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Abstract—This paper presents a ferrous-selective magnetic
force proximity sensor (FMPS) for ferrous targets. The proposed
simple design utilizes a neodymium magnet and a force sensing
resistor. Compared to currently available ferrous-selective induc-
tive proximity sensors (FIPS), FMPS is more power efficient
(8 mW) and cost effective. The design can be tweaked to
satisfy various application requirements. Experimental results
demonstrate the advantages of FMPS-like proximity sensors as
it is more suited for energy-constrained wireless sensors (WSs)
in Industrial Internet of Things (IloT) applications.

Index Terms—Industrial Internet of Things (IloT), proximity,
sensor, ferrous, steel, magnet, force sensing resistor, force sensor.

1. INTRODUCTION

With industry 4.0 and 5G networks around the corner, the
utilization of wireless technologies is only expected to grow.
Industrial Internet of Things (IIoT) applications rely heavily
on wireless sensors (WSs) with constrained energy budgets.
Such WSs will not be able to host a power-hungry transducer
without compromising the sensor’s battery lifetime. A number
of the well established industrial sensors will have to be
redesigned with a particular focus on power efficiency.

One of the commonly used sensors in almost every applica-
tion domain is the proximity sensor (PS). A PS can be defined
as a device used to sense the presence of a physical object
(often called a target) in its spacial vicinity. This definition
establishes a distinction between PSs and range sensors. While
range sensors rely on the same concepts, their targets are not
in their spacial vicinity.

Applications of PSs are spread across a wide range of indus-
tries. A few examples are: manufacturing, mining, transporta-
tion, building automation, and consumer electronics. Their
widespread use is rooted in their ability to satisfy common
application requirements in motion control, safety [1], access
control [2], fault detection [3], interactivity [4], and quality
control [5]. As we move towards more automation, the uti-
lization of sensors in general and PSs in particular is only
expected to grow.

Proximity sensors sense either active or passive targets. A
passive target conveys its presence to the sensor by perturbing
a field or interacting with a propagating wave created by the
PS. On the contrary, an active target will create such fields
and/or waves itself, and the sensor is then used to probe them.
Active targets have to be modified or retrofitted with a piece

of hardware to make them detectable to their sensors while
passive targets does not require any modifications. In industrial
applications, passive sensing is preferred because, retrofitting
the target with magnets or any other piece of hardware is
sometimes not desired or even infeasible. Also, passive sensing
reduces the installation overhead incurred by active sensing.

Ferrous-selective PSs are currently available [6] however,
their power consumption is too high (typically hundreds of
mW) for battery-powered WSs. There is a current need for
low-power passive proximity sensors that are selective to fer-
rous metals (e.g. steel). The only low-power option available
commercially is just a detector, not a sensor (i.e., its feedback
is binary). Also, it has a relatively small maximum range of
4.29 mm [7].

Ferrous-selective PSs can be useful for monitoring the
integrity of steel structures and automating their assembly,
monitoring construction equipment, hermetic vessels such as
submarines, mining equipment, and aerospace vehicles. They
can also be used in process control applications to monitor
ferrous-metal machine parts or products on a production line.

We propose a low-power, low-cost, ferrous-selective, pas-
sive proximity sensor with a maximum reported range of 20
mm and the option to extend it even more by tweaking the
design parameters. The proposed sensor uses a permanent
magnet and a Force Sensing Resistor (FSR) to provide a
configurable dynamic range with good resolution while con-
suming significantly less power (= 8 mW) [8]. Results indicate
very good sensing capabilities with flexible design parameters
that can satisfy various requirements.

We begin with the challenges of ferrous-selective PSs for
IToT applications in section II, followed by the classification
of proximity sensors in section III. Then we move on to
discuss the design of our sensor in section IV, followed by
the experimental results in section V. Finally, we conclude the
paper in section VI.

II. CHALLENGES IN IIOT

Wireless sensing platforms in IIoT applications have their
own challenges. In this section we will discuss the major ones
related to PSs.

