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High-resolution PAT monitoring 
of sample preparation grinding by 
accelerometer sensors: the key to 
ensuring accuracy and long-term 
consistency
Martin Lischka  and André Mehling
HERZOG Maschinenfabrik GmbH & Co. KG, Germany

Industrial operations are often based on critical quality measures obtained for technical process control and/or to determine the value 
of raw materials and product streams. Process Analytical Technology (PAT) monitoring is applied to characterise, for example, raw 
materials, semi-finished as well as finished products. There is an active interest in approaches for “smart” online, real-time industrial 
sensor applications, especially where industrial operations involve high sample throughput and/or may involve hazardous substances 
demanding automation. State-of-the-art sample preparation procedures and equipment can deliver key performances indicators, 
often supplemented by sensor data that are used as proxy quality measures which helps to ensure measurement representativity and 
optimal process/product control. We here illustrate this industrial front-line arena by an example in which PAT accelerometer data are 
used for real-time monitoring of the efficiency of the automated grinding sample preprocessing process.

Introduction

P
rocess Analytical Technologies 
(PAT) has seen an enormous 
application rush in the last 20 
years, starting out in pharma and 

chemical industries, and has recently seen 
many creative applications also in indus-
trial sectors well beyond this origin.1 Vari-
ous PAT sensor methods and approaches 
have been developed for specific purposes 
within the industrial  automation realm, e.g. 
to monitor torque in spear sampling sys-
tems, to ensure constant material feeds and 
also for monitoring milling machines that 
treat metal samples. Here parameters rep-
resenting the physical phenomena vibration 
and torque are used to monitor the condi-
tion of cutting tips of active milling heads. 
For example, if tool cutting tips are not in 
the right condition, correct removal of sam-
ple surface layers cannot be assured with 
subsequent adverse analytical results.2

Background
Mineral raw materials are often pressed 
as fine powder (typically less than 75 µm) 
into steel rings and analysed with X-ray 
fluorescence (XRF). The calibration of the 
analytical device is linked to a certain tar-
get particle size distribution as manifested 
by the calibration standards used. For opti-
mal analytical quality this particle size dis-
tribution needs to be in compliance for all 
subsequent routine samples in the longest 

possible post-calibration period of routine 
application. However, there is often a lack 
of methods to monitor compliance for long 
enough periods in order to ensure the nec-
essary analytical accuracy and constancy.

Disc mills are used in the automated 
laboratory to comminute granular sample 
material by grinding, typically reducing the 
grain size from 1–5 mm down to 150 µm, 
and below. The eccentric movement of 
grinding vessels puts the internal grinding 
set (puck and ring) into circular motion. 

The sample particles are ground due to 
shearing, impacting and compression of 
the material between the grinding set ele-
ments and the wall of the vessel. In many 
instances, the ground material is subse-
quently pelletised and analysed, e.g. by 
XRF. The grain size distribution following 
grinding has a significant impact on the 
quality of the XRF results. The so-called 
particle size effect may cause variances in 
elemental analysis of more than 30 % only 
due to different particle size distribution and 

Figure 1. Examples of sample preparation equipment for pressed pellet preparation used in auto-
mated XRF analysis. A: Various grinding and pressing accessories for manual sample preparation 
setup. B: Grinding vessel with sample material. C: Finished pressed pellet suitable for XRF analysis. 
D: Mill and press combination (HP-MP) used in automatic sample preparation for XRF analysis.
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not to compositional differences between 
samples.2 It is, therefore, critical to minimise 
the variability of grain size distribution after 
grinding in order to decrease this sample 
preparation bias of the analytical results.

For many materials, the reproducibility 
of grain size distribution after grinding is 
very high. This is especially true because 
of the use of automatic pulverising mills 
compared to equipment with more manual 
sub-process stages involved. For other 
materials and applications, post-grinding 
grain size distributions may exhibit a higher 
(to distinctly high) degree of variability due 
to variation in material constitution. In the 
automated laboratory realm, it is practi-
cally impossible to determine particle size 
distribution after each grinding run. It would 
consequently be of great help if the grinding 
efficiency could be monitored in real time 
during the grinding process.

Here, we show that the start and dura-
tion of the grinding process can be easily 
identified from simple acceleration moni-
toring data. We first provide insights that 
acceleration signals correlate well with 
grinding efficiency and with grain size distri-
bution. Based on comparative results from 
initial experiments we are able to elucidate 
the underlying mechanism for diagnostic 
changes in acceleration-monitored milling 
signals. Routine monitoring based on accel-
eration data functions as satisfactory prox-
ies for the contemporary grain size distribu-
tion, allowing significantly better process 
monitoring and control.

