
Citation: Cui, Y.; Yin, J.; Cai, Y.;

Wang, H.; Ding, T.; Zhu, N.

Morphological Characteristics of

Bamboo Panel Milling Dust Derived

from Different Average Chip

Thicknesses. Forests 2022, 13, 1510.

https://doi.org/10.3390/f13091510

Academic Editor: Petar Antov

Received: 11 August 2022

Accepted: 13 September 2022

Published: 17 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Morphological Characteristics of Bamboo Panel Milling Dust
Derived from Different Average Chip Thicknesses
Yunqi Cui, Jian Yin, Yitong Cai, Huimin Wang, Tao Ding and Nanfeng Zhu *

College of Material Science and Engineering, Nanjing Forestry University, 159 Longpan Rd.,
Nanjing 210037, China
* Correspondence: znanf@njfu.edu.cn; Tel.: +86-133-8203-3964

Abstract: The massive amounts of dust formed during bamboo CNC milling presents serious risks
to human health and equipment. The present study aimed to determine the particle size distribu-
tion (PSD) and shape characteristics of bamboo milling dust derived from different average chip
thicknesses. Spindle speed and feed rate were varied in combination, in setting up two experimental
groups having the same average chip thicknesses. Sieving and flatbed scanning image analyses were
collectively utilized for the morphological analysis of bamboo dust. The results showed that less than
5% of the particles were below 100 µm in terms of mass, but represented more than 83% in number.
Average chip thickness was positively correlated with a mass proportion of bamboo dust with large
size, which was preferably generated when reducing spindle speed instead of increasing feed rate.
Spindle speed and feed rate individually affected the particle size and particle size distribution
instead of average chip thickness. The aspect ratio, roundness and convexity of bamboo milling
dust were augmented with a reduction in particle size, indicating that bamboo milling dust with
smaller size had more a regular shape, a smoother profile and fewer corners. These findings provide
a theoretical basis for better understanding bamboo milling dust and its related control in the bamboo
processing industry.

Keywords: bamboo milling dust; average chip thickness; particle size distribution; particle shape;
image analysis

1. Introduction

Bamboo, as a renewable and eco-friendly natural biomass material, has a wide range
of engineering application potential in civil construction, furniture and decoration, due
to its rapid growth, short renovation and excellent mechanical properties, including high
strength, good toughness and good wear resistance [1]. Normally, it takes three to five years
for new bamboo to grow till-forming bamboo-based panels with straight grain and original
color [2]. Bamboo material accounts for approximately 20% to 25% of total biomass in the
tropics and sub-tropical areas [3]. Several studies have shown that the development of
typical unidirectional fiber-reinforced composites alleviated the shortage of wood supplies
to broaden market prospects in composite materials to some extent [4]. There are more
than 800 species of bamboo in China alone, which has the highest abundance of bamboo
resources in the world [5]. However, at least 60% of bamboo is wasted in the form of dust
or debris during processing; namely, about 50 million tons of bamboo processing residues
are inevitably produced each year in China [6]. Substantial amounts of bamboo dust in
workshops increase safety risks such as fire, explosions, etc. [7], and more seriously, pose
health hazards for workers [8] if it is not removed in time with suction. Various respiratory
diseases such as asthma, chronic bronchitis, symptoms [9], nasal impairment [10] and other
chronic impairments in lung function [11], have been demonstrated to be closely associated
with excessive exposure to bamboo milling dust. As early as 1995, wood dust was classified
by the International Agency for Research on Cancer (IARC) as one of the human carcinogens

Forests 2022, 13, 1510. https://doi.org/10.3390/f13091510 https://www.mdpi.com/journal/forests

https://doi.org/10.3390/f13091510
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/forests
https://www.mdpi.com
https://orcid.org/0000-0002-1547-2786
https://orcid.org/0000-0002-4981-6831
https://doi.org/10.3390/f13091510
https://www.mdpi.com/journal/forests
https://www.mdpi.com/article/10.3390/f13091510?type=check_update&version=2


Forests 2022, 13, 1510 2 of 17

(group I) that induces nasal and paranasal sinus malignancies [12]. The dust also adversely
affects computerized numerical control (CNC) machining process stability as it accumulates
in the machine, resulting in operational disorders, abnormal wear and short circuits of
electronic components, resulting in excessive maintenance expenditures, shorter life spans
of devices and low product qualification rates as well [13,14].