When monitoring construction equipment (e.g., excavators,
bulldozers, cranes, etc.) in industrial facilities, it is important to
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monitor vulnerable steel parts that are exposed to extreme me-
chanical loads. Ferrous-selective PSs narrows down the sens-
ing capabilities to ferrous metals (i.e., steel). This minimizes
false measurements in an environment full of uncertainties and
various types of debris.

Wired ferrous-selective PSs introduce a significant challenge
by placing delicate electrical wires in an inhospitable harsh
environment. Wireless sensing can circumvent this challenge
but, has its own challenges, such as the battery lifetime which
is a major one. In order for WSs to make economic sense, their
battery lifetime has to match or exceed the expected service
life of the part being monitored. Also, their cost has to be
justified compared to the operational risks they mitigate.

The packaging of a WSs in IIoT applications serves two
main purposes. The first is to protect the sensor from all dam-
aging mechanical loads and/or corrosive chemical compounds.
With various requirements for the packaging in different
applications, it is preferred to have a sensor whose package
can be easily reconfigured as needed. The second purpose is to
allow for the EM waves to pass with minimal attenuation. This
limits the eligible materials to only those with low relative
permittivity (e,). Composites such as fibreglass, and Kevlar
are found to be the best candidates. Although carbon fibre
is more mechanically robust, its high relative permittivity [9]
disqualifies it.

Wireless signals are reflected by metallic surfaces. With
industrial facilities populated with numerous steel structures
and equipment, WSs will face a communication challenge. If
the WS is deployed inside a metallic enclosure, significant
attenuation to its signal is expected. For a wireless standard
based on spread spectrum like the low-power long-range wide
area network standard (LoRa), the signal can still escape non-
hermetic metallic enclosures as shown in [10]. Another way
of tackling the communication challenge is by tuning the WS
antenna to the metallic structure in its close vicinity. In other
words, matching the output impedance of the transceiver to
the impedance of the antenna when it is placed inside the
non-hermetic metallic enclosure.

The last challenge to be discussed in this section is about
security systems. Such systems rely on magnetic field PSs
(i.e. reed switches) for access control and tamper detection. A
common attack for security systems utilizing a reed switch is
the magnetic activation (MA) attack. In this type of attacks,
the intruder brings a permanent magnet close enough to the
reed switch to keep it in the on-state as its target magnet is
moved away. This allows the intruder to gain access without
triggering the alarm. Inductive and magnetic force PSs are not
prone to this type of attack because, their output is a function
of the targets material and precise proximity. This means that
they can be calibrated on-site for their own targets. Thus, it
becomes extremely hard for an intruder to replicate the exact
output of these sensors using a foreign object.

III. CLASSIFICATION OF PROXIMITY SENSORS

PSs can be classified according to the physical phenomenon
they exploit to sense their targets. Electromagnetic (EM)
waves, sound waves, electric fields, and magnetic fields are

the four types of physical phenomena governing the operation
of PSs as shown in Fig. 1.

4( Proximity Sensors (PSs) }

—[ SOniC PSS ]— Ultrasonic sensors

—[ Electromagnetic PSs % Infrared sensors
—[ Electric ﬁeld PSS ]— Capacitive sensors
—[ Magnetlc fleld PSS ]— Inductive sensors

Fig. 1: Classification of proximity sensors based on the phys-
ical phenomenon invoked in sensing the proximity of their
targets. An example of each class is listed next to it.

Ultrasonic sensors [11] are a clear example of sonic PSs. In
this class, sensors are passive and targets are made of sound
reflecting materials (almost all solid materials). Underwater
sonars work the same way but, they are not considered PSs
because, much like electromagnetic radars, their targets are
not in their close vicinity.