Comparative study
All tests reported here were carried out 
on i) a manually loaded grinding ves-
sel [HSM 100P, tungsten carbide (TC)], 
ii) semi-automatic chrome steel vessel 
(HP-M 500) or iii) a fully automatic disc mill 
(model HP-MP, TC vessel). In each case, 
an acceleration sensor was mounted 
on the lower half of the swinging aggre-
gate and connected to the programma-
ble logic controller of the grinding mill 
for data acquisition. For analysis of the 
grinding vessel motion, the acceleration 
in both x- and y-directions was assessed. 
For evaluation of grinding efficiency, the 
root mean squares (RMS) of the x- and 
y-accelerations were calculated as previ-
ously described,3,4 allowing RMS levels to 
be plotted over time for graphic evalua-
tion. We also calculate the standard devi-
ation (SD) of the individual RMS values to 
determine the ensemble RMS variability.

In some instances, we also analysed the 
grain size distribution of the ground material 
using a vibratory sieve shaker.

Results

Acceleration signals representing 
an empty grinding vessel: efficient 
and inefficient grinding
For this initial test series, we used the HSM 
100P disc mill. First, we assessed accel-
eration during motion of an empty grinding 
vessel without sample material (only puck 
and ring) at a rotation speed of 1000 rpm. 
Second, we performed a grinding run with 
50 g of pure silica sand at a grinding speed 
of 1000 rpm, resulting in a significant grain 
size reduction (efficient grinding), and, third, 
50 g of the same material was ground at 
a lower speed of 600 rpm leading to only 
minor grain size reduction (inefficient grind-
ing). The duration of each grinding run was 
identical, 30 s.

The empty grinding vessel (Figure 2A) is 
characterised by a very uniform signal with-
out fluctuations over time. The mean RMS 
was 30.1 m s–2, the mean SD of the ensem-
ble RMS was low at 1.4. During efficient 
grinding (Figure 2B), the initial acceleration 
signal was relatively constant with a low 
variability (RMS 29.9 ± 2.8 m s–2). After 8.5 s, 
however, (red arrow in Figure 2B), there was 
a significant change in the signal pattern 
with a constant increase of the variability 
(RMS 31.3 ± 5.1 m s–2). During inefficient 
grinding (Figure 2C), the acceleration signal 
remained unchanged with little variability 

throughout the entire grinding period (RMS 
11.8 ± 1.2 m s–2).

Influence of the sample weight on 
the acceleration signal
In this second test series, we assessed the 
influence of the sample weight on the accel-
eration patterns during grinding of silica 
sand or iron ore. For each of these materi-
als, we carried out five tests, increasing the 
sample load from 50 g to 90 g in steps of 
10 g. Each run was carried out under identi-
cal conditions using the HSM 100P with a 
grinding time of 30 s and a rotation speed 
of 1200 rpm.

For silica sand, we found a characteris-
tic change in the acceleration signal over 
time. In each run, the signal showed an 
initial uniform acceleration pattern without 
major fluctuations followed by an abrupt 
change to a pattern displaying an increas-
ing fluctuation concomitant with a lower-
ing of the absolute RMS values (Figure 3). 
The time of the signal change depended 
clearly on the sample weight, being sys-
tematically delayed with each increased 
sample load. Thus for 50 g, the signal 
change appeared at 9 s. For 60, 70, 80 
and 90 g the change took place later at 
15 s, 26 s, 28 s and 31 s, respectively (red 
arrows in Figure 3). The initial RMS values 
were similar between trials. In the run with 
60 g of silica sand, the mean RMS before 
the signal change was 49.4 ± 1.8 m s–2, 
thereafter 32.5 ± 8.5 m s–2.

For iron ore, we observed a simi-
lar signal behaviour as for silica sand 

Figure 2. Monitoring RMS acceleration signals of an empty grinding vessel (A) and during efficient 
grinding (B) vs inefficient grinding (C) of pure silica sand.
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(Figure 4). The time point of the signal 
change depended on the sample weight 
and increased from 12.5 s (50 g) to 25 s 
(90 g). However, the signal changes were 

smaller than for silica sand. For 60 g of 
iron ore, the mean RMS before the signal 
change was 50.1 ± 2.6 m s–2, thereafter 
46.6 ± 3.4 m s–2.

Influence of the rotation speed on 
acceleration signal and grain size 
distribution
In this test series, we examined the influ-
ence of different rotation speeds on the 
acceleration signal. The test runs were car-
ried out on the semi-automatic HP-M 500 
during grinding of 200 g of iron ore for 60 s. 
The rotation speed was different in each 
run (900, 1000, 1100 rpm). After each run, 
we determined the grain size distribution of 
the ground material using a vibratory sieve 
shaker.

