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Conical picks have a harsh working environment and 70% of their
failures are caused by wear. It has been found that conical picks
can rotate while interacting with the working material. This
self-rotation ability is an important factor affecting pick wear,
but the self-rotation mechanism remains unclear. Researching
the mechanism involves the impact and friction dynamics of the
interaction between a pick and its holder. Thus, a dynamic
finite-element numerical model for the pick-holder interaction is
established. How the handle-holder gap width, pick body and
handle lengths and pick handle diameter affect the settling time
and the percentage of time with no contact is studied to
compare the numerical results with the equivalent effects on
the rotation angle in experiments. Doing so indicates that
the main factor in the self-rotation ability of a conical pick is not
the magnitude of the contact load but its duration. The present
research provides a new method for revealing the mechanism
for the self-rotation of conical picks.

1. Introduction

Conical picks are found in many excavator machines, such as on
the milling drum of a shearer and the cutting head of a
roadheader [1,2], as shown in figure 1. The early research into
picks comprised simulations and experiments to determine their
cutting performance, such as (i) their cutting load [3,4], (ii)
whether they produced lumps or dust [5-7], and (ii) their
specific energy consumption [8-10]. In numerical studies of
picks, the main methods are the finite-element method (FEM)

© 2020 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsos.200362&domain=pdf&date_stamp=2020-05-20
mailto:chd160039@chd.edu.cn
https://doi.org/10.6084/m9.figshare.c.4977671
https://doi.org/10.6084/m9.figshare.c.4977671
http://orcid.org/
http://orcid.org/0000-0003-4951-9041
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

milling drum

pick holder

(@)

r 3

contact load

no contact

f - ; 1 /
settling time 7

Figure 2. (a) Curve of contact load; (b) pick in contact with its holder and (c) pick not in contact with its holder.

[11-13] and the discrete-element method [14-16]. In pick experiments, different testbeds have been
established, such as the coal-rock cutting testbed [17,18] and automated rotary coal/rock cutting
simulator (ARCCS) testbed [19-21] used for rotary cutting, the single-pick testbed [22,23], the full-
scale cutting testbed [24,25] and some modified test devices [26,27]. Research attention is now turning
to pick failure. Because most pick failures are due to wear, pick wear has been investigated
experimentally [26-30]. To reveal the mechanism for pick wear, the interaction between a pick and the
rock material has been studied [31-33]. Now, the search is on for effective ways to reduce pick wear,
with picks being made from various new materials [34] and water jets being used to assist cutting [35,36].

It has also been found that conical picks can rotate while they interact with the working material. This
self-rotation ability, as it is known, involves the pick rotating relative to its holder during the interaction
with the working material. This in turn leads to uniform wear around the pick, which helps to keep the
pick sharp. The principle is shown in figure 1c. Pick self-rotation has been studied experimentally [37]
and is related to both the magnitude and duration of the contact load between the pick and its
holder. However, it remains unclear whether it is the magnitude or the duration of the contact load
that affects pick self-rotation the most.

Accordingly, a theoretical model was established, and the contact load due to the pick-holder
interaction in the cutting process was analysed for different values of the pick structural parameters.
Also, the pick rotation angle was investigated experimentally for different values of the pick structural
parameters, but the experimental results were not consistent with the theoretical ones. From this, it
was concluded that the magnitude of the contact load is not the main factor for pick self-rotation, but
rather it is the duration of the contact load. Upon receiving the cutting load, the pick comes into
contact with its holder and rotates, and the resulting graph of the contact load versus time in the
settling phase is assumed to resemble that shown in figure 2a. The pick collides with its holder and
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Figure 3. Dynamic numerical model with different values of pick structural parameters.

then loses contact with it upon rebound; this process repeats until stability is achieved and the pick is in
continuous contact with its holder. In this process, the contact load trended to be stable and dense.
Moreover, there are two types of time interval, namely (i) those labelled ‘t/ in which the pick is
loaded and is in contact with its holder, as shown in figure 2b, and (ii) those labelled ¢,/ in which the
pick is not loaded and is not in contact with its holder, as shown in figure 2c.