The class of PSs using EM waves is very common. In
this class, proximity sensing depends on one of two methods.
In the first method, the sensor measures and analyses an
EM wave reflecting off of the target’s surface to extract
information about its proximity. Photoelectric sensors [12],
gesture recognition radar [13], image sensors [14] are all good
examples of such method. While aviation radars use the same
concept, they are not considered PSs because, their targets are
not in their close vicinity. In the second less common method,
the sensor radiates an EM wave and measures one of the
radiation parameters associated with the proximity of its target.
Antenna backscattering is an example of this method. The
authors in [15] used a radio frequency identification (RFID)
tag to sense the proximity of a target. This was achieved
by indirectly measuring the impedance mismatch between the
tag antenna and the integrated circuit which is caused by the
presence of the target in the close vicinity of the tag antenna.

In the class of electric field PSs, the sensor creates an
electric field which gets perturbed by the target causing a
shift in the sensor’s capacitance. capacitive sensors [16] are
the clear example of this class. This class is very popular
with different applications in various domains such as object
identification in robotics [17].

Finally, magnetic field PSs can sense two types of targets
based on their magnetic permeability . Targets with high
permeability can be either active or passive however, targets
with low permeability can only be actively sensed because they
have very weak interaction with magnetic fields. Such targets
(low ) are activated by retrofitting them with a permanent
magnet and then a Hall-effect sensor or a reed switch on the
sensor side can be used to detect the presence of the retrofitted
magnet.

Sensing high permeability passive targets is currently done
by one of two methods. The first method is called Eddy-current
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proximity sensing [18] and, is significantly more popular. It
uses a coil to generate a magnetic field which is perturbed
when the target is in close vicinity of the coil. This causes
a change in the coil’s inductance which is then measured by
a resonant circuit. This method is utilized by a type of PSs
commonly known as inductive sensors [6]. The second method
is called DC magnetic sensing which uses a permanent magnet
as the source of the field. The magnasphere [7] is an example
of this method. It uses a magnetized sphere inside a metal
casing as shown in Fig. 2. When the target is within range
(=~ 3 mm), the sphere is attracted to the target and moves to
the tip of the metal case which in turn creates an electrical
connection between the center pin and the case.

N

Magnetized sphere

Ferrous Target

Fig. 2: The MAGNASPHERE ferrous-selective PS [7].

IV. DESIGN

The presented experiment is a design instance of the pro-
posed sensor. The authors believe that other instances with a
different layout and/or parameters can be more suitable for
other applications.

The design of the proposed magnetic force proximity sensor
is shown in Fig. 3. A strong neodymium magnet induces
attraction forces between itself and its ferrous target. The
FSR is then used to measure the attraction force. The FSR’s
capacitance is measured instead of its resistance. This is known
to improve its accuracy and precision [19]. After calibration
for a certain target, a monotonic empirical model can be
obtained to express the targets proximity in terms of the FSR’s
capacitance.

The epoxy layer on top of the FSR has a diameter equal to
that of the FSR’s active area. This allows the FSR to capture as
much as possible of the force exerted by the magnet. While it
took numerous trials in the lab to achieve the desired thickness
of this layer, it is assumed to be much easier in an automated
manufacturing environment.

Since the proximity of the ferrous target is directly related
to the attraction force, it is discouraged to have any ferrous
object in the vicinity of the PS other than the target itself. This
will guarantee that the attraction force between the magnet and
the target is the only force being measured by the FSR. Thus,
there should be a ferrous free zone around the back of the
sensor. The volume of such zone depends on the magnetic
field strength of the magnet at its back side. The optimum

magnet for this purpose will have a maximum field strength
on the side facing its target and no field on the opposite side.
Since such idealized permanent magnet doesn’t exist, the next
best thing is a mounting magnet which is a regular neodymium
cylindrical magnet housed inside a special cup that redirects
the magnetic flux from the back side to the front side.

()

Fig. 3: Sensor design. (a) An isometric exploded view. (b) An
orthogonal side view showing the magnet on top, the FSR at
the bottom and the epoxy layer between them. Dimensions are
in mm.