CNC machines that are mainly used for wood milling always exhibit deficient per-
formance in terms of dust extraction, especially for fine dust. In large furniture factories,
CNC processing workshops can be enclosed to ensure that operators are less exposed to
the dust. However, in small factories and individual workshops, it is difficult to make dust
exposure as a primary consideration for technical difficulties and cost control [15,16], where
the usual practice for the operator is to clean workpiece surfaces and clamping beams using
compressed air following completion of all technological operations. Consequently, the
dust that falls on and around work pieces and devices can rise again into the air of the
entire workshop after losing kinetic energy [17]; this is tantamount to an increment in the
airborne dust concentration, resulting in more grievous occupational health hazards for
operators. Hence, it is particularly necessary to explore the morphological characteristics
of bamboo dust produced during milling, in order to optimize and design proper handling
and dust removal systems.

Typically, dust characteristics depend on three primary factors, including the process-
ing method and machinery, the species of raw material and the machining parameters
used during milling [17,18]. Among them, the processing method and wood species are
decided by market demand, implying that the most effective way to minimize dust emis-
sion is by optimizing cutting parameters to reduce dust generation, especially in milling
operations that are not suitable for the installation of dust-collecting hoods [14,19]. After
setting various cutting parameters based on tool geometry and cutter movement, the dust
generated during milling can be collected to accurately define its shape and size. Corre-
spondingly, morphological characteristics of the dust can be analyzed using kinematics
parameters [20]. A study found that average chip thickness determined by multi-cutting
parameters and tool geometric variations exerted a significant effect on the amount of dust
produced [21,22], of which spindle speed and feed rate were considered the decisive factors
determining average chip thickness when the physical conditions remained unchanged.
Under similar conditions, the relation between different average chip thicknesses and
MDF dust size spatial distribution was analyzed in our previous report [14]. The dust
characteristics of some other machined natural woods and wood-based materials was also
reported recently [23,24]. Wood species also influence dust production. MDF creates up
to six times as much dust as pine [22], and the mass concentration of sawdust of tropical
hardwood plywood is 2.1 times and 7.3 times that of softwood plywood and sugi lumber,
respectively [25]. However, few studies focused on bamboo dust in processing. Bamboo
is obviously different in structure and fiber length from wood, although it has similar
components such as cellulose (55%), hemicelluloses (20%), lignin (25%) and small amounts
of extractives and ash [26]. It was found that a higher air-borne dust concentration occurred
during bamboo processing than for wood furniture manufacturing [27]. The granularity
and morphology of bamboo dust have rarely been studied, much less the relation between
bamboo dust’s characteristics and milling parameters.

In this study, the effect of average chip thickness on the morphology of bamboo
dust during milling was studied by setting a series of average chip thicknesses, through
varying the feed rate while fixing spindle speed or changing the spindle speed while fixing
feed rate. A combination of sieving and flatbed scanning image analyses were utilized to
define particle size and shape by collecting particle size distribution (PSD), aspect ratio,
roundness and convexity data of the dust. The results showed that the morphological
characteristics of bamboo dust were different from those of wood-based dust. Average chip
thickness was relevant to particle size distribution of bamboo milling dust, while it had
little effect on specific morphology. Spindle speed and feed rate were both associated with
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particle size and particle size distribution. These findings can provide a theoretical basis
for improvements in bamboo dust removal systems.

