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ABSTRACT 

A capacitive load cell made using FlexPCB manufacturing 
technology, is shown to be a feasible approach for in-situ sensing of 
continuous mining vibration signatures. Capacitive sensors are known 
for being resilient to temperature variations and the chosen materials 
are widely available. A batch of example sensors are characterized 
with load frame testing. Changes in capacitance due to strain from 
applied force is measured with an embedded capacitance meter. 
Algorithms which accurately classify vibration signals to determine tool 
wear and material type are discussed. Considerations for device 
packaging and integration with commercially available cutting systems 
are given. 

INTRODUCTION 

Unforeseen maintenance delays reduce production time [1]. 
Continuous mining operations are hazardous due to the large 
machines, the potential for roof fall, and the dark, noisy, and dusty 
environment. This is further complicated by the need for operators to 
actively monitor important process information and creates dangerous 
conditions for the operators [2]. Previous efforts to remove miners from 
the machine and diagnose continuous miner issues in an automated 
fashion have focused on the hydraulics of the system [1]. Other efforts 
aim to reduce mining hazards by instrumenting personnel and 
monitoring their location near the machine [3]. Here we propose that 
remote and automated collection of process feedback will alleviate 
some of these hazards by freeing the operator's attention and allowing 
them to be at a greater distance from the machine. 

Typical predictive maintenance techniques involve estimation of 
tool wear through the use of force or vibration feedback [4] [5]. Material 
identification techniques also use metrics based in force and energy 
measurements [6] [7]. Both predictive maintenance and material 
identification are vibration classification problems. Vibration 
classification lends itself towards certain standard signal processing 
and classification techniques primarily in the frequency domain [8].  

In underground coal seam mining, the issue is not processing 
power or algorithm choice, but instead it is the extreme environment, 
which makes instrumenting the equipment difficult. Any device used 
must be able to withstand harsh conditions, be safe to operate in an 
explosive atmosphere, and be economically viable. Designing a sensor 
to operate in this environment is a difficult task, but other harsh 
environment applications have found success with capacitive sensors 
[9]. Other devices that involve resistive elements are susceptible to the 
intrinsic relationship between temperature and resistance [10]. Typical 
load cells rely on resistive elements, but new forms of capacitive 
pressure sensors are a promising technology for new applications. 

For the continuous mining of coal seams, it is desired to 
instrument each pick on the drum of the miner. Dull cutting tools 
produce more dust and require more energy to mine a volume than 
sharp tools [6] [11]. As a result, the picks are replaced regularly. 
Determining the optimal time to replace each pick can improve mine 
efficiency, but requires detailed data. In order to achieve in-situ pick 
sensing and wear estimation, we present a design for a force sensor 
that can be embedded into an individual pick. 

The remainder of this article is structured as follows. First, a 
discussion of the physical constrains, general design, modelling, and 
manufacture of the proposed sensor is given. Then, the method of 
empirical characterization is presented. Finally, results are given along 
with remarks, plans for future work, and conclusions. 

SENSOR DESIGN 

Due to the low pass filtering of mechanical systems, 
measurement sensitivity decreases the further the sensor is from the 
source. However, if the sensor is too close to the mining interface, the 
device may be damaged. Therefore, it is proposed to place the force 
sensor slightly behind the pick tip. 

This location on the tool has tight space constraints. To fit, the 
device thickness must be less than 25.4 mm (0.1 in) in order to not 
interfere with the tool's existing design. Designing for redundant 
measurements, even in this confined space, can improve data reliablity 
[12]. A mockup of the proposed sensor design is shown in Fig. 1. 

 
Figure 1.  Example sensor placement between the block and the 
sleeve. The blue trapezoidal sections represent individual sensors. 
Note that the final sensor geometry is slightly different. 

Theory of Operation 
In a capacitive load cell, the distance between the plates may be 

calculated from the capacitance reading by inverting the parallel plate 
equation: 

 𝑑 =  𝜀0𝜀𝑟
𝐴
𝐶
, (1) 
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where C is the sensor’s capacitance in Farads, ε0 is the dielectric 
permittivity of a vacuum, εr is the relative permittivity of the dielectric, A 
is the overlapping area of the plates, and d is the distance between 
them [13]. Note: the capacitance measurement is derived from a 
resonant frequency measurement of an inductor in parallel with the 
capacitive sensing element. The resonant frequency, f of the resulting 
circuit is: 

 𝑓 =  1
2𝜋√𝐿𝐿

, (2) 

where L is the shunt inductor’s value in Henries and C is again the 
sensor’s capacitance [14]. It should be noted that the plate distance is 
proportional to the square of the resonant frequency: 

 𝑑 = 4𝜋2𝜀0𝜀𝑟𝐴𝐴𝑓2 (3) 

