f}lg electronics mﬁ

Article

TheraProx: Capacitive Proximity Sensing

Duje Coko *, Tvo Stanti¢ *¥, Lea Duji¢ Rodi¢ ©© and Dora Cosié

check for
updates

Citation: Coko, D.; Stan&i¢, I.; Duji¢
Rodi¢, L.; Cogi¢, D. TheraProx:
Capacitive Proximity Sensing.
Electronics 2022, 11, 393. https://
doi.org/10.3390/ electronics11030393

Academic Editor: Antonio Pescape

Received: 23 December 2021
Accepted: 25 January 2022
Published: 28 January 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University of Split,
32 Rudjera Boskovica, 21000 Split, Croatia; dujic@fesb.hr (L.D.R.); dcosic02@fesb.hr (D.C)
* Correspondence: dcoko@fesb.hr (D.C.); istancic@fesb.hr (1.S.)

Abstract: This paper presents the development of a novel contactless omnidirectional capacitive
proximity sensor. The presented device has been designed to be energy-efficient (=5 mW power con-
sumption) by means of duty-cycling the power supply. A comprehensive methodological experiment
has been carried out to extensively evaluate the performance within the sensing range (5-10 cm).
A simple boot-up self-adjustment mechanism has been implemented using a digital potentiometer.
This feature allows for an effortless utilization of the proposed device in a wide variety of potential
applications, including mobile robotics and human-machine interaction.
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1. Introduction

Proximity sensors have been employed across numerous existing and emerging fields
such as robotic technologies, bio-electronic devices, parking sensors and human-machine
interfaces [1], with an emphasis on a broad usage within industries like transportation,
manufacturing as well as building automation and Industrial Internet of Things (IIoT) [2].
Since it is expected that the utilization of proximity sensors will increase even more, their
power consumption has become a crucial attribute of such devices calling for more in-depth
research and development of more energy-efficient sensors [3]. What is more, cost-effective
and reliable proximity sensors that are satisfactory accurate are especially important for use
case scenarios such as angle measurements used in robots that include wheel positioning
and joint angle measurement [4], for collision avoidance, precision assembly as well as
grasping [5].

This paper addresses utilization of an in-house developed contactless omnidirectional
capacitive sensor as a promising solution for human-machine interface applications. An ex-
tensive experiment has been conducted to compare the performance of the capacitive with
other sensors commonly used in similar applications: ultrasonic, infrared and time-of-flight
sensor. The omnidirectional sensor proposed in this manuscript has a potential to overcome
the shortcomings of the above mentioned sensors in terms of directivity. To be specific,
the time-of-flight (TOF) sensors mostly exhibit high linearity and wide sensing range, yet
very narrow sensing angle (effectively a dot). Most of the ultrasonic and optical proximity
sensors are also highly directional [6-8]. On the other hand, a capacitive sensor presents an
exception to this limitation by inherently being non-directional. In addition, the sensing
element of a capacitive sensor can be of arbitrary shape and dimensions, hence being
adaptable to a variety of device enclosures. Furthermore, an almost instantaneous response
allows to duty-cycle the power supply whilst providing correct output value, reducing
the overall power consumption. Cost-wise, the presented sensor is plain and simple in
design, using several CMOS logic gates and a digital potentiometer which is used for
self-adjustment purposes. A major drawback of most currenty used capacitive sensors is a
short sensing range (generally below 1 cm [9]), restricting their usage to capacitive keypads
and touch screens, both of which merely detect a direct contact with human finger. Based
on experimental findings, the device presented in this paper can be employed for proximity
sensing applications within the 5-10 cm range.
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2. Technological Background

To this date, a variety of different sensor technologies have been developed for sensing
distance or proximity of an object. With that regard, proximity sensors have been produced
and brought to the market in form of infrared, ultrasonic, magnetic induction as well as
capacitive sensors [1]. Choice of a particular sensor depends on the application, resilience
to harsh environment conditions, low cost, high energy efficiency and long life cycle [10].
Generally, a proximity sensor will provide a non-contact detection of objects within its range
and distinguished based on physical phenomenon utilized for sensing [2], as depicted in
Figure 1. For instance, inductive sensors employ electromagnetic induction to detect objects
by sensing the change of inductance of a coil, since a nearby object will disturb the generated
magnetic field [11]. Although the objects do not need to be ferromagnetic, the ones that are
highly conductive, like metal ones, will strongly affect an alternating magnetic field [12].
Due to their robustness to harsh environmental conditions, durability, safety and non-
mechanical contact, inductive proximity sensors have broadly been utilized in many areas
such as aviation field [13], or in IoT applications like parking place availability sensors [14]
as well as in a form of angle sensors in the automotive applications [4]. Furthermore,
a study given in [15] presents an ultra-low power proximity sensor using electrostatic
induction for detection of human motion.
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Figure 1. Different types of proximity sensors depending on the physical phenomenon utilized for
sensing with representatives of each type.