The aims of the present study are to (i) verify that the main factor in pick self-rotation is the duration
of the contact load rather than its magnitude, and (ii) clarify the mechanism for pick self-rotation.
Studying that mechanism involves considering the pick-holder impact and the friction dynamics of
the pick-holder interaction. It would be difficult to conduct experiments in which sensors were used
to measure the pick dynamics during cutting (e.g. the contact load between the pick and its holder),
but FEM is effective for doing so. Thus, a dynamic FEM model of the pick-holder interaction is
established and used to study how the pick structural parameters affect the settling time (ST) and the
percentage of time with no contact. The FEM results are compared with experimental results
regarding the pick rotation angle.

2. Methodology

2.1. Numerical model

From the analysis in §1, to verify that the main factor in pick self-rotation is the duration of the contact
load rather than its magnitude, the parameters related to ‘t,/ must be evaluated for comparison with
experimental results. This is done using a simplified two-dimensional FEM model of the pick-holder
interaction as shown in figure 32, which was established using the LS-DYNA software. The plane
profile of the pick is that of an actual pick, while the pick holder is simplified as two rectangles with
a gap between the pick handle and holder. Shell1l63 and the international system of units (m-kg-s)
are applied. The pick and its holder are formed from a linear elastic material with relatively simple
material parameters, namely density (7.8 x 10° kg m™), elastic modulus (270 GPa) and Poisson’s ratio (0.3).
The cutting load acts on the carbide tip of the pick, and the boundaries of the pick holder are subject to
fixed constraints. The contact type between the pick and its holder is 2D_ AUTOMATIC_SINGLE_SURFACE.

The handle-holder gap width is selected as 0.05, 0.15, 0.25, 0.35 and 0.45 mm; the pick body length is
selected as 61, 71, 81, 91 and 101 mm (figure 3b); the pick handle length is selected as 42, 52, 62, 72 and
82 mm (figure 3¢), and the pick handle diameter is selected as 20, 25, 30, 35 and 40 mm (figure 3d4). To
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Figure 4. (a—e) Experimental picks.
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Figure 5. (a—f) Stress nephograms of pick interacting with its holder.

study the effect of the gap width, five additional models were established with diameters of 34.1, 34.3, 34.5,
34.7 and 34.9 mm.

2.2. Experiments

The cutting testbed is described in detail in reference [37] and is not mentioned again herein. Figure 4
shows the picks used in the experiments; the normal pick body is 81 mm in length, and the pick
handle is 62 mm in length and 35.0-)%; mm in diameter. As well as the normal pick, another 12 picks
were designed to study how the pick body and handle lengths and the pick handle diameter affect
the pick self-rotation. Another five picks were designed to study the effect of the handle-holder gap
width. All the experimental picks are the same size as those in the numerical models. In the
experiments, the pick self-rotation was represented by the rotation angle (the angle of the wear area
around the pick), as shown in figure 4e.

3. Results and discussion

The obtained stress nephograms for the pick interacting with its holder are shown in figure 5. These show
the stress distribution in the pick and its holder under interaction. Here, red and blue correspond to the
maximum and minimum loading, respectively.
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Figure 6. (a—¢) Y-direction displacement of point B on pick for different gap widths.

Table 1. Pick parameter values used to study effect of gap width (units: mm).

pick body pick handle inner diameter of pick

length length pick handle diameter holder gap width

81 62 349, 347, 345, 35 0.05, 0.15, 0.25,
343, 341 0.35, 0.45

Figure 5 shows that the pick and its holder collide and rub together all the time. They are mainly
loaded at points A, B and C, but not always simultaneously. For example, in figure 5a—c, the pick and
its holder are loaded at only one of points A, B and C for a time; in figure 5d,e, they are loaded at
both points A and B or points B and C for another time; in figure 5f, they are loaded at points A, B
and C simultaneously.

When the pick collides with its holder at points A and B, they lose contact because of the rebound
reaction of the pick holder. They then collide at point C, followed by another rebound. The pick and
its holder collide and lose contact repeatedly until they achieve stability and are in contact continuously.

