. Introduction

Sensors are regarded as essential tools in modern science and technology, enabling the detection
and quantification of physical, chemical, and biological phenomena across a broad range of
applications [1]. Among these, piezoelectric sensors are distinguished by their reliance on the
piezoelectric effect, through which certain materials are induced to generate an electrical charge in
response to mechanical stress or deformation [2]. This effect has been utilized to detect changes in
pressure, force, or mass, with the resulting electrical signals being readily measurable and
interpretable [3]. In laboratory environments dedicated to biomolecular analysis, diagnostic testing,
and disease research, piezoelectric sensors have been employed to provide real-time, non-
destructive, and highly sensitive measurements that contribute to experimental insights and support
clinical decision-making [4].

The Quartz Crystal Microbalance (QCM) has been widely adopted as a piezoelectric technique
for the investigation of surface interactions at the nanoscale [5,6]. In this method, changes in the
resonant frequency (f) of a quartz crystal sensor are monitored as mass is deposited on or removed
from its surface [7]. An advanced variant, known as Quartz Crystal Microbalance with Dissipation
Monitoring (QCM-D), has been designed to simultaneously measure both the frequency shift and the
dissipation factor (D), the latter representing energy loss due to oscillation damping. This dual-mode
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sensing capability has enabled the characterization of mass, viscoelastic properties, and the dynamic
behavior of the interacting materials [8].

QCM-D systems have been increasingly employed in biomedical applications such as
biosensing, drug delivery monitoring, and biomolecular interaction studies [9-12]. Nevertheless, the
adoption of these systems has often been hindered by high operational costs, particularly in resource-
limited contexts [13]. While commercial platforms from manufacturers such as AWSensores, Biolin
Scientific and Gamry Instruments have been designed to offer robust and high-performance solutions
[14,15], their elevated costs have restricted their availability in many research environments.
Alternatively, various experimental QCM setups have been developed within academic settings,
often demonstrating promising performance but lacking the robustness, ease of use, or system
integration necessary for broader implementation [16,17]. Similarly, other piezoelectric sensors, such
as Surface Acoustic Wave (SAW) devices, have been investigated through low-cost experimental
platforms, further highlighting the versatility of acoustic wave-based sensing technologies, although
generally not reaching the same level of performance demonstrated by QCM-D systems [18,19].

To overcome these challenges, this work presents an improved QCM-D system based on a
previous prototype version developed by the authors [20]. Significant changes were done with the
aim of enhancing thermal stability, sensitivity, and cost-efficiency. The developed system has been
optimized to be more robust and adaptable to a wider range of laboratory applications. In addition
to f, the system also enables D measurements, broadening its applicability to viscoelastic
characterization. The following sections present the design, fabrication, and experimental validation
of this improved QCM-D system, which is intended to contribute to the advancement of accessible
and reliable piezoelectric platforms for biomedical research and diagnostics.

2. Design

The QCM-D system (Figure 1) consists of a quartz crystal (Figure 1A) placed in a sensor module
(Figure 1B), which connects via an SMA connector (Amphenol) and gold-plated pogo pins (Preci-
Dip) to a control and acquisition unit (Figure 1C).

An AT-cut piezoelectric quartz crystal disc with a fundamental frequency of 10 MHz, coated
with gold electrodes (Novaetech SRL), was used; it has a thickness of 160 pm and a nominal
sensitivity of 4.42 x 10 g-Hz"'-cm2, with front and back electrode diameters of 11.5 mm and 6 mm,
respectively.

The sensor module was designed using Fusion 360 (Autodesk Inc.) and fabricated through
masked stereolithography 3D printing (Creality LD-006) with photosensitive resin (Monoprice). The
module dimensions are 44 mm in width, 40 mm in length, and 15 mm in height, with a weight of 21.5
g.

The control and acquisition unit integrates a temperature control system based on a TEC1-12706
Peltier cell (MikroElektronika) and a frequency measurement instrument, the NanoVNA-H (from the
open-source NanoVNA series). A protective cover (gray box in Figure 1C) is included to minimize
external perturbations and to improve thermal control.
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Figure 1. QCM system. The quartz crystal (A) is positioned within the sensor module (B), which is placed on the
Peltier element, located in the housing containing the control and acquisition unit (C). Samples are deposited
into the sensor module, after which a protective cover (gray box in C) is placed over it. Temperature control is

then initiated prior to acquiring the corresponding measurements.