Sonic sensors such as ultrasonic sensors have also been applied as proximity sensors [2,16,17].
Basis of operation for ultrasonic sensors is founded on the Time-of-Flight (ToF) principle
measuring the time needed for the acoustic wave to travel from the transmitter to the
object and bounce back to the receiver [6] and are deemed to be quite precise for measuring
tiny distances. Generally, two types of ultrasonic sensors can be distinguished: Ultrasonic
Proximity Detection and Ranging Measurement; the first ones will sense an object passing
within it’s range and output a signal, where the second one will precisely measure the
distance from the object by determining the time intervals among the sent and received
bursts of ultrasonic waves [18]. Utilization of ultrasonic sensors ranges from process
industry [19], robotics [6], within IoT for employment such as water level detection [20]
and with a very significant applications within automobile industry [18]. For instance,
these sensors are applied within self-driving vehicles [21], as well as in IoT concept of
Smart Parking solutions as occupancy detection sensors [22]. Ultrasonic proximity sensor
has also been applied for safe operation of human friendly robots [23], as well as for robot
safety control as presented in [6]. One of the main reason for their frequent usage is their
low cost and simple installation, energy efficiency, low maintenance combined with high
sensitivity and frequency, as well as uncomplicated interface with a micro-controller or
any type of controller [18]. One of their main disadvantages is that they are prone to
environmental changes.
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Infrared (IR) sensors are being broadly utilized as proximity sensors in robotics for
detection of nearby objects and obstacle avoidance, operating typically based on triangula-
tion [8]. In general, IR sensors emit and detect infrared radiation to sense their surrounding
environment [21], where the distance to the sensed object depends on the angle at which the
reflected light returns to the sensor [24]. When considering proximity sensing, IR sensors
abide by photometry inverse square law where the illuminance intensity is inversely pro-
portional to the square of the distance between the light source and the illuminated object.
The illuminance will increase linearly with the intensity of the emitting infrared diode and
decrease with the cosine of the angle of incidence [25]. In comparison to ultrasonic sensors
infrared sensors are more cost-effective having a swifter response, but since they are more
sensitive to noisy environment, measurement precision for proximity purposes may be
affected [7]. Presently, IR sensors are being utilized within numerous IoT applications
ranging from healthcare, for instance in non-contact-based temperature measurements,
smart home appliances, smartwatches as well as automotive blind-angle detection [21].
Their expanded usage has led to development of new generation of IR sensors with en-
hanced cross-sensitivity achieved with integration of sensor and emitter with digital signal
processing [25]. Furthermore, research in [26] describes a low-cost IR reflective proximity
sensors which can be applied to measure displacements with sub-microlevel accuracy
whose utilization is important in the context of emerging micro/nanotechnology. Infrared
proximity sensors have also been frequently applied for detection of human presence in the
building aiming to decrease energy consumption [27]. One such IR sensor implementation
has recently been considered in [28] for smart home purposes. The use of IR sensors has
also been examined in robotic applications such as in [24], exploring the possibilities of
obtaining rough 3D information about target objects or robots” surroundings.

Finally, when considering the class of electric proximity sensors, capacitive proximity
sensors (CPSs) have been most extensively applied. Their sensing occurs upon the per-
turbance of the sensors’ electric field caused by a nearby object, that shifts the sensor’s
capacitance [29]. Applications of CPSs can be found in various domains such as object
identification in robotics, proximity perception in human-centered robotics up to contin-
uous touch gesture recognition [2,12,30]. Due to their design flexibility and simplicity,
cost-effectiveness and low power consumption, CPSs are widely used in comparison to
other proximity sensors [31]. Capacitive proximity sensors can be easily calibrated with
adequate response performance and are able to estimate distance from several millimeters
up to several centimeters from metallic as well as nonmetallic objects [32]. The distance
from the object is measured based on the capacitance created among the CPSs surface and
the object surface where CPSs can be classified based on the measurement principle as
self-capacitance [33] and mutual-capacitance sensors [34]. In the case of self-capacitance
CPSs the object is required to be a grounded conductor (therefore it is prone to the in-
fluence of its surrounding stray electric field) and capacitance established between the
sensor and the object alters along with object’s distance from the sensor where the range of
distance sensing is approximately only a few millimeters [32]. In the mutual-capacitance
scenario, the object and sensor are regarded as two plates stationed on the same plane,
where mutual capacitance among these two plates is generated as the object moves [34].
Mutual-capacitance sensors are able to measure the distance from conductive as well as
non-conductive objects, but not the direction of the object movements [32]. Although differ-
ent proximity sensing technologies have been employed for particular purposes, capacitive
proximity sensors prevail over others. In general, the capacitance between the sensor and
an object is closely related to the object shape as well as its material and relative location
from the sensor [12]. Capacitive proximity sensors have been utilized within numerous
fields like smart environment applications [31,34], in gesture recognition [30], in human-
centered robotics [12]. Furthermore, CPSs have been extensively researched within the
field of human—computer interaction, as presented in research [29]. A role of CPSs working
in displacement sensing modality has also been comprehensively examined within study
given in [31]. Furthermore, researchers in [32] have designed a capacitve proximity sensor
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which can distinguish four different directions and measure the object distance in the range
of 1-40 mm simultaneously.