Magnetostatics simulation tools can simulate and predict the
magnetic force if we have good models of the magnet’s flux
density, the separating medium, and the target’s geometry and
material composition. Such requirements make simulations
only reasonable when a given sensor design has very few use
cases in a controlled environment with a fixed target. Even
then, considerable discrepancies between simulation results
and measurements are expected because of manufacturing
tolerances in the magnet and the target, as well as the per
component FSR errors [20]. Hence, experimental calibration
of the sensor makes more sense for evaluating its performance
and characterizing its output in a certain scenario which is the
approach followed in this work.

Also, exploiting the magnetic attraction force to sense the
proximity of ferrous metals enables the sensor to function
effectively even when there are obstacles between the sensor
and its target. As long as these obstacles are non-ferrous, it will
not affect the sensor’s operation. This is not true for inductive
sensors because they are also affected by other non-ferrous
metals such as aluminium and copper [6].

While some inductive sensors are engineered to be selective
for ferrous metals, their cost and power consumption are
significantly high compared to the proposed sensor design.
Furthermore, a key advantage of the proposed design over
mainstream inductive sensors is that it does not produce any
electromagnetic interference. The static magnetic field of the
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permanent magnet and the FSR are not able to produce
propagating electromagnetic waves. This is important when the
sensor is embedded in wireless platforms which are expected
to be common in IIoT applications. While inductive sensors
might require radio frequency (RF) shielding and filtering, the
proposed design is inherently non-interfering.

The only foreseeable way this design can produce prop-
agating waves is if the permanent magnet was exposed to
high frequency vibrations (> 500 Hz) [21]. Even then, the
propagated wave would have a very low frequency which can
be easily filtered out by most standard RF filters included in
any transceiver.

Some specifications of the given sensor design can be de-
duced from the specifications of its off-the-shelf components.
This allows developers to create a preliminary evaluation of
the sensor’s performance without having to build a functional
prototype. For example, the operating temperature range is
simply the intersection of all ranges given by the utilized
components (FSR, magnet, etc.). The operating proximity
range (P,,) can be estimated in two steps. First, with the help
of a universal testing machine (UTM) we develop an empirical
model of the magnetic attraction force (F') as a function of the
target’s proximity (P) as shown in Fig. 4. Second, the FSR’s
minimum and maximum operating forces are superimposed on
the curve to identify the proximity range of this setup.

Magnet: MM-A-48 (Large)

=

a

Attraction Force (N)
2

FS Ry

'S Rinin

D i n ;
) 2d, d; ¢ e s dy 10 12
Proximity (mm)

Fig. 4: Empirical model of the magnetic attraction force as a
function of the target’s proximity.

If P(f) is the target’s proximity at I’ = f, then P, can be
calculated as follows.

P,, € [max(dy,dy), ds] (1)

where,
d1 = P(m’i’n(FSRmaxv Fmar))

d2 = P(max(FSRmzna Wmag))

where P,, is the operating proximity range. F'SR,,..,
FSR,,;, are the maximum and the minimum rated force for
the FSR respectively. F},4, 1s the maximum attraction force
induced by the magnet, which is exerted when the target is in
complete contact with the magnet, and W,,,q4 is the magnet’s
weight. dy is the distance between the magnet’s face and the
outer face of the sensor’s enclosure. For the design shown in
Fig. 3, dy is the total sum of the thicknesses of the epoxy

layer (0.8 mm), the FSR (0.5 mm), and the bottom surface of
the enclosure (0.8 mm) as shown in Fig. 3 (a).

The proposed design can be easily tuned to satisfy different
application requirements by changing the magnet and/or the
force sensing device. Also, its low-power consumption allows
it to be battery powered and embedded in a hermetically sealed
wireless module for aerospace, mining, or any other harsh
environment application.

V. EXPERIMENTAL RESULTS

In this section we will discuss the experimental work for the
proposed sensor and present an evaluation of its performance
using different magnets.