3.1. Effect of gap width

Table 1 lists the pick parameter values used to study the effects of the gap width, and figure 6 shows the
Y-direction displacement of point B on the pick for the five different gap width values that were tested.
The simulation time is 0.02 s for the gap widths of 0.05, 0.15 and 0.25 mm. However, with the increase in
the ST, the simulation time is 0.06 and 0.08 s for the gap widths of 0.35 and 0.45 mm, respectively.

3.1.1. Settling time

Figure 6 shows a particular ST for the Y-direction displacement of point B on the pick for a given gap
width. Before the pick becomes steady, its displacement fluctuates because of the load on the pick and
the rebound reaction of the holder. The fluctuation is large initially and then deceases with time. Once
stabilized, the Y-direction displacement is almost the same as the gap width, and the fluctuation is
much smaller than that initially.
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Figure 7. (a) Settling time (ST) and (b) rotation angle for different values of gap width.
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Figure 8. Contact forces of points A, B and C on pick for gap widths of (a,¢e) 0.05 mm and (b,d,f) 0.45 mm.

To study the stability of points A, B and C on the pick, the X-direction displacement of point A and
the Y-direction displacements of points B and C are assessed simultaneously. Taking a displacement
fluctuation of less than 0.02 mm as indicating that the pick is becoming steady, figure 7a shows the ST
of each of the three points on the pick for different gap widths.

Figure 7a shows that the pick ST increases with the gap width, which means that the pick spends
longer with no contact. This finding agrees well with the experimental results in figure 7b. More
specifically, the implication is that the pick spends longer under little or no contact load, which
favours the self-rotation of the pick in its holder. Although the gap width is necessarily limited, the
STs plotted in figure 7 suggest that the self-rotation differs greatly within a gap width of 1 mm.

3.1.2. Contact load

Although the ST offers an index of pick self-rotation ability, it is not an accurate reflection of the length of
time that the pick is subjected to a contact load. To determine that duration, the X-direction contact force
of point A and the Y-direction contact forces of points B and C should be assessed. Figure 8 shows the
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Figure 9. Effect of gap width on (a) comprehensive percentage of time with no contact (CPOT) and (b) percentage of time with no
contact on each point (POTEP).

contact forces of points A, B and C on the pick for gap widths of 0.05 and 0.45 mm. To facilitate the
analysis, the load is taken as being always positive in value.

Figure 8 shows that for the gap width of 0.45 mm, the contact forces of points A, B and C on the pick are
repeatedly increasing rapidly from zero to a maximum and then decreasing rapidly to zero all the time
(0.08 s). There appears a long duration that the contact force is zero. It indicates that the pick repeatedly
crashed into and extruded against the holder during 0.08 s. In this case, the variation trends and the
values of the contact forces of points A, B and C are almost the same as each other. On one hand, the
variation trend exhibits two noticeable features: (i) the contact force is relatively large initially and then
decreases to a smaller average value with time, and (ii) the contact force becomes intensive at the same
time when steady, which indicates that the rebound distance of the pick has decreased and the contact
frequency has increased. On the other hand, the peak forces of points A, B and C initially and after
stability are the same and are approximately 400 and 200 kN. This shows that the changes in the
contact force are small when the pick collides repeatedly with its holder.

For the gap width of 0.05 mm, it is only initially that the contact forces of points A, B and C on the
pick increase rapidly from zero to a maximum and then decrease rapidly to zero. As time increases, the
contact force fluctuates less and eventually stabilizes to a constant value, after which the contact force is
never zero for a prolonged time. The results show the pick and its holder repeatedly colliding and
rubbing together during the initial 0.0075s, after which the pick achieves stability and remains in
contact with its holder continuously. In this case, the variation trends of points A, B and C are almost
the same as each other, although there are some differences in the values of the contact forces. On one
hand, the contact force and its fluctuation are relatively large initially but then decrease and stabilize
with time. On the other hand, the peak forces of points A, B and C initially are all around 120 kN,
which shows again that the changes in the contact force are small when the pick collides repeatedly
with its holder. However, once stable, the contact force of point A fluctuates around 30 kN, that of
point B fluctuates around 40 kN, and that of point C fluctuates around 25 kN.