3. Materials and Methods

The proposed sensor is based upon a heterodyning technique used in theremin [35,36].
There is a commercially available theremin shield for Arduino (OpenTheremin product
page: https://www.gaudi.ch/OpenTheremin/ accessed on 20 December 2021) which
operates on similar principle as the one used in our proposed device, but with a greater
complexity and at a higher price point. The simplicity of our device also leads to a
lower power consumption. Our sensor consists of two digital oscillators, one of which
(primary/sensing) is connected to a sensing (conductive) plate. Should a grounded object
come within the sensing range, the total capacitance in the oscillator would increase,
changing the frequency of the generated square wave.

The other (secondary/adjustment) oscillator is kept at a constant frequency which is
being adjusted during the power-on phase, while there is no object present other than the
static environment. The frequency adjustment must be performed remotely, without in-
troducing additional capacitance in the circuit. The constant-frequency square wave is
combined with the variable-frequency square wave using logical XOR operation. This
approach is generally employed in digital phase detectors, but can be used to simulate
analogue heterodyning.

While analogue heterodyning technique yields two new spectral components (the
sum and difference of input signals), the output from the XOR gives a PWM signal which
modulates according to the phase and frequency offset between the input signals. In both
cases the exact frequencies of the input signals are not relevant, because the distance from a
nearby object depends on their relative difference. This difference is contained within the
PWM signal and can be converted to a DC voltage by means of a passive RC filter.

3.1. Sensor Development and Design

The schematic of the proposed device is presented in Figure 2. The 6-pin connector J1
labeled “IN” is used to provide connections to:

¢  Control signals for the digital potentiometer (pins 1-3);
*  Power supply (pins 4 and 5);
*  Sensing plate (pin 6).
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Figure 2. Schematic of the proposed device.

The sensing plate used in our measurements was a 10 x 10 cm thin copper PCB square,
but the functionality of the proposed device is not limited by the sensing plate design and
size. The operating principle of digital oscillators is based on using the CD4093 Schmitt
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NAND gates (U1A for the secondary oscillator, U1B in the primary oscillator). They are
connected to behave as NOT gates, feeding the output signal back to both inputs through
a 10 kQ) resistor in the primary oscillator or 10 k() digital potentiometer X9C104 (U3) in
the secondary oscillator. Both U1A and U1B have a ~5 pF input capacitance (not visible in
the schematic), which is being charged through the feedback resistor while their outputs
are high. Once the input voltage reaches the high trigger threshold voltage, the output
goes low and input capacitance begins to discharge through the feedback resistor. As the
input voltage drops down to the low trigger threshold voltage, the output goes high again
and the input capacitance begins to charge. Consequentially, the voltage at the output of
U1A and U2B oscillates between the high and low level as a digital square wave signal.
Its frequency depends on the feedback resistor and input capacitance values. As there
is a sensing plate connected to the primary oscillator, any nearby grounded object will
introduce additional capacitance and change its frequency. During the self-adjustment
procedure, the value of the digital potentiometer U3 is set to equalize the frequency of the
secondary oscillator to that of the primary one.

The primary oscillator is connected to the sensing plate and has a fixed 10 k() resistor
in the feedback path. Any grounded object placed within the sensing range will intro-
duce additional capacitance to this oscillator and change its frequency to a certain extent.
The secondary oscillator has a digital potentiometer X9C104 (X9C104 Digitally Controlled
Potentiometer datasheet: https:/ /www.renesas.com/us/en/document/dst/x9c102-x9¢c1
03-x9¢104-x9c503-datasheet accessed on 20 December 2021) in the feedback path which
allows for remote adjustment of its frequency. The value of this potentiometer is to set
during the boot-up self-adjustment procedure, while there is no object present within the
sensing range, aside from the static surroundings. The signals from the two oscillators
are sent to a mixing stage, realized as an logical XOR structure. Both oscillators and mix-
ing stage are realized using CD4093 Schmitt NAND gates (CD4093 CMOS Quad 2-Input
NAND Schmitt Triggers datasheet: https://www.ti.com/lit/ds/symlink/cd4093b.pdf
accessed on 20 December 2021). The output form the mixing stage is filtered by a passive
RC integrator to yield an average (DC) value of the output signal. The 4-pin connector
J2 labeled “OUT” is used to output both filtered and unfiltered output signal, as well as
power supply connections. Following the presented schematic a prototype of the proposed
device has been designed and built in a through-hole technology.