A. Setup

A UTM (ZwickRoell Z020) equipped with an accurate load
cell (0.1 N) was used to benchmark the force measurements
collected from the FSR. The speed of the UTM during all
the runs was 10 mm/minute with a step resolution of 0.1
mm. The non-ferrous enclosure was 3D-printed with a fused
filament fabrication (FFF) 3D-printer using polylactic acid
(PLA) filament. The FSR rested on a (0.8 mm) layer of PLA
plastic, and its active area was coated with a thin layer (0.8
mm) of epoxy to improve precision [22]. The epoxy layer is
the orange coloured layer shown in Fig. 3.

A plastic holder was used to keep the magnet far from the
UTM’s top clamp (steel) to eliminate any attraction forces
between the magnet and the top clamp. A thick (= 25 mm)
carbon steel target was placed on the bottom. The sensor was
positioned such that its bottom surface is parallel to the target’s
surface.

USB
connection to PC

Capacitance to
Digital converter

Plastic
enclosure

Steel target

Fig. 5: The experimental setup on the UTM.

In order to quantify the FSR’s hysteresis [23], the test
was performed in compression mode (approaching) as well
as in tension mode (receding). Using a capacitance to digital
converter (CDC) [8], the FSR’s capacitance was measured
instead of its resistance. This was shown to produce more
accurate measurements and improve the precision [19].

Three different disc-shaped neodymium magnets of the
same grade (N38) were tested to study the effect of the magnet
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size on the operating proximity range P,,. These magnets
were marketed as mounting magnets; their magnetic field has
a lot more strength on one side than the other. This helps in
reducing the size of the ferrous-free zone at the backside of
the sensor. The FSR and the magnets’ diameters are listed in
Table I.

TABLE I: Components used in the experiment.

Component Manufacturer part number | Diameter
Large magnet K&J Magnetics Inc. MM-A-48 48 mm
Medium magnet | K&J Magnetics Inc. MM-A-36 36 mm
Small magnet K&J Magnetics Inc. MM-A-20 20 mm
FSR Interlink Electronics 402 14.7 mm*
CDC Texas Instruments FDC2214 [8]

*diameter of the active area

B. Results and Discussion

The results show good potential for the proposed sensor
design. The measurements were post-processed to compensate
for the effect of the sensor’s weight.

The fundamental laws of magnetism predict the maximum
attraction force to be at the smallest separation distance (zero).
However, as shown in Figures 6-8, the measured force is not at
its maximum when the proximity is zero. We notice the force,
as measured by the UTM, start from zero when the target
is very far and increases exponentially as it approaches the
sensor until it reaches a maximum value at a few millimetres
away from the target, then it decreases rapidly till it goes back
to zero when the target is in contact with the sensor. This
behaviour occurred in both, the approaching and the receding
runs.

Careful observation of the experiment’s fixtures revealed
the reason for this behaviour. As the top clamp of the UTM
approaches the bottom target, the attraction force increases and
the 3-D printed plastic enclosure experiences significant load-
ing forces. Consequently, the structure flexes and its bottom
surface buckles towards the target. As a result, the sensor’s
enclosure comes into contact with the target before the UTM
reaches its calibrated zero position. Once the enclosure is
prematurely in contact with the target, the magnetic attraction
force starts to be off-loaded to the target, which reduces the
amount of force exerted on the UTM’s load cell and the FSR.
As the proximity gets even closer, more force is off-loaded to
the target and even less is applied on the FSR. This behaviour
continues until the UTM reaches its calibrated zero position
at which there is no buckling in the enclosure. At this point,
the load cell of the UTM is measuring zero while the FSR is
still squeezed between the magnet and the target. That is why
the capacitance does not follow the force all the way down to
zero. This effect is severe with the large magnet and diminishes
with smaller magnets, as shown in Fig. 9. This is because the
distance at which it starts to occur gets smaller as the magnet’s
size is reduced. A stiffer material for the enclosure than PLA
will help minimize this effect when large magnets are used.