2.1. Sensor Module

The design prioritizes low maintenance, allowing quick and easy positioning of the crystal. The
top (Figure 2.M1) is secured to the base (Figure 2.M2) using screws that fasten into pre-installed
inserts (E-Z Lok) (Figure 2.M3), ensuring a firm and durable assembly. A silicone O-ring (Seals R Us)
(Figure 2.M4) in contact with both faces of the crystal maintains stable pressure and prevents liquid
leakage. The sensor module includes a custom-designed circuit board (PCB) (Figure 2.M5) developed
using the open-source software KiCad, specifically for crystal measurements with the NanoVNA-H.
Electrical connection was made using gold-plated pogo pins (Figure 2.M6) and a low-noise SMA
connector (Figure 2.M7) to ensure reliable signal transmission. Additionally, a ventilation system was
incorporated to improve temperature distribution.

Figure 2. 3D-printed sensor module (M). M1) Top. M2) Base. M3) Inserts. M4) O-ring. M5) PCB. M6) Pogo pins.
M?7) SMA connector.

2.2. Control and Acquisition Unit

The Peltier cell (Figure 3.CA1) supplied with 12 V and 6 A, was selected as the thermoelectric
device. An aluminum heat sink, together with thermal grease and a fan (Intel) (Figure 3.CA2), favor
the temperature difference between both Peltier faces. Thermal control has a 18°C-30°C nominal
working range, and bidirectional heating and cooling. A Raspberry Pi Pico microcontroller
(Raspberry Pi Foundation) (Figure 3.CA3) was selected for a proportional-integral-derivative (PID)
control. Temperature acquisition was measured using an NTC 3950 thermistor (Eaton) (Figure
3.CA4), which offers fast response time and high precision. The firmware to control the temperature
was developed in C language specifically to be executed on a Raspberry Pi Pico. The Peltier cell
current was driven through a Pulse Width Modulation (PWM) signal generated by the Raspberry Pi.
A dual-channel H-bridge motor driver, VNH25P30 (Reland Sun) (Figure 3.CA5), rated at 30 A, was
used for this purpose. A 12 V /10 A switching power supply (MeanWell) (Figure 3.CA6) was selected
to supply power to the motor driver, cooling fan, Peltier cell, and the Raspberry Pi Pico.

The frequency measurement instrument integrated into the QCM housing is the NanoVNA-H
(Figure 3.CA7), a compact vector network analyzer capable of measuring S-parameters (S11, S21) with
a frequency range from 10 kHz to 1.5 GHz. It provides up to 70 dB of dynamic range at low
frequencies (50 kHz — 300 MHz), with 101 scanning points per sweep, ensuring suitable resolution
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for frequency tracking. The device features an USB-C interface for data transfer and charging, and an
internal 650 mAh lithium battery.

Figure 3. Temperature control and frequency acquisition unit (CA). CA1) TEC1-12706 Peltier cell. CA2) CPU fan
with aluminum heatsink (12'V, 0.6 A). CA3) Raspberry Pi Pico microcontroller. CA4) NTC 3950 thermistor. CA5)
VNH2SP30 H-bridge motor driver. CA6) Switching Power Supply. CA7) NanoVNA-H. 12 V. CA8) Fans.

2.3. NanoVNA Software

The open-source software of the NanoVNA-type H device, originally developed in Python 3.9,
was customized to address the specific requirements of biosensing applications. Non-essential tools
were removed, the user interface was redesigned, and algorithms were implemented to enable real-
time analysis of f;, D, and temperature. From this curve, the f is identified as the point where
conductance reaches its maximum value, while D is calculated based on the bandwidth of the signal
[21]. Repeated sweeps are performed over a defined period to monitor the behavior of the sensor
over time. Temperature is recorded during each acquisition, allowing for the evaluation of thermal
effects on the measurements. The software also includes a calibration assistant to streamline the
calibration process. Harmonics can be measured, though not simultaneously, up to the 9th harmonic,
providing additional information about the properties of the sample.