3.2. Operating Principle

The proper operation of the proposed device has been verified in controlled laboratory
conditions. Figure 3a presents the measured waveforms when there is no object present
and the sensor is self-adjusted. Both oscillators generate square waves at almost the same
frequency, as measured around 2.7 MHz [35]. There is an obvious asymmetry in the duty
cycle of the generated signals as the low-level lasts for roughly one third of a period. This
inevitably causes the signals to overlap in their high states during a short period in which
the XOR structure should respond by going low. As the propagation delay and transition
time impose a strong limit to the dynamic response of the XOR structure, it has no time to
respond to such short overlaps. Therefore the output signal remains high as the signals
are constantly out of phase. This phase alignment is a phenomenon which calls for further
investigation, but is probably caused within the integrated circuit itself. A reasonable
solution for this would imply using separate ICs for both oscillators, but this would
introduce larger differences between them, compromising the self-adjustment procedure.
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Figure 3. Measured waveforms at the inputs and output of the mixing stage at different distances:
(a) 12 cm. (b) 10 cm. (c) 8 cm. (b) 10 cm. (d) 6 cm.

If an object is present within the sensing range (around 10 cm), additional capacitance
is added to the primary oscillator, detuning its frequency. The physical basis for the
range limitation of the proposed capacitive sensor lies in the ability to sense the additional
capacitance introduced by a nearby object. This capacitance is added to the total capacitance
in the sensing oscillator. The lumped capacitors are not used in the oscillators, as it has
been proved in [35] that the parasitic capacitance present between the pins of the IC and
the PCB (~20 pF) is large enough to generate oscillations with a 10 kOhm resistor in the
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feedback loop. This capacitance is well below the lower limit stated in the CD4093 datasheet,
but allows for greater sensing range. Any minor ambiental capacitance introduced by a
nearby object would detune the oscillator to a greater extent than if there were lumped
capacitors in the oscillators. The general idea is to keep the overall capacitance in the
oscillators at a lowest possible value in order to detect ambiental capacitance at maximum
possible distance (range). It is the relative difference between the two oscillators’ frequency
that functions as a main sensing mechanism.

This extends the duration of the overlapping high levels of the output signals, allowing
the XOR structure to respond by going low despite the previously mentioned dynamic
properties, as presented in Figure 3b. This reduces the average output voltage obtained at
the output of the passive RC filter /integrator, as presented in Figure 4. Observed periodicity
of the signals in Figure 4 results from driving the sensor’s power supply by means of
duty cycling, which decreased average power consumption. A more detailed discussion
regarding the power consumption and optimization can be found in Section 5.1. Bringing
the object closer to the sensor further detunes the primary oscillator, thus extending the
overlap of the high levels in the output signals, Figure 3c,d. The duration of the low
state at the output of the XOR structure increases, reducing the average (DC) value of
the output voltage. The output voltage can never zero out, as the oscillators would have
to be perfectly in phase and at the same frequency for this to happen. The waveforms
observed are far from an ideal digital square wave due to the transition (rise/fall) times of
the CD4096 IC (=50 ns). Therefore they appear more of a trapezoidal shape. Furthermore,
the propagation delay causes the output from XOR structure (blue waveform) to respond
after approximately 100 ns.
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Figure 4. Voltages at the input (red) and output (blue) of the passive RC filter.

4. Experimental Results

The following section describes the design of the measurement setup employed for
validation of the proposed sensor, as well as comparison with the other sensors used in the
setup. The main component of the measurement system was Raspberry Pi 4B+ (Raspberry
Pi 4B product page: https://www.raspberrypi.com/products/raspberry-pi-4-model-b/
accessed on 20 December 2021) computer with an Arducam Camera (Arducam product
page: https://www.arducam.com/ accessed on 20 December 2021) installed. All other
sensors were incorporated into the subsystem alongside the Arduino Nano microcontroller.
Raspberry Pi computer and microcontroller are interconnected via USART (Universal
Synchronous/Asynchronous Receiver/Transmitter) interface running at 192 kbps. The en-
tire system and measurement setup are depicted in Figure 5. Additionally, a laboratory
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table was used as a measurement surface with four optical markers placed on predefined
locations (and measured with millimeter precision). The camera with the Raspberry Pi
computer was placed above the measurement surface, while the sensor subsystem was
placed on the measurement surface itself. This setup uses the camera to calculate the
displacement of the user’s hand from the sensor module.