From the above analysis, the contact load of the pick within 0.02 s can be calculated using the contact
forces of points A, B and C according to Eq. (7) in reference [37]. The percentage of sampling times at
which the contact load is zero is referred to as the comprehensive percentage of time with no contact
(CPOT), another index of the pick self-rotation ability. Figure 92 shows how the gap width affects
CPOT. Moreover, to analyse how the percentage of time with no contact differs among points A, B
and C, the percentage of sampling times at which the contact force is zero on each point is taken as a
statistic and is defined as the percentage of time with no contact on each point (POTEP). Figure 9b
shows how the gap width affects POTEP.

With increasing gap width, figure 92 shows that the contact between the pick and its holder decreases
gradually: CPOT increases gradually in different time periods, but the trends are different. CPOT for the
gap width of 0.05 mm differs greatly from those for the other gap widths: for the gap width of 0.05 mm,
CPOT is only 8% at 0.005 s, whereas it is around 50% for the other gap widths. This indicates that the pick
stabilizes in an extremely brief period and then remains in contact with its holder continuously. This is
related closely to the phenomenon whereby the contact force becomes not zero at 0.0075 s. In the time
period of 0.01-0.02 s, with increasing gap width, CPOT increases rapidly initially and then slowly,
approaching 40-50% gradually. This means that the difference in CPOT in different time periods
decreases gradually with increasing gap width. The main reason for this is that with a large gap
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Figure 10. (a) ST and (b) rotation angle for different values of pick body length.

Table 2. Pick parameter values used to study effect of pick body length (units: mm).

pick body length pick handle length pick handle diameter inner diameter of pick holder

61, 71, 81, 91, 101 62 34.67 35

width, the pick takes a long time to reach a stable state, and until then the pick collides with its holder
and rebounds repeatedly. In this process, the frequency at which the cutting load acts on the pick changes
a little and the load always decreases to zero, which results in CPOT changing a little.

Figure 9b shows that the trend of POTEP is mostly consistent with that of CPOT. This indicates that
changing the gap width causes no change in the pick-holder interaction process (e.g. the change of
contact forces), and the contacts between the pick and its holder at points A, B and C are similarly
unaffected.

3.2. Effect of pick body length

Table 2 lists the values of the pick parameters used to study the effects of the pick body length.

3.2.1. Settling time

The X-direction displacement of point A and the Y-direction displacements of points B and C are
assessed simultaneously, and displacement fluctuations of less than 0.02 mm are taken to indicate that
the pick is becoming steady. Figure 102 shows how the ST of each of the three points on the pick
varies with the pick body length.

Figure 10a shows that the average ST of the points on the pick increases initially with the pick body
length and then falls slightly. The average ST increases gradually for pick body lengths of 61-91 mm and
then falls slightly for the final pick body length of 101 mm. The increasing trend in the numerical results
is consistent with that in the experimental results in figure 10b. The falling trend indicates that the other
changes are due to changing the pick body length, which results in the nonlinear ST trend. The following
analysis gives the detailed reasons.