As shown in Fig. 6, the capacitance measurements for the
large magnet shows an exponential decay similar to that of the

force. However, midway through the experiment, it violates the
trend with a semi-flat region and then resumes the exponential
decay afterwards. A reduced version of this highly non-linear
behaviour is noticed in the medium magnet as in Fig. 7 and
no such behaviour in the small magnet as in Fig. 8.

Two reasons have contributed to this behaviour. The first
reason is that the FSR has been operated beyond its rated
maximum force of 20 N. The small magnet is an exception
which is why it does not show the same non-linear behaviour.
On the other hand, the capacitance of the FSR is monotonically
decreasing with proximity. Thus, a single-valued function can
be obtained to relate the proximity to the capacitance. This
highlights the importance of configuring the sensor design for
each application with the appropriate choices of magnets and
FSRs to obtain a relatively linear output over its operating
range.

The second reason lies with the epoxy resin dome on top of
the FSR. While it was reported to improve the FSR’s precision
[22], in this case, its effectiveness depends on the ratio (Rg)
between the magnet’s diameter and the diameter of the FSR’s
active area. Since the resin dome is not perfectly flat, the
magnet on top of it can tip slightly, causing it to rest also
on the enclosure’s bottom surface, not just on the FSR. This
behaviour is more likely to occur when the magnet’s diameter
is a lot bigger than the diameter of the FSR’s active area.

In the case of the large magnet in Fig. 6, Ry is 3.28 and
the flat region of the curve occupies a large portion of the
exponentially decaying part of the curve. As shown in Fig.
7, when R, got reduced to 2.4 with the medium magnet, the
flat region occupied a smaller portion of the curve. Finally,
when Ry was further reduced to 1.37 with the small magnet
as in Fig. 8, the flat region did not show up at all in the
measurements.

Small magnet
158.5
- - -Receding
——Approaching |
---Receding  |°°
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157.5 &,
=)
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0 | | | T e e ann s a sy .
0 1 2 3 4 5 6 7
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Fig. 6: Target’s proximity vs. attraction force (left) and the
FSR’s capacitance (right) using the large magnet.

In Fig. 9, the small magnet appears to give a relatively
small variation in capacitance (= 3.5 pF) which can invoke a
concern over the resolution of the PS; however, the utilized
CDC [8] has a noise floor of 0.3 fF which enables it to quantize
the given capacitance range into 11666 levels. This is more
than sufficient for providing adequate resolution over the small
change in capacitance. Thus the performance limiting factor
here remains the accuracy and precision of the FSR, not the
CDC. Also, the high sampling rate of the chosen CDC (4.08

Authorized licensed use limited to: Queen's University. Downloaded on August 04,2020 at 18:32:12 UTC from IEEE Xplore. Restrictions apply.



Medium magnet

---Receding  |9°
—Approaching |
---Receding  |°°
— Approaching |
85 -
(=)
180
S
=)
475 &
g
170 &
<
o
165
<160
55
10 12

Proximity (mm)

Fig. 7: Target’s proximity vs. attraction force (left) and the
FSR’s capacitance (right) using the medium magnet.
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Fig. 8: Target’s proximity vs. attraction force (left) and the
FSR’s capacitance (right) using the small magnet.

ksps) enables the sensor to reliably sense dynamic targets with
a response time dictated by the FSR’s rise time (< 3ps). While
for static targets, the long term drift of the FSR (< 5% at 1
kg load for 35 days) is of more concern.

110
-8-Large magnet
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Fig. 9: Output comparison of the three magnets.

VI. CONCLUSION

In conclusion, The proposed FMPS shows a solid potential
for sensing the proximity of ferrous metal targets and it
is more suitable for wireless IloT applications. The FMPS
has the advantages of low cost and power consumption (8
mW) compared to the currently existing FIPS. Experimental
results showed various operating ranges for different design
parameters. The design parameters can be tuned to suit various
proximity ranges (10s of millimetres). Experimentation is

required to evaluate and characterize its performance for a
given target.
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