2. Materials and Methods
2.1. Materials

Bamboo panels, as shown in Figure 1, purchased from Aiwei Industrial Development
Co., Ltd., Shanghai, China, were prepared with dimensions of 600 mm length × 300 mm
width × 18 mm depth. Moso bamboo (Phyllostachys edulis) sheet composite board has
become one of the most common materials in the decoration market, with high-pressure
carbonization treatment used at present. The panels were made of multiple longitudinal
bamboo strips glued with urea-formaldehyde resin, and their composite structure can
be seen from the cross section. Tested according to GB/T 17657-2013, the modulus of
rupture (MOR) and modulus of elasticity (MOE) of the workpieces were 46.8 ± 5.6 MPa
and 4185 ± 223 MPa, respectively. The moisture content was between 7.9% and 10.1%, and
the average density was 695.8 kg/m3. Experiments were conducted on a standard CNC
machine (SYNTEC GMB-E, Weigete CNC Technology Co., Ltd., Jinan, China). Bamboo
milling was performed with an initial temperature of 15 ± 2 ◦C and relative humidity (RH)
of 52 ± 5%, using a straight-shank solid carbide milling tool with a diameter of 8 mm and
edges number of 3 (Huhao Technology Co., Ltd., Hangzhou, China).
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Figure 1. Photograph of a bamboo panel and an enlarged view of its cross section.

2.2. Milling Methods

Figure 2a displays up-milling, i.e., the work piece was fed against the direction of
milling speed, which is commonly used for better surface quality. When such an operation
was applied to mill the entire outer layer with a thickness of 4 mm on the surfaces of
bamboo panel test specimens, each specimen showed similar removal volume. There
was obvious anisotropy in long bamboo fiber, and different milling directions had a great
impact on the failure form of bamboo; this could lead to more complex differences in dust
morphology. We focused on the dust under longitudinal milling, which meant that the
direction of the cutting speed was parallel to the bamboo fiber. A vacuum dust removal
system (FS-80, 3 m3/min, Nanjing, China) was running throughout the milling process,
and a dust removal brush was firmly pressed down onto the workpiece, creating a negative
pressure environment around the working tool so that as much dust as possible could be
sucked into the collector. The bamboo dust inside the collector was taken as the object of
this study.
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When milling, there are many variables that influence the formation and movement of
the dust. Figure 3 displays the cutting amount produced by each tooth of the tool, which
was calculated on the bases of feed rate, spindle speed, the number of teeth on the tool, the
depth of cut and the diameter of the tool, according to Equations (1) and (2):

Uz= 1000 × U
n × z

(1)

where Uz is the feed rate per tooth (mm/t), U is the feed rate (m/min), n is the spindle
speed (r/min), z is the number of teeth on the tool (z = 3). Equation (2) is as follows:

aav= Uz × sinθav= Uz × sin
ϕ0

2
= Uz ×

√
h
D

(for h � D) (2)

where aav is the average chip thickness (mm/t), θav is the angle of motion when milling
speed direction at the midpoint of the contact arc is used as a calculation basis (◦), ϕ0 is the
contact angle (◦), h is the milling depth (mm) and D is the diameter of the tool (mm).

Forests 2022, 13, x FOR PEER REVIEW  5  of  19 
 

 

 

Figure 3. Diagrammatic sketch of average chip thickness. 

As shown in the cutting parameters in Table 1, the average chip thickness was set to 

increase monotonically with an interval of 0.03 mm, from 0.05 mm to 0.20 mm. In group 

I, the spindle speed was set very high (n = 16,000 r/min), and the average chip thickness 

was increased corresponding to variations in the feed rate. In group II, the feed rate was 

set low (U = 4 m/min), and the average chip thickness was varied with decreases in spindle 

speed. Cutting depths and widths were kept consistent. The  total volume removed by 

each milling was 4 mm × 600 mm × 300 mm. 

Table 1. Milling parameters used in the two experimental groups. 

Cutting Width, 

mm 

Cutting Depth, 

mm 

Average 

Chip Thick‐

ness, mm 

Group I  Group II 
Total Removed 

Volume, m3 
Spindle Speed, 

r/min 

Feed Rate, 

m/min 

Feed Rate, 

m/min 

Spindle Speed, 

r/min 

4  4 

0.05 

16,000 

3.394 

4.000 

18,856 

7.2 × 10−4 

0.08  5.431  11,785 

0.11  7.467  8571 

0.14  9.504  6734 

0.17  11.540  5546 

0.20  13.576  4714 

2.3. Sieving and Image Scanning Analysis 

Sieving analysis has become the most commonly used and cost‐effective method to 

determine the PSD of some biomass particles [28]. Briefly, all milling dust in the collector 

was sieved using a sieve shaker (A3, Fritsch GmbH, Idar‐Oberstein, Germany) with a 3‐

millimeter amplitude for 20 min, as shown in Figure 2b. A sieve stack with 4 sieves and 1 

collecting pan at the bottom divided the dust into five sections, from top to bottom, ac‐

cording to the following inner diameters: larger than 1000 μm, 500–1000 μm, 200–500 μm, 