For 900 rpm, the signal change occurred 
very late during the grinding process, at 
57 s. For 1000 and 1100 rpm, the sig-
nal change was earlier, at 50 s and 38 s, 
respectively (Figure 5).

For the grain size analyses, we found an 
increase of the fraction < 45 µm from 41.2 % 
at 900 rpm to 51.0 % at 1000 rpm and 
59.6 % at 1100 rpm. At the same time, the 
fraction > 150 µm decreased from 31.2 % to 
17.3 % and 6.4 %, respectively (Figure 6).

Oscillation analysis
In order to evaluate the underlying cause for 
the change of the acceleration signal dur-
ing grinding we performed an oscillation 
analysis. We examined the RMS signal dur-
ing grinding of iron ore in an automatic mill 
(HP-MP) at a rotation speed of 1000 rpm. 
For all the tests above we initially observed 
a uniform signal with little fluctuation which 
then changed to a signal with larger fluctua-
tions (Figure 7). In order to try to understand 
more, we performed an oscillation analysis 
before the signal change (red box at 10 s, 
Figure 7) and later (red box at 15 s, Figure 7).

For this purpose, the acceleration values 
in the x- and y-direction on an ideal sinu-
soidal oscillation were projected on a graph 
(Figure 8). When set in motion, the grinding 
vessel describes a circular path around its 
centre. Therefore, the acceleration in the x- 
and y-direction shows a phase lag of 90 ° 
in Figure 8.

At 10 s the values for x- and y-acceler-
ation are located on the ideal reference 
sinusoidal curves (Figure 8A). Also, the 
phase lag of x- and y-acceleration was 
quite constant at 90 °. Accordingly, the 
resulting RMS values of x- and y- direction 
plot in a relatively straight line with very little 
deviation. This corresponds to a situation 
when the grinding vessel can move relatively 
undisturbed along its ideal circular path. 
After 15 s we found that some of the x- 
and y-acceleration values were lower than 

Figure 3. RMS acceleration signal assessed during grinding of different loads of silica sand in the 
manual disc mill of the type HSM 100P. The onset of the efficient grinding phase is characterised by 
an increase of the RMS variability (red arrow). The point of time when the signal changes depends 
on the sample weight.

Figure 4. RMS acceleration signal assessed during grinding of different loads of iron ore in the 
manual disc mill (HSM 100P). Similar to results for silica sand, the onset of the efficient grinding 
phase is characterised by an increase of the RMS variability (red arrow). Also, here, the onset of the 
signal changes depends on the sample weight, but compared to silica sand, the iron RMS changes 
are less pronounced.
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predicted by the ideal sinusoidal curve (Fig-
ure 7B). These temporary decelerations are 
interpreted to be the cause of the increased 
variability of the RMS signals in this test.

Discussion
In this study, we introduce a new method 
for real-time monitoring of the grinding effi-
ciency in disc mills. We demonstrate that the 
increase in acceleration variability, and the 
concomitant decrease of acceleration mag-
nitude, is a suitable proxy marker for effi-
cient grinding. This finding is corroborated 
by the following observations: 1) Motion of 
an empty grinding vessel produced only a 
uniform acceleration signal with low vari-
ability. 2) Inefficient grinding due to slow 
rotation speeds, or high sample load, is 
characterised by absence, or late onset of 
the characteristic increased acceleration 
variability. 3) By contrast, efficient grinding is 
correlated with an early and swift increase in 
acceleration variability. At the same time the 
mean acceleration magnitude is decreased.

The described signal patterns were 
observable in all disc mill types used in this 
study, including manual and automatic mills 
with a 100 cm3 tungsten carbide grinding 
vessel as well as a semi-automatic mill with 
a 500 cm3 chrome steel vessel. This shows 
that the signal pattern is a general phenome-
non that likely can be utilised for a wide range 
of different discs mills and applications.

The underlying reason for the character-
istic signal pattern change is not yet fully 
understood. The first oscillation analysis 
showed that increased variability is attrib-
utable to brief decelerations of the grinding 
vessel in the x- or y-directions. We believe 
that these acceleration interruptions are 
due to short blockages of the motion of the 
grinding set (puck and ring). The impeded 
motion of the grinding set likely leads to 
momentary decelerations of the entire 
grinding vessel which can be measured by 
the acceleration sensor.