Capacitive sensors are designed such that the plates do not 
nominally touch given zero applied force, so (3) can be expanded 
about the nominal separation distance and frequency 

 ∆𝑑 = 4𝜋2𝜀0𝜀𝑟𝐴𝐴(2𝑓0∆𝑓 + ∆𝑓2) (4) 

where 𝑓0 is the nominal resonance frequency. The system asymptotes 
to a linear relationship as the nominal frequency increases, which is 
also advantages to measurement response time. Assuming 𝑓0 is much 
larger than the change in frequency ∆𝑓 resulting from displacement, (4) 
can be combined with (1) and rewritten as: 

 ∆𝑓 = 1
4𝜋�𝜀0𝜀𝑟𝐴𝐴𝑑0

∆𝑑. (5) 

where 𝑑0is the nominal plate separation distance. It can be seen from 
Eq. (5) the measurement sensitivity will decrease with increasing plate 
area, separation distance, inductance, or dielectric permittivity. 
However, note that (1) neglects fringing field effects, so it is necessary 
to have a relatively large plate area with a smaller separation distance 
for the underlying capacitance model. 

Since the system will be in a dynamic environment, the vibratinoal 
modes of the sensor must be considered as well. Dynamically, we 
model the proposed sensor in two sections: the mass resting on the 
sensor and the internals of the sensor. This is shown in Fig. 2 The 
internals of the sensor, modeled as two masses and three springs, 
have two modes of vibration. The mass resting on the sensor has just 
one mode of vibration. The inner system (and to a lesser effect, the 
outer system) is subject If the outer system of the mass on the sensor 
has a much lower resonant frequency than the resonant frequencies of 
the internal sensing element, then the lower resonant frequency of the 
outer system will dominate, and the higher frequency modes of the 
internal sensing element may be neglected.  

 
Figure 2.  Sensor system dynamic model representation. The system 
can be considered as two cascaded mass spring systems. The outer 
system is a relatively large mass resting on a steel housing which 
contains the sensor internals. It has a lower frequency dominant mode 

than the inner system. The inner system holds two copper plates 
suspended in polyimide. It is possible to excite the in-phase and anti-
phase modes of this system, but they resonate at much higher 
frequencies than the dominant mode of the outer system. 

Not pictured in Fig. 2 are the damping elements which capture 
some of the viscoplastic behaviours of the polyimide. [15]. With the 
given model, the dynamics equations describing the motion of the 
system due to input force are as follows: 

 𝑀𝑥̈ +𝐾𝐾 = 𝑓(𝑡) (6) 

 �𝑚 0
0 𝑚� �

𝑥̈1
𝑥̈2
� + �𝑐 0

0 𝑐� �
𝑥̇1
𝑥̇2
� + �𝑘𝑒𝑒𝑒 + 𝑘𝑖𝑖𝑖 −𝑘𝑖𝑖𝑖

−𝑘𝑖𝑖𝑖 𝑘𝑒𝑒𝑒 + 𝑘𝑖𝑖𝑖
� �
𝑥1
𝑥2� = �(𝑥 − 𝑥1)𝑘𝑒𝑒𝑒

0
� (7) 

where M is the combined mass of the pick and sleeve, K is the overall 
stiffness of the sensor, x is the position of the top plate of the sensor, 𝑥̈ 
is its acceleration, f(t), is the applied force at the pick tip, m is the 
equivalent mass one of the internal plates suspended in the dielectric, 
𝑘𝑒𝑒𝑒 and 𝑘𝑖𝑛𝑛 are the equivalent spring constants for the regions on the 
exterior and interior of the plates respectively, c is the damping 
coefficient for the substrate, and 𝑥1 and 𝑥2 are the displacements of 
the plates, which are nominally both zero. Then we may relate the 
dynamic model to the capacitive model by: 

 ∆𝑑 =  𝑥2 −  𝑥1 (8) 

The primary mass of the system, M may be calculated by the 
product of the density and volume of the supported portion of the tool. 
The smaller masses ,m, may be calculated as effective masses which 
combine the effects of the mass of the polyimide and its elasticity by 
using the common massive spring simplification where the mass is 
moved to the end of the spring and given an effective value of one third 
the total mass. The spring constants, K, 𝑘𝑒𝑒𝑒, and 𝑘𝑖𝑖𝑖 may be 
calculated with the standard formula: 

 𝑘 =  𝐸𝐸/𝐿 (9) 

where E, A, L are the Young’s modulus, cross sectional area, and 
length of the appropriate sections. The damping coefficient, c, is given 
by [15] as: 

 𝑐 =  20679.8 𝐴/𝐿 (10) 

where A is the cross sectional area and L is the length of the substrate. 