The program can be executed in Python environments such as PyCharm or Visual Studio, or
compiled into a standalone executable. In both cases, a line in the SweepWorker file must be edited
to specify the directory where Touchstone files from the continuous sweep will be saved. During
multi-segment sweeps, real-time data updates are displayed along with markers highlighting key
values. Sweep data can be exported in .xIsx format, focused on the f;, D, and temperature parameters.
Figure 4 presents the customized software in operation, showing the configuration section and the
real-time visualization of the recorded data.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Overview of the customized software and its components. (A) The configuration panel displays real-
time data from the active sweep and provides access to tools for setting sweep parameters, adjusting marker
positions, connecting the NanoVNA device, modifying visualization options, calibrating the instrument, and
exporting data. (B) The real-time output section presents a graph of fr as a function of time, along with marker
information. A reset option is included to remove all calculations and clear the temporal plot. (C) The graph
displays section shows conductance curves, which are used to evaluate the performance of the sensor, with a

focus on fr and D behavior.
3. Build Instructions

3.1. Materials and Tools

Basic tools such as a soldering iron, leaded solder wire, wire cutters, screwdrivers, tweezers, and
multimeters are required for building the device

Table 1. Design files summary.

Designator Filename File Type! Localization of file
D1 Top_sensor_module 3D Printing Supplementary Materials
D2 Base_sensor_module 3D Printing Supplementary Materials
D3 Protective_cover 3D Printing Supplementary Materials
D4 Back_legs_housing 3D Printing Supplementary Materials
D5 Front_legs_housing 3D Printing Supplementary Materials
D6 Internal_base_housing 3D Printing Supplementary Materials
D7 VNA_port_cover 3D Printing Supplementary Materials
D8 Back_fan_trim 3D Printing Supplementary Materials
D9 Fan_bracket 3D Printing Supplementary Materials
D10 Top_holder 3D Printing Supplementary Materials
D11 Vent_cover 3D Printing Supplementary Materials
D12 PCB_from_Kicad PCB Design Supplementary Materials
D13 Raspberry_Pi_firmware Software Supplementary Materials
D14 Device_Software Software Supplementary Materials
! Open Source License: Creative Commons Attribution 4.0 International.
Table 2. Bill of materials.
Cost per
Designator Component Number Unif- Total cost - Source of Material
USD USD
M1 "Base_sensor_module 1 37.58 37.58 AMAZON

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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M2 "Top_sensor_module 1 37.58 37.58 AMAZON
M3 Insert 2 0.09 0.18 AMAZON
M4 Pogo-pin 2 1.06 2.12 DIGIKEY
M5 O-ring 2 2.72 5.44 eBAY
M6 PCB board 1 7.29 7.29 AMAZON
M7 SMA Connector 1 10.66 10.66 MOUSER
) PRODUCTOS
El Housing 1 50.00 50.00 TERMOFORMADOS S.R L
E2 *Internal base housing 1 24.69 24.69 AMAZON
E3 *Top holder 1 24.69 24.69 AMAZON
E4 *Fan bracket 1 24.69 24.69 AMAZON
E5 *Protective_cover 1 24.69 24.69 AMAZON
E6 *VNA port cover 1 24.69 24.69 AMAZON
E7 *Back fan trim 1 24.69 24.69 AMAZON
E8 *Vent cover 2 24.69 24.69 AMAZON
E9 *Legs 4 24.69 24.69 AMAZON
CA1l TEC1-12706Peltier cell 1 10.80 10.80 DIGIKEY
CA2 Fan and Heatsink 12 V 0.6 A 1 20.00 20.00 eBAY
CA3 Raspberry 1 1865 1865 AMAZON
Pi Pico
CA4 NTC 3950 analog sensor 1 0.55 0.55 DIGIKEY
VNH2SP30
CA5 30A 1 42.00 42.00 AMAZON
2-channel stepper motor driver
CA6 Power supply 12V/10A 1 20.57 20.57 AMAZON
CA7 Nano Vector Network 1 4085 4085 eBAY
Analyzer
CA8 12V, 80mm fan 2 5.05 10.10 DIGIKEY
CA9 Resistor 100Kohm 1 0.03 0.03 DIGIKEY
CA10 Electrolity 1 003 0.03 AMAZON
Capacitor
PC1 Power Cable 1 3.0 3.0 DIGIKEY
PC2 Power connector 1 2.0 2.0 DIGIKEY
2-Channel Relay Module for
PC3 . duing’ v 1 40 40 eBAY
PC4 Switch 1 1.0 1.0 DIGIKEY
PC5 Hub 1 6.88 6.88 AMAZON
PC6 15 cm USB-A to Micro USB Cable 2 3.03 6.06 eBAY
PC7 15 cm USB-A to USB-C Cable 2 2.00 4.00 eBAY
PCS USB Type-A Male to Type-B Male 1 1.00 200 cBAY
Cable
PC9 Crystal openQCM 10MHz 10 28.40 284.00 open QCM