What is the reason for increased motion 
blockage of the grinding set within the ves-
sel during efficient grinding? The flowability 
and “effective viscosity” of powders strongly 
depends on the particle size and shape.5,6 
At small average particle sizes and, there-
fore, high inter-particular forces, stable 
bridges are formed between particles. 
Moreover, these bridges are not only stable 
but also reform quickly. At the beginning of 
the grinding process, the average particle 
size is large and hardly any inter-particular 
bridges are built. This means that flowability 

Figure 5. RMS acceleration signal representing grinding of 200 g iron within the HP-M 500. The 
rotation speed varied from 900 rpm to 1000 rpm. The grinding time in all trials was 60 s. The onset of 
the signal change (red arrow) depend on the rotation speed with earlier starts at higher rpm values.

Figure 6. Empirical grain size distribution after grinding of 200 g iron ore in the HP-M 500 at different 
rotation speeds for 60 s.

Figure 7. RMS acceleration signal during grinding of 60 g iron ore in an automatic mill (combined 
mill and press of the type HP-MP). The recording was used to guide an oscillation analysis at two 
different times each covering 1 s (red boxes). The first oscillation analysis was carried out before 
increase of the acceleration variability (at 10 s), and the second analysis after the transition to effi-
cient grinding had occurred (at 15 s).
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of the sample is high and, vice versa, vis-
cosity is low. Therefore, the grinding set 
can move relatively unhindered through the 
powder within the grinding vessel.

However, as efficient grinding begins to 
take place, gradually the average particle 
size decreases. This leads to a build-up of 
inter-particular bridges resulting in lower 
flowability and higher viscosity. This in turn 
causes increasing blockage of the grinding 
set as measured by the increased accelera-
tion variability.

What is the reason for decreased accel-
eration amplitude during efficient grinding? 
The increased variability during efficient 
grinding is accompanied by a general 
decrease of the total acceleration mag-
nitude. This phenomenon may be due to 
transfer of the rotationally inducted kinetic 
energy into energy used for comminution of 
the sample material.

Conclusion
The accelerometer PAT monitoring approach 
opens up numerous opportunities for easy, 

real-time monitoring of the general grinding 
process. This is a smart-industry solution 
offering significant benefits in application 
development and condition monitoring of 
routine processes and samples. Basic mod-
els linking particle size distribution and sen-
sory data from the grinding process can be 
used to define a Statistical Process Control 
(SPC) setup for automated sample prepara-
tion processes. Biasing factors, e.g. changes 
in material composition or preparation equip-
ment wear, can be detected and appropriate 
counter-measures can be invoked.

Figure 9 shows a principal example of 
how such proxy observations can be used 
to develop calibration models for specific 
sample types. In Figure 9A a typical three-
phase particle breakage evolution of mul-
tiple samples is captured, which can be 
linked to a certain Particle Size Distribu-
tion (PSD). This could be, for example, the 
calibration standards for an XRF instrument. 
The particle evolution itself is characterised 
by an initial phase where most of the big-
ger brittle particles are reduced in size (blue 

bar), followed by a second phase with a 
decreased size reduction efficiency (yellow 
bar). The third phase (red bar) is charac-
terised by analytical precision disturbing 
agglomeration effects of the material.

In this example, a PSD of 80.7 % (±1.2 %) 
below 45 µm is expected for a reference or 
calibration sample after grinding. Therefore, 
this model can be used to evaluate the 
match of routine samples and gives an illus-
tration of how a particular sample matches 
the expected procedural outcome. Thus, 
Figure 9B illustrates a sample plot within 
the calibrated model boundaries, while the 
sample shown in Figure 9C is clearly out 
of model range. Depending on the overall 
application scenario, this can, for example, 
indicate offsets in the preparation proce-
dure, changes in raw material feed or in 
sample composition (e.g. mineral composi-
tion).The present experimental results show 
that high-resolution accelerometer sensor 
data would appear to be suitable to monitor 
automated processes in various ways. Here 
we are focusing on accelerometer sensor 

Figure 8. Oscillation analysis of the grinding run shown in Figure 6 for two different time points—before onset of variability increase at 10 s (A) and after 
increase at 15 s (B). If the grinding vessel shows a completely undisturbed circular motion, the x- and y-accelerations can be described as sinusoidal curves 
with a phase lag of 90 ° (green and black curves). (A) Before onset of efficient grinding the measured x- and y-acceleration values plot along these curves 
resulting in constant RMS values. (B) After onset of efficient grinding, x- and y-values show significant decelerations with deviations from the ideal curve, 
resulting in a higher sum-total variability of RMS values.
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types used for grinding sample preprocess-
ing purposes. This type of approach also 
opens up the potential for powerful tool 
condition monitoring, analytical result vali-
dation and prediction of material changes in 
processes, all subject to further investiga-
tions on the nature and information content 
of observable PAT sensor data.

It is sometimes possible to augment the 
monitoring potential by also using com-
plementary sensor types. This option, of 
course, strongly depends on the specific 
process a.o.1
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