Load Cell Design 
The measurements taken with the sensor must contain enough 

information to be used in either analytical models like [17] [18] [19] or 
data-driven models such as [20] [21] [22]. With the simple model 
presented above, a minimum of four cells is required for the prototype 
to provide three axial force measurements with respect to the cutting 
tool’s normal, drag, and tangential directions. The sensor has not been 
designed to detect torsional loads, as these are uncommon for the 
physical configuration. Initial characterization of the device, focuses on 
the applied normal force only. It is desired that this sensor is able to 
measure applied forces well enough to track the average energy in the 
dominant vibrational modes of the tool for later classification. 

By design, the block, sleeve, and pick system is mechanically 
very stiff and applied forces do not induce significant strain. It is 
desirable that the sensor does not induce strain beyond what is 
necessary to make the required measurements. The sensor should 
also have its own vibrational modes much higher than the cutting 
system to avoid dynamic interference. To design a sensor with the 
desired sampling rate, sensitivity and compatible dynamics, it is 
expedient to first choose a capacitance and resonant frequency which 
will provide the desired sampling rate and sensitivity within the physical 
parameters that will produce acceptable dynamics. 

Given the constraints on area, plate distance, dielectric constant, 
and measurement rate, a sensor capacitance in the hundreds of 
picofarad range yields a cell with good sensitivity and robustness 
towards the environment. When coupled with the appropriate value 
inductor, the resonant frequency of the sensing circuit is in a narrow 
band between 1 and 3 MHz. This is measured with an embedded 
capacitance meter, Texas Instruments’ FDC2114, which records at 
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13.3 ksps with 7 effective bits for a single channel. With 4 channels 
simultaneously monitoring, the effective rate is reduced to 3.3 ksps for 
each channel with the same accuracy. 

Steel and FlexPCB (made of polyimide and copper) are well 
suited to this application because steel is compatible with the mining 
environment and the FlexPCB is easily manufactured as a capacitive 
sensor. Typical forces on the pick during cutting operations range from 
dozens to hundreds of kN applied at the tip in the normal and drag 
directions [6]. Quoted values for polyimide Young’s Modulus and 
elastic range are 4.0GPa and about 5% respectively [21]. The 
viscoelastic nature of the polyimide means that the apparent stiffness 
of the material depends on the loading profile but will generally be 
softer for quasi-static loadings and stiffer for rapid loadings [22]. 
Encasing the polyimide device in a steel housing will increase the 
overall device stiffness, reduce the induced strain, and protect the 
sensor from wear. By choosing the proper ratio of steel and polyimide 
cross sectional area, the expected strain range can be controlled. 

For the chosen device height of 1.83 mm (0.72 in), and given the 
nominal 5% elastic strain range of polyimide, the max displacement in 
the linear range of the overall device is 91 μm. Considering the force 
range of the available test equipment, a device stiffness of 250 MN/m 
is targeted which means the device should be mostly linear up to 
roughly 20 kN of load. This can be adjusted by varying the case walls’ 
thickness. For the chosen sensor geometries, the nominal frequency 
measurements are is expected to be 1.60 MHz for the large cells and 
1.85 MHz for the small cells. Given the embedded capacitance meter’s 
sensitivity and accuracy at these points, a sensitivity of 33.26 kHz/μm 
and 37.1 kHz/μm is expected for the large and small cells respectively. 
At the highest gain setting (16x), the embedded capacitance meter has 
a resolution of 1.63 counts per kHz which translates to 60.4 counts per 
μm. 

The combined mass of a typical sample sleeve and new pick is 
about 4 Kg. This means that the first order system will have the 
dominant resonance near 1260 Hz for the chosen overall device 
stiffness. For the two copper plate masses contained in the polyimide 
flex circuit, if the masses and compressive elements of the system are 
allocated as described in Table 1, then the in phase mode will have 
resonant frequency of about 4.81 MHz and the anti-phase mode will 
have resonant frequency of about 20.5 MHz. These modes are 
significantly faster than the measurement frequency but will be very 
damped by the mechanical system. The inertia of the pick system 
before the sensing element and the damping present in the polyimide 
is large enough to effectively low pass filter these frequencies and 
reduce the potential for aliasing. 

Table 1.  Parameters for the internal sensor model. 
Parameter Value 

m 56 μg 
𝑘𝑒𝑒𝑒 51.1 GN/m 
𝑘𝑖𝑖𝑖 440 GN/m 

 
After the specifications were developed for the device's 

dimensions, the internal element and steel case were manufactured. A 
completed internal element and several assembled prototypes are 
shown in Fig. 3. To ensure polyimide filled the steel housing, several 
polyimide shims are laser cut and stacked evenly on the top and 
bottom of the sensing element, sufficient to fill the 0.46 mm channel, 
before being sandwiched in the case. 