Raspberry PI
Machine Vision subsystem

oot
ararke!

Figure 5. Illustration of the measurement setup.

4.1. Sensors Subsystem

An Arduino Nano microcontroller board (Arduino Nano product page: https://
store.arduino.cc/products/arduino-nano accessed on 20 December 2021) running AT-
mega328P microcontrolller (ATMEGA 328P product page: https://www.microchip.com/
en-us/product/ATmega328p accessed on 20 December 2021) was selected due to its af-
fordability, availability of common interfaces, and consequently simplicity in utilizing
various sensors, which were all supported by compatible libraries. The design of the sensor
subsystem is presented in Figure 6.

10 RASPBERRY I ULTRASONIC DISTANCE

IR DISTANCE

o i 5

SENSING
ELEMENT

TOF SENSOR PROPOSED SENSOR
Figure 6. Diagram representing components of the sensors subsystem.

The first sensor incorporated into the sensor subsystem was an in-house developed
capacitive proximity sensor, which principle of operation was previously described in
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Section 3. The sensor itself uses 3 GPIO (General Purpose Input Output) pins and a single
analog input on the microcontroller side. The performance of the proposed sensor is
analyzed in the following sections.

The second sensor implemented was ultrasonic ranging device HC-SR04 (HC-SR04
Datasheet: https:/ /www.datasheetarchive.com/HC%20SR04-datasheet.html accessed on
20 December 2021), which is commonly used in mobile robotics for obstacle detection and
avoidance [37]. The measured distance is obtained as a digital output with a duration
of high level equivalent to time required for the ultrasound chirp signal to travel from
device to object and back to the device. Distance is then calculated on the microcontroller by
measured signal duration and known speed of sound in the current conditions (0.034 cm/ps
atroom temperature and humidity). Detection range of the sensor is 2-450 cm with conically
shaped detection area measuring 15-30° angle, allowing the sensor to detect small object or
obstacles. This sensor requires two GPIO pins, while versions which require only a single
shared GPIO pin are also available while operating on the same principle.

The third sensor implemented was Sharp GP2Y0A21YKOF (SHARP IR distance sensor
datasheet: https://global.sharp/products/device/lineup/data/pdf/datasheet/gp2y0a2
lyk_e.pdf accessed on 20 December 2021) Analog IR (Infra Red) distance sensor, which
is alongside previously described ultrasonic sensor also commonly used as an obstacle
detection sensor in mobile robotics [38,39]. An IR distance sensor uses a beam of infrared
light to reflect off an object to measure its distance, which is then calculated using the
triangulation principle. The measured distance is provided as an analog output. As the
characteristics of the IR sensor are non-linear it is commonly utilized only between 10 and
80 cm range where voltage to distance relation can be described by a single mathematical
equation. Similar models of the same sensor lineup may offer different minimal and
maximal ranges, which are selected regarding to the sensor’s current application. For the
model implemented in our sensor module distances below 10 cm can be misinterpreted,
which is a major shortcoming of the sensor in real-life applications. As compared to the
ultrasonic sensor, the IR sensor is highly directional and in some applications can miss
small objects or obstacles. It is trivial to implement this sensor, as it only requires a single
analog input on the microcontroller side.

The fourth sensor implemented was the VL53L0X TOF sensor (VL53L0X TOF sensor
https:/ /www.st.com/en/imaging-and-photonics-solutions/v15310x.html accessed on 20
December 2021). Time of flight (ToF) principle is based on an approximation of the time it
takes a traveling light wave to come in contact with a surface and reflect back to the source.
The laser emits in IR (infra-red) spectrum, which is invisible to the human eye and offers
higher immunity to ambient light. In practice, this sensor can measure absolute distances
up to 200 cm, which are read via digital TWI (Two Wire Interface). Similar to the Sharp IR
sensor, this device is also highly directional and can miss small objects or obstacles.

In addition to distance sensors, a simple push button switch was connected to the
microcontroller and was used as a hardware trigger to initiate the measurement procedure.
This switch was connected to the GPIO pin set up with input pull-up resistor activated
(LOW state on GPIO pin indicates button press). The microcontroller waits for the falling
edge on the corresponding GPIO PIN, which is immediately followed by readings from all
sensors in the sequential order. Readings were then formatted in a single string message
delimited with a comma. This message is then transmitted over the USART interface to
the Raspberry Pi computer. The initial test showed robustness and almost instant data
availability on the Raspberry Pi computer, as compared to an alternative approach where
all sensors were directly connected to the Raspberry Pi computer.