3.2.2. Contact load

The contact load of the pick within 0.02 s was calculated using the contact forces of points A, B and C
according to Eq. (7) in reference [37]. From the statistics, how the pick body length affects CPOT is
shown in figure 11a, and how it affects POTEP is shown in figure 11b. From figure 11a, CPOT
increases gradually with pick body length in different time periods. Except for the period of 0.005 s,
CPOT tends to increase initially and then stabilize, which is consistent with the ST curve and agrees
well with the experimental results (figure 10b showing how the pick body length affects the pick
rotation angle). This verifies again the conclusion that the main factor in pick self-rotation is not the
magnitude of the contact load but its duration.
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It was pointed out above that the other changes were caused by changing the pick body length, which
figure 11b verifies again. POTEP exhibits its own trends: at point A, it increases with the pick body length;
at point B, it increases at first and then decreases; at point C, it exhibits a decreasing trend. The analysis
shows that changing the pick body length causes changes in three aspects: (i) increasing the pick body
length moves the centre of gravity of the pick towards the pick tip, which makes it easier for the pick to
vibrate in its holder and enhances the pick’s self-rotation ability; (ii) the inertia of the pick increases with
the pick body length, which weakens both the vibration of the pick in its holder and the pick’s self-
rotation ability; and (iii) the reactive forces on points A, B and C are affected by the pick body length,
as shown in figure 12 (Eq. (6) in reference [37]). The reactive force on point A exhibits a linearly
decreasing trend, whereas the trends are increasing ones for points B and C. For small reactive force
on point A, it can be concluded that the resistance of the pick moving in its holder increases, which
also weakens the vibration of the pick in its holder and the pick’s self-rotation ability. Furthermore,
the ST and CPOT trends show that with increasing pick body length, the effect of the pick centre of
gravity on the self-rotation ability is dominant in the early stage, and the pick inertia and resistance
are the main factors in the later stage.

3.3. Effect of pick handle length

Table 3 lists the pick parameter values used to study the effects of the pick handle length.

3.3.1. Settling time

The X-direction displacement of point A and the Y-direction displacements of points B and C are
assessed simultaneously. Figure 132 shows how the ST of each of the three points on the pick varies
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Table 3. Pick parameter values used to study effect of pick handle length (units: mm).

pick body length pick handle length pick handle diameter inner diameter of pick holder

81 42, 52, 62, 72, 82 34.67 35

with the pick handle length. The obtained data are so discrete that the ST lacks regularity. Thus, the ST
trend is obtained by means of a linear fit to the discrete data. From the line in figure 134, the ST decreases
with the pick handle length, which agrees well with the experimental results in figure 13b.

3.3.2. Contact load

The effect of pick handle length on CPOT is shown in figure 144, and the effect on POTEP is shown in
figure 14b. From figure 144, the trends of CPOT are different in different time periods. The results show
an increasing trend with pick handle length in the periods of 0.005 and 0.01 s, almost no change in the
period of 0.015s, and a slightly decreasing trend in the whole period of 0.02s. The latter trend is
consistent with that of the experimental results (figure 13b showing how the pick handle length
affects the pick rotation angle) and the results in figure 14a. The results indicate that the longer the
pick handle, the more difficult it is for the pick to rotate. They also verify that the duration for which
the pick experiences no contact load is the main factor in pick self-rotation.

Note that the trends in figure 14a,b were obtained by fitting the discrete data linearly. However, the
tested data are largely fluctuant. It indicated the other changes were also caused by the change of the
handle length. The analysis shows that changing the handle length similarly causes changes in three
aspects: (i) the centre of gravity of the pick moves towards the pick root with increasing handle
length, which makes it difficult for the pick to vibrate in its holder and weakens the pick’s self-
rotation ability; (ii) the inertia of the pick increases with the pick handle length, which weakens the
vibration of the pick in its holder and the pick’s self-rotation ability; and (iii) the reactive forces on
points A, B and C are affected by the pick handle length, as shown in figure 15.
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Table 4. Pick parameter values used to study effect of pick handle diameter (units: mm).

pick body length pick handle length pick handle diameter inner diameter of pick holder

The reactive force on point A increases with the pick handle length, whereas it decreases on points B
and C. For small reactive force on point A, it can be concluded that the resistance of the pick moving in its
holder decreases, which also increases the vibration of the pick in its holder and the pick’s self-rotation
ability. From the ST and CPOT trends, the effects of the pick centre of gravity and inertia on the self-
rotation ability are dominant in the whole process of increasing the pick handle length.

3.4, Effect of pick handle diameter

Table 4 lists the pick parameter values used to study the effects of the pick handle diameter.

3.4.1. Settling time

The X-direction displacement of point A and the Y-direction displacements of points B and C are
assessed simultaneously. Figure 16a shows how the ST of each of the three points on the pick varies
with the pick handle diameter.