Finally, the FlexPCB is manufactured with alternating layers of 
Copper and polyimide and minimal adhesive. This results in a 
consistent plate distance of 25 μm over a large area which provides 
reliable capacitance measurements. The steel case is manufactured 
via chemical etching to achieve consistent dimensions economically. 

METHODS 

A sample device was characterized through sinusoidal load frame 
testing across 5 frequencies (0.5 Hz, 1 Hz, 2 Hz, 5 Hz, and 10 Hz) and 
3 load ranges (0-50kN, 0-100kN, 0-200kN) performed with a Material 
Test Systems load frame (model: 312.41). For each test frequency and 

load range, 50 cycles were applied to the device two separate times. 
The sample was allowed to rest for a few seconds between tests. 

 
Figure 3.  a) A prototype of the sensor internals. The four cells can be 
seen along with the connector for interfacing with the embedded 
capacitance meter. As a mitigation for channel crosstalk noise within 
the load cell, the cells further from the plug are larger and therefore 
have their resonant frequency a few hundred kHz away from the 
nearer, smaller cells. b) A few prototype sensors in their cases. The 
case increases the overall stiffness of the sensor but keeps it less stiff 
than the surrounding tool. 

The device's capacitance is measured using an embedded 
capacitance sensor interfacing with a data logger (Raspberry Pi 2 
Model B v1.1). The load frame tracked the prescribed force loading 
profiles and measured the resulting force applied and the strain 
induced on the system. For the low loading rates, a sampling rate of 
1024 Hz was used by the load frame and 1450 Hz was used for the 
capacitive sensor. This is well above the max 10Hz loading of the load 
cell and will capture any transient effects.  

To filter measurement noise in displacement and frequency, a 
moving average filter (50 samples) and a first order low pass filter (920 
Hz -3dB cutoff) are used.. The derivative of frequency was estimated 
by passing the consecutive differences of the filtered frequency divided 
by the sampling time through a moving average with the same window 
size as before. It is used to create a surjective map between 
measurements and the desired quantities. Through this filtering, it is 
possilbe to see a clear seperation in the hysteresis plots of the higher 
rate and higher force loads. 

RESULTS 

Over large strain ranges, the device exhibited hysteresis in the 
force-displacement curve due to the viscoelastic nature of the 
polyimide. For low loading rates, the hysteresis was reduced but still 
present. A representative plot for the measured data is shown in Fig. 4. 
The hysteresis plots are also shown in that same figure. It can be seen 
that viewing force and displacement as functions of measured 
resonant frequency and its derivative provide a surjective mapping 
from measurements to the desired quantities. Also, the displacement 
varies with the measured frequency as predicted by the dynamic 
model. 

DISCUSSION 

This embedded system has a relatively small footprint and power 
demand and would be readily transferable for use in an underground 
mining environment. The minimal post-processing of data could also 
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be converted to a real-time process for classification tasks without 
significantly altering the design. 

 
Figure 4.  a) A representative loading cycle. The color in the plot 
represents the passage of time and the corresponding points in the 
hysteresis graphs are the same color. b) Hysteresis plots for the low 
rate-low load condition. The relationships are mostly linear but drift 
while the device settles into a steady state response. c) The hysteresis 
plots for greater loading. There is more hysteresis and this trend 
continues for even greater loading. d) The plot of displacement vs 
measured frequency and its derivative. Note that for each region in the 
XY plane, there is at most one region that contains the displacement. 
e) The plot of force vs measured frequency and its derivative. Again, 
the force is uniquely defined for the presented values of frequency and 
its derivative. f) The apparent stiffness as a function of measured 
frequency and its derivative. Again, a surjection is present. 

In a simplified physical model, for low load rate condittions and 
small displacement, the distance between the plates is linear with 
respect to the overall strain in the sensor and therefore proportional to 
the square of the resonant frequency. By characterizing the rate-
dependent stiffness of the sensing element (due to the viscoelastic 
polyimide), larger strain rates can be accommodated, and an estimate 
of applied force can be derived by combining the estimated strain and 
estimated stiffness of the element. 

To integrate this device with continous mining machines, further 
characterization must be done. It is planned to further characterize this 
device through experiments on Colorado School of Mine’s linear 
cutting machine which is able to experimentally simulate a single pick 
cutting through a rock sample. The collected load cell data will be used 
to develop a classification scheme of tool wear levels and material 
type.  

CONCLUSION 

This work shows the preliminary design, construction and 
characterization of a low-profile load cell for undergond mining 
applicaoins. Further work is needed in determining processing 
strategies for the collected data, but it has been shown that a 
reasonable mapping exists between the desired displacement and 
applied force quantities and the measured resonant frequency and its 
derivative. With adequate sampling rates and measurement sensitivity, 
this device will be able to measure vibration signatures which may be 
classified into tool wear and material categories. 
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