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

3D printed parts with resin.

3.2. Sensor Module Construction

Fabricate the PCB (M5).

Solder the SMA connector (M7) and pogo-pins (M6) onto the assembled PCB.

Print the pieces (M1, M2) with a 3D printer.

Attach the soldered PCB (step 2) to the sensor module base (M1) using glue.

Insert O-Ring (M4) into the base and the upper part of the sensor module. Press the O-rings.
Insert two pogo pins (M6) where the lower O-ring sits.

Place two inserts (M3) in M2.

Perform a leak test. Before adding the liquid, insert two strips of paper between module parts

PN PN

and wait one hour to identify if papers are wet.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.3. Housing and Accessories

1. Print the 3D accessories (Figure 5).

Mark and drill holes in the housing (E1) for the air outlet, the Peltier module, and the power and
signal connectors.

Mount the 3D-printed accessories inside the E1.

Attach the components into the pre-cut holes.

Secure all elements with screws or adhesive as needed.

oUW

Ensure proper airflow and cable routing inside the housing.

Figure 5. Housing and accessories. E1) Housing. E2) Internal base housing. E3) Top holder. E4) Fan bracket. E5)
Protective cover. E6) VNA port cover. E7) Back fan trim. E8) Vent cover. E9) Legs.

3.4. Power Supply and Communication

1. Connecta 12V /10 A power supply (CA6) via a power connector (PC2) to a power cable (PC1)
that plugs into the mains.

2. Install a switch (PC4) in series with the live line to allow manual control of power delivery.

3. The power supply will directly power all cooling fans (CA2, CA8) and the VNH2SP30 30 A dual-
channel motor driver (CA5).

4. Use a commercial USB hub (PC5) to establish serial communication between the NanoVNA
(CA?), Raspberry Pi Pico (CA3), and the USB cable (PC8) connected to the PC.

5. Integrate two relays (PC3) that act as switches, allowing the Raspberry Pi Pico and NanoVNA
to power on only when the power supply is active

3.5. Temperature Control

1. To load the firmware onto the Raspberry Pi Pico, connect the Pico to the USB port while holding
down the BOOTSEL button. It will mount as a storage device named RPI-RP2. Download the
firmware from GitHub, then drag and drop the .uf2 file onto the RPI-RP2 drive.

2. Connect an electrolytic capacitor (CA10) between pins 36 and 35 of the Raspberry Pi Pico to filter
noise.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Build a resistive voltage divider with NTC 3950. Connect the NTC 3950 between 3.3 V (pin 36)
and the middle node (pin 34). Connect a fixed 100 kQ resistor from the middle node to GND

(pin 33).
4. Connect VNH2SP30 motor driver (CA5) to the Raspberry Pi Pico (CA3) making the following
connections:
a. VNH2SP30 GND to Raspberry Pi Pico GND (pin 39)
b.  VNH2SP30 +5 V to Raspberry Pi Pico 5 V (pin 40)
c.  VNH2SP30 EN1 to Raspberry Pi Pico (pin 17)
d. VNH2SP30 B1 to Raspberry Pi Pico (pin 14)
e.  VNH2SP30 Al to Raspberry Pi Pico (pin 15)
f.  VNH2SP30 PWM to Raspberry Pi Pico (pin 16)

5. Connect the VNH25P30 motor driver (CA5) to the power supply (CA6) and then connect the
Peltier cell (CA1) to the output terminals Al and B1 of the motor driver.