4.2. Computer Vision Subsystem

The Raspberry Pi computer was running the Raspian operating system (Raspian-
Raspberry PI Operating System: https:/ /www.raspbian.org/ accessed on 20 December
2021) with Linux kernel version 5.10. Alongside to the operating system, Python 3.9 (Python
programming language web page: www.python.org accessed on 20 December 2021) and


https://www.datasheetarchive.com/HC%20SR04-datasheet.html
https://global.sharp/products/device/lineup/data/pdf/datasheet/gp2y0a21yk_e.pdf
https://global.sharp/products/device/lineup/data/pdf/datasheet/gp2y0a21yk_e.pdf
https://www.st.com/en/imaging-and-photonics-solutions/vl53l0x.html
https://www.raspbian.org/
www.python.org

Electronics 2022, 11, 393

10 of 16

OpenCV 4.5 (OpenCV Computer Vision library web page: https://opencv.org/ accessed
on 20 December 2021) libraries were installed. As a main image sensor 8MP Sony IMX219
Camera Module (Sony IMX219 Camera Module: https:/ /www.arducam.com/product/
arducam-raspberry-pi-camera-v2-8mp-ixm219-b0103/ accessed on 20 December 2021)
with M12 lens was connected to the Raspberry Pi using a MIPI (Mobile Industry Processor
Interface) Display Serial Interface. Used camera offers low distortions, thus was selected as
an ideal candidate for vision-based object localisation. When all objects and markers are
placed on a single surface (plane), their location can be reconstructed with high accuracy us-
ing only Homography transformations, which transforms known locations from one plane
(camera image described in pixels) to the corresponding plane (table surface described with
physical measures) [40,41]. Evaluation of the displacement measurement accuracy included
an accuracy test of the reference system with static markers using a calibration object for a
total of 96 marker positions. Calculated RMSE for our reference system was 1.1843 mm. A
python script provides almost effortless image acquisition and processing with control of
the USART interface. Additionally, a wireless keyboard and mouse are connected to the
Raspberry Pi computer allowing the operator to remotely control the measurements, thus
diminishing the possibility of interference with the measurement readings.

4.3. Measurement Procedure

Initially, the operator starts the main python script and enters the save location for
measured data. A simple GUI (Graphical User Interface) is then created with the initial
camera feed and addition of terminal used as a simple text output. The user’s hand
was immobilized and attached via surgical tape to a long plastic board with a vertical
knob. This was designed with intention to limit hand movement towards the sensor
subsystem. The hand tied to a plastic board can freely move in only one axis (towards or
away from sensor module), which is limited with a busbar attached to the measurement
surface. The board has an optical marker placed in front of the hand, which is used for
hand location reconstruction. The user was instructed to move their hand and place it
on random locations (provided ruler is used as a reference) and use a button trigger to
confirm a new location. When the button was pressed, the sensor readings were sent by
the USART interface to the Raspberry Pi computer. Instantly, the computer parses received
data, dumps it to the prepared CSV (Comma Separated Values) data file, and saves the
acquired camera image with the appropriate filename. The user then displaced their hand
to another location and the measurement was repeated. This procedure was repeated until
the quit command was issued on the operator’s side.

Saved CSV files and a series of images were then transferred to a computer with
MATLAB (MATLAB product page: https://www.mathworks.com/products/matlab.html
accessed on 20 December 2021) installed, where another script was prepared for processing
images and data. Initially, the operator has to manually confirm the locations of four
calibration markers placed on the measurement surface and visible on the camera image.
After correct locations are acquired homography transformations were calculated, which
was followed by processing of prepared input data. The result was a matrix that consists of
the original reading from the sensor subsystem with an additional column that represents
the referent distance of the hand to the sensor module measured by computer vision system.
All measured data was prepared for subsequent analysis in the following sections.

5. Discussion

The main goal of this paper was to develop a proximity sensor with possible applica-
tion in human-machine interaction and mobile robotics. To validate our hypothesis some
limited trials originally aimed to benchmark distance sensors had to be performed. First
of all, ability to accurately measure the distance of an object in its vicinity and secondary
estimate usable sensor bandwidth.

As described in previous sections, a computer vision system was employed for obtain-
ing the referent measurement. In the first trial the output analog signal from the proposed


https://opencv.org/
https://www.arducam.com/product/arducam-raspberry-pi-camera-v2-8mp-ixm219-b0103/
https://www.arducam.com/product/arducam-raspberry-pi-camera-v2-8mp-ixm219-b0103/
https://www.mathworks.com/products/matlab.html
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sensor was compared with the referent distance for a total of 252 points with an intention
of creating a distance measurement characteristics plot presented in Figure 7. Non-linear
characteristics of the proposed sensor are evident, where some similarities with the IR
distance sensor are observable.