From figure 164, the ST of each point on the pick increases initially and then decreases with the
handle diameter. The ST increases gradually for diameters of 20-35 mm and then decreases sharply
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Figure 18. Effect of pick handle diameter on reactive forces on points A, B and C.

for the final diameter of 40 mm. The rising and falling trends in the numerical results are consistent with
those in the experimental results in figure 16b. And it also indicated the other changes were caused by the
change of the handle diameter, which made the trend of ST nonlinear.

3.4.2. Contact load

The effect of the handle diameter on CPOT is shown in figure 174, and the effect on POTEP is shown in
figure 17b. From figure 174, CPOT in different time periods increases at first and then decreases with the
pick handle diameter, which is consistent with the ST curve and agrees well with the experimental results
(figure 16b showing how the pick handle diameter affects the pick rotation angle). Figure 17b shows that the
other changes were caused by changing the pick handle diameter. POTEP exhibits its own trends: at point
A, it increases with the handle diameter, whereas at points B and C it increases initially and then decreases.

According to the analysis, changing the pick handle diameter similarly causes changes in three
aspects: (i) the centre of gravity of the pick moves towards the pick root with increasing pick handle
diameter, which makes it difficult for the pick to vibrate in its holder and weakens the pick’s self-
rotation ability, but the pick handle diameter has less effect on the centre of gravity of the pick
because of the pick’s structure; (ii) the inertia of the pick increases with the pick handle diameter,
which weakens the vibration of the pick in its holder and the pick self-rotation; and (iii) the reactive
forces on points A, B and C are also affected by the pick handle diameter, as shown in figure 18.

The reactive force on point A increases with the pick handle diameter, whereas those on points B and
C decrease. For small reactive force on point A, it can be concluded that the resistance of the pick moving
in its holder decreases, which also increases the vibration of the pick in its holder and the pick self-
rotation. From the ST and CPOT trends, with increasing pick body diameter, the effect of the
resistance on the self-rotation ability is dominant in the early stage, and the centre of gravity and
inertia of the pick are the main factors in the later stage.
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4. Conclusion

(i) From comparing the ST and rotation angle under different parameters, it can be concluded that
the duration for which the pick experiences no contact load is the main factor in pick self-rotation.

(i)) The ST of the pick increases with the width of the gap between the pick handle and its holder, and
the self-rotation differs greatly within a gap width of 1 mm. With increasing gap width, all the
CPOTs increase gradually in different time periods, and the trend of POTEP is mostly
consistent with that of CPOT. This indicates that changing the gap width causes no change in
the interaction process between the pick and its holder, such as changing the contact forces,
and the contacts between the pick and its holder.

(iii) The ST of different points on the pick increases initially with the pick body length and then falls
slightly. All the CPOTs increase gradually with pick body length in different time periods, while
the POTEP has its own trends. This means that the other changes were caused by changing the
pick body length. The ST and CPOT trends show that with increasing pick body length, the
effect of the pick centre of gravity on the self-rotation ability is dominant in the early stage,
and the inertia and resistance of the pick are the main factors in the later stage.

(iv) The ST decreases with the pick handle length. The trends of CPOT are different in different time
periods, but the trend in the whole period of 0.02 s is consistent with that of the experimental
results and the trend of POTEP. The results indicate that the longer the pick handle, the more
difficult it is for the pick to rotate. Figure 14 indicates that the other changes were caused by
changing the handle length. From the ST and CPOT trends, the effect of the pick centre of
gravity and inertia on the self-rotation ability are dominant in the whole process of increasing
the pick handle length.

(v) The ST of different points on the pick increases initially and then decreases with the handle
diameter. All the CPOTs in different time periods increase initially and then decrease with the
pick handle diameter, which is consistent with the ST curve and agrees well with the
experimental results, while the POTEP has its own trends. This means that the other changes
were caused by changing the pick handle diameter. From the ST and CPOT trends, with
increasing pick handle diameter, the effect of the resistance on the self-rotation ability is
dominant in the early stage, and the centre of gravity and inertia of the pick are the main
factors in the later stage.
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