4. Operating Instructions

4.1. Sensor Module Assembly and Usage

The sensor module is composed of two main parts: the top and the base. The base contains pogo
pins, which establish the electrical connection with the QCM crystal. The assembly and usage
procedure was performed as follows:

1. The screws were loosened using an Allen wrench.

2. The base was separated from the top, and the top was placed with the inner side facing
upward.

3. The quartz crystal was positioned onto the O-ring inside the top.

4. The base was repositioned onto the top.

5. It was verified that the electrodes on the back of the crystal were in proper contact with
the pogo pins on the base.

6. The screws were tightened with the Allen wrench to securely close the sensor module.

The liquid sample was then deposited directly onto the crystal surface using a micropipette
(Figure 6), and the sealed measurement chamber was placed over the sensor module to ensure stable
conditions and optimal contact.

K

Figure 6. Mode batch. The sample is deposited directly onto the crystal using a micropipette, without

circulation.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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4.2. Crystal Cleaning

The cleaning strategy can be adapted according to the characteristics of the sample (see Figure
7). Below, a specific cleaning method for the non-functionalized crystal is described.

Figure 7. Crystal cleaning procedure. The crystal is immersed in a 2% SDS detergent solution for 5 minutes (A),

then thoroughly rinsed with distilled water (B), and dried with pure nitrogen gas (C).

4.3. Custom Software

Once the system setup is complete and the NanoVNA is connected to the PC, the device is turned
on and the software is launched. The program automatically detects the instrument and its
communication port. A continuous sweep is initiated by clicking the "Connect" button, which
performs a basic sweep. During these initial sweeps, the sweep parameters are adjusted to achieve
the desired resolution and timing. In the sweep configuration panel, the "Find Resonance" option is
selected to determine the working frequency and conduct a refined sweep. Subsequently, the
"Continuous Sweep" function is activated and the number of sweeps to be performed is specified
according to the required acquisition time. The resulting Touchstone files are saved in the previously
selected directory. After the acquisition is complete, the data is exported in .xIsx format by selecting
"Save Data."

5. Validation

5.1. Temperature Performance

The system was evaluated across a temperature range of 18°C to 30 °C, with 4 °C increments. At
each step, the system was held at the target temperature for 30 minutes to assess the time required to
reach and maintain thermal stability. Figure 8 shows the temperature profile over time during the
entire thermal cycling protocol.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Temperature vs. time profile. The system shows fast response to setpoint changes and maintains

temperature with minimal fluctuation during steady-state intervals.

The mean and standard deviation (SD) of the temperature at each setpoint were calculated, as
shown in Table 3. The average SD across all stable intervals was +0.13 °C.

Table 3. Temperature stabilization times and steady-state values during the thermal cycling steps.

Temperature Step [°C] Stability Time [s] Stable Temp. (mean = SD) [°C]

18 639 18.12 £ 0.08
18 to 22 626 22.12+0.10
22 t0 26 950 26.12+0.13
26 to 30 560 29.93+0.15
30 to 26 336 26.12+0.13
26 to 22 560 22.12+0.12
22t0 18 448 18.19 £ 0.27

The temperature for extracting technical features was determined by evaluating the stability of
frand D at the third harmonic, which provides higher sensitivity to variations in mass and viscoelastic
properties than the fundamental frequency [22]. Measurements were taken after one hour of thermal
equilibration. The condition with the lowest variability in both parameters —quantified through SD—
was considered the most stable.

A temperature of 26 °C was selected, as it exhibited the lowest SD in both fr and D. At this
temperature, the measurements in air showed a frequency stability with a SD of +2 Hz and a
dissipation stability within +0.0001 x 10-¢ over one hour. In measurements with distilled water, the
SD was +19 Hz for fr and +0.0021 x 10~ for D. Analysis of the initial data indicates that a minimum
stabilization time of approximately 15 minutes is sufficient to reach acceptable measurement of fr and
D.