Sensor output analog signal

5000 -

4500 -

4000 -

3500 -

Output signal [mV]

3000 -

X x : = P olynomal fit

2500 )j X ® % Raw readings

40 50 60 70 80 90 100 110
Distance [mm]

Figure 7. Distance measurement characteristics graph for the proposed sensor.

The sensor displays predictable behavior in ranges up to 10 cm, which can be described
with a polynomial function. As the maximum output signal is reached (at distance around
10 cm) the output signal saturates and remains constant with increasing distance. Measured
data for ranges up to 10 cm were used in second step which approximate voltage to distance
relation. A second-order polynomial function showed to be an optimal fit to the training
data and can be described using the following expression:

d = Upegestal — 015Upyt + 0000161 )

where Uy, is sensor output voltage, Upegestar is the pedestal value, and d is measured
distance from the object itself.

The second trial aimed to compare distances obtained by sensors included in the
sensor subsystem with the distance estimated using the proposed sensor. The results are
presented in Figure 8, where it is evident that the sensor can estimate distances within
its limited range (5-10 cm). More detailed comparison is presented in Table 1, where the
proposed sensor exhibits RMSE (Root Mean Square Error), MAE (Mean Absolute Error)
and STD (Standard deviation) similar to other sensors used in the setup. As sensors used
in our setup do offer different measuring ranges, results in Figure 9 were cropped to the
range of 5-20 cm, usual in HMI for this type of sensor application. TOF sensor exhibits
superior performance regarding the RMSE and MAE, which was almost in range of our
referent CV system. When compared to our proposed sensor, TOF is highly directional
and may fail to detect an object in its vicinity, while requiring four times more power than
our proposed sensor. Ultrasonic and IR sensors exhibit something bigger RMSE and AME
than our proposed capacitive sensor, with significantly more power required for operation.
As our intention was to use sensors out-of-the-box with standard libraries no additional
tweaking has been performed. All applied sensors can benefit from additional (individual)
calibration and digital linearization in a limited range which may reduce error in the
observed range. Additionally, both IR and ultrasound are directional and cannot sense the
entire 360° area around the sensor. Our proposed capacitive sensor offers the reasonable
error of distance readings for applications where highly precise distance measurement
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is not primal while having the lowest average power consumption of any commercially
available sensor that can operate in the same manner.

Table 1. Measured characteristics and power consumption for sensors used in the sensor subsystem.

Sensor Type
TOF Ultrasonic IR Proposed
RMSE [mm] 3.72 9.63 7.71 4.68
MAE [mm] 0.96 6.75 7.05 2.15
STD [mm] 3.60 6.88 3.15 4.23
Power consumption [mW] 20 75 150 5
Accuracy comparison
200 - ToF <
Ultrasonic as
180 |- R >, :
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Figure 8. Accuracy comparison for several sensors used in sensor subsystem.

Both trials support our hypothesis that the proposed sensor can successfully detect the
presence of the object in its vicinity and accurately estimate the distance within a limited
range. A comparison of sensing range and measuring angle between all sensors used in
the experiment is presented in Table 2.

Table 2. Comparison of usable range and measuring angle for several used proximity and dis-

tance sensors.

HC-SR04 GP2Y0A21 VL53L0OX TSSP77038 Proposed Sensor
Range [cm] 2-400 10-80 0-200 0-60 5-10
Measuring angle [deg] 15-30 N/A N/A 100 360

The third trial included a detailed analysis of sensors” analog output signal, which
aims to calculate sensors’ bandwidth and lay some recommendations for duty cycle timings.
The output signal from the sensor was read by two-channel oscilloscope DS1102E (DS1102E
Osciloscope product page: https://www.rigolna.com/products/digital-oscilloscopes /10
00/ accessed on 20 December 2021) with 100 MHz bandwidth and the ability to read up to
1 GSa/sec. Signal generator Rigol DG1022 (DG1022 signal waveform generatoor product
page: https:/ /www.rigolna.com/products/waveform-generators/dgl1000/ accessed on
20 December 2021) was used for generating square signals, utilized as both trigger and
a power supply for the sensor. As maximal output current is not explicitly stated in the


https://www.rigolna.com/products/digital-oscilloscopes/1000/
https://www.rigolna.com/products/digital-oscilloscopes/1000/
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generator’s data sheet, the preliminary test shows that external source was not required,
thus allowing the proposed sensor to be solely powered using signals generated by a signal
generator itself. Power consumption is with more details discussed in the next subsection.