Complete results for all temperature levels are provided in the Supplementary Material.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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5.2. Analytical Validation: Repeatability, Sensitivity, and Limit of Detection

To assess repeatability, sensitivity (S), and limit of detection (LOD), measurements of water and
different concentrations of PEG (2%, 5%, and 10%) were taken on three consecutive days, under
controlled temperature conditions (26 °C) (see Figure 9).
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Figure 9. Frequency and dissipation shifts for distilled water and PEG solutions (2%, 5%, 10%) measured over

three consecutive days at 26 °C. Bars indicate mean + SD (n = 20 per condition).

As shown in Figure 9, measurements performed over three consecutive days exhibited
consistent responses across all PEG concentrations. The standard deviations remained below 365 Hz
for frequency and 0.67 x 107 for dissipation, confirming good interday repeatability.

Sensitivity was calculated as the slope of the linear regression of the steady-state frequency and
dissipation shifts relative to distilled water, across increasing PEG concentrations (see Figure 10). This
approach allows quantifying the response of the sensor to increasing viscoelastic loading. The
calculated frequency sensitivity was -284.82 Hz per 1% PEG, while the dissipation sensitivity was
0.294 x 1076 per 1% PEG.

With a sensitivity of -284.82 Hz per 1% PEG and a baseline SD of 40 Hz, the LOD was estimated
using the formula LOD = 3.3xSD/S [23], resulting in approximately 0.46% PEG. This means that the
sensor can detect PEG concentrations starting from around 0.46%, indicating good sensitivity for
dilute solutions. This estimation follows IUPAC guidelines, which calculate the LOD based on the
signal-to-noise ratio of the baseline and the sensitivity of the sensor [24].
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Figure 10. A clear monotonic trend was observed, demonstrating that the sensor reliably detects variations
across the tested range. Sensitivity analysis was conducted using data from one representative experimental day,

selected based on consistent sensor performance and thermal stability throughout all tested PEG concentrations.

6. Conclusions

In this study, the design, construction, and experimental validation of a low-cost, open-source
QCM-D system for biomedical applications were carried out. The platform was developed using
readily available components, including a NanoVNA-H for frequency acquisition and a Raspberry
Pi Pico for temperature control, all integrated into housing with active thermal regulation. Custom
software was implemented for real-time monitoring of frequency, dissipation, and temperature.

The system demonstrated reliable performance in key areas: a temperature stability of +0.13 °C, a
frequency resolution of +2Hz in air, and a dissipation stability of +0.0001 x 10 under steady-state
conditions. Repeatability tests with PEG solutions (2%, 5%, 10%) over three consecutive days showed SD
below 365 Hz in batch mode, confirming robust interday consistency. Sensitivity analyses yielded
—284.82 Hz/%PEG and 0.294 x 10-%/%PEG. Based on baseline variability, the LOD was estimated at 0.46%.

Compared to commercial systems, the developed prototype is noted for its accessibility. While
instruments such as the QSense Omni (Biolin Scientific) and X4 Advanced Multichannel QCM-D
system (AWSensors) offer a wide array of advanced features, including nanogram-level sensitivity,
sub-Hz frequency stability, multi-overtone capabilities, and automated sample handling, these
benefits come at a cost exceeding USD 30,000. In contrast, the presented system achieves sensing
functionality for under USD 500.

Several limitations should be acknowledged: loss of information due to the use of a single
harmonic; temperature regulation, while effective, does not match the precision of commercial
temperature-control modules; the absence of an integrated fluidic handling system limits
automation; and the current sensor module design, optimized for batch operation, lacks flow-mode
capabilities and would benefit from more durable materials.

Future developments will be directed toward refining thermal control, enabling the
simultaneous measurement of harmonics, enhancing time resolution, and integrating fluidic
automation. The system is thus positioned as a viable tool for early-stage research and the
democratization of QCM-D technology in biomedical contexts.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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firmware for temperature control
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Abbreviations

The following abbreviations are used in this manuscript:

CA Control and Acquisition Unit

D Dissipation

fr Resonance Frequency

LOD Limit of Detection

M Sensor Module

NTC Negative Temperature Coefficient

PCB Printed Circuit Board

PEG Polyethylene glycol

PID Proportional-Integral-Derivative

PLA Polylactic acid

QCM Quartz Crystal Microbalance

S Sensitivity

SAW Surface Acoustic Wave

SD Standard Deviation

SMA SubMiniature version A

VNA Vector Network Analyzer
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