Object at 15 cm
Object at 5 cm

Output signal [V]

Transient Steady state
Il 1

1
0 2 4 6 8 10 12 14 16
Time [ms] %1073

Figure 9. Sensor output response for a single reading.

Square signals with a 50% duty cycle were input to the sensor, where analog output
signal was recorded and analyzed using an oscilloscope for a range of input frequencies
and object distances. The main task was to observe the transient part of the recorded signal
and to estimate the minimal time required for signal settling (defined as when oscillations
are inside 5% the settling value). Results are presented for both object placed at 5 cm
and 15 cm from the sensor. Differences between settling times for both measurements are
negligible and measuring around 2.6 ms.

5.1. Power Consumption

Settling times measured in the previous subsection lead us to a possibility to create a
more power-efficient device. By means of minimizing the active duty cycle of the proposed
sensor, average power consumption is consequently reduced. As reported in the literature,
human self-paced movements for index fingers are within 3.3 Hz bandwidth [42], thus
proposed 50 Hz sampling rate is sufficient for recognizing complex hand gestures. This
leads us to the conclusion that single time frame can last up for 20 ms. By a conservative
estimation that active sensor time is 5 ms, 2.6 ms required for a transient response, and the
rest for averaging several ADC readings leads us to active time lasting 5 ms. Thus, 50 Hz
sampling with a 20 percent duty cycle was selected as optimal in our configuration. An os-
cillogram with the proposed 50 Hz rate and 20 percent duty cycle is presented in Figure 10,
where it is evident that the sensor’s output signal successfully stabilizes around settling
time, thus allowing enough time for it to be successfully read by the ADC.

Duty cycle analysis

5T Object at 15 cm
Object at 5 cm

sS4
g
837
(7]
32r
5
(o]

1 :4

Active | Nonactive | Active Nonactive . Active
-0.02 -0.015 -0.01  -0.005 0 0.005 0.01 0.015 0.02 0.025
Time [s]

Figure 10. Oscillogram of analog sensor output at 50 Hz and 20% duty cycle.
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Active power consumption was measured using a shunt resistor and oscilloscope
resulting between 2.4 and 4.9 mA, depending on object distance. This leads us to another
estimation that in maximum power demanding mode and with optimal duty cycle sensor
in average requires 0.98 mA when powered with 5 V input. When comparing to other
devices implemented in sensor subsystem, proposed sensor uses significantly less power,
averaging around 5 mW, as presented in Table 1. This further emphasizes the possibility of
utilizing the proposed sensor in battery powered applications, particularly in IoT scenarios.

The operating sensing range of the presented device exceeds values commonly found
in similar capacitive sensing technologies, allowing them to evolve from tactile to contact-
less. What is more, the self-adjustment algorithm allows for effortless utilization of the
proposed device in a wide variety of applications. For example, such a device could be
integrated within a Smart Home touchless control panel as a novel sensing technology in
the realm of such interfaces. This could provide a hygienic solution to overcome ongo-
ing COVID-19 pandemic, while remaining cost- and energy-efficient. Such a solution is
also extendable to various contactless interface applications, including ATM machine and
elevator keypads. Within these applications, object’s presence is a key factor, instead of
the exact distance of an object to the sensor. Therefore the proposed device is expected to
be more resilient to harsh environmental conditions compared to other commonly used
sensing technologies, such as infrared and ultrasonic [18,31,43]. The proposed sensor could
also be employed as a covert proximity alarm system at smart homes, banks, or museums,
with no visible components. Limited distance measurement capabilities may even enable
the device to be used as a contactless gesture recognition system using simple and intuitive
hand gestures.

6. Conclusions

Novel and enhanced sensing technologies have been the driving force behind the
uprising industrial digital transformation aiming to provide better performance across a
variety of industrial sectors such as transportation, manufacturing and robotics. With that
regard, one of the aims of robotics within modern industry is improved productivity and
lower product price. As a consequence, numerous sensing technologies will need to be
redesigned with a particular focus on power efficiency.

Proximity sensing technologies employed for human-machine interaction that can
be used to detect presence of a conductive object or a human hand without any physical
contact are particularly important. By employing an omnidirectional capacitive sensor such
as one presented in this paper, this can be extended to all directions around the sensing
element. Furthermore, the range of the proposed capacitive sensor (5-10 cm) exceeds
values commonly found in similar capacitive sensing technologies. This allows to extend
the capacitive interfaces from tactile to contactless. The power consumption was reduced
by duty-cycling the power supply down to 5 mW, while still able to acquire 50 readings
per second.
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