100–200 μm and 0–100 μm, respectively. The sieving of each group of dust was carried 

out more than 5 times to make the particles fall as much as possible during vibration, due 

to the massive amount of dust produced. An electronic balance (BS2202S, Sartorius AG, 

Goettingen, Germany), as shown in Figure 2c, was employed to weigh the dust that re‐

mained on the sieves and collecting pan for particle size mass distribution. 

Meanwhile, image scanning has been suggested as an alternative method for analyz‐

ing particle morphology, as it can handle massive particles and quantitatively present the 

shape information of dust [29,30]. Flatbed scanning was utilized to analyze specific parti‐

cle morphological characteristics in each sieving grade, since it could present the real sizes 

of needle‐shaped particles such as bamboo bust. As shown in Figure 2d, 5 mg of bamboo 

Figure 3. Diagrammatic sketch of average chip thickness.



Forests 2022, 13, 1510 5 of 17

As shown in the cutting parameters in Table 1, the average chip thickness was set to
increase monotonically with an interval of 0.03 mm, from 0.05 mm to 0.20 mm. In group I,
the spindle speed was set very high (n = 16,000 r/min), and the average chip thickness was
increased corresponding to variations in the feed rate. In group II, the feed rate was set
low (U = 4 m/min), and the average chip thickness was varied with decreases in spindle
speed. Cutting depths and widths were kept consistent. The total volume removed by each
milling was 4 mm × 600 mm × 300 mm.

Table 1. Milling parameters used in the two experimental groups.

Cutting
Width, mm

Cutting
Depth, mm

Average Chip
Thickness,

mm

Group I Group II Total
Removed

Volume, m3
Spindle

Speed, r/min
Feed Rate,

m/min
Feed Rate,

m/min
Spindle

Speed, r/min

4 4

0.05

16,000

3.394

4.000

18,856

7.2 × 10−4

0.08 5.431 11,785
0.11 7.467 8571
0.14 9.504 6734
0.17 11.540 5546
0.20 13.576 4714

2.3. Sieving and Image Scanning Analysis

Sieving analysis has become the most commonly used and cost-effective method to
determine the PSD of some biomass particles [28]. Briefly, all milling dust in the collector
was sieved using a sieve shaker (A3, Fritsch GmbH, Idar-Oberstein, Germany) with a
3-millimeter amplitude for 20 min, as shown in Figure 2b. A sieve stack with 4 sieves
and 1 collecting pan at the bottom divided the dust into five sections, from top to bottom,
according to the following inner diameters: larger than 1000 µm, 500–1000 µm, 200–500 µm,
100–200 µm and 0–100 µm, respectively. The sieving of each group of dust was carried
out more than 5 times to make the particles fall as much as possible during vibration,
due to the massive amount of dust produced. An electronic balance (BS2202S, Sartorius
AG, Goettingen, Germany), as shown in Figure 2c, was employed to weigh the dust that
remained on the sieves and collecting pan for particle size mass distribution.

Meanwhile, image scanning has been suggested as an alternative method for analyzing
particle morphology, as it can handle massive particles and quantitatively present the shape
information of dust [29,30]. Flatbed scanning was utilized to analyze specific particle
morphological characteristics in each sieving grade, since it could present the real sizes of
needle-shaped particles such as bamboo bust. As shown in Figure 2d, 5 mg of bamboo dust
sample needed to be placed on the PE film covering the small hole at the top of the closed
cylindrical chamber for each image analysis. The vacuum dispersion pump (VDD270,
Occhio s.a., Angleur, Belgium) removed air until the pressure inside the chamber was lower
than the critical point that the PE film could bear. After the film cracked, dust naturally fell
through the chamber and became evenly distributed on the glass plate of the image scanner
(scan600, Occhio s.a., Angleur, Belgium) at the bottom. Image analysis was instantaneously
performed by the software CallistoEXPERT to calculate the morphological characteristics
of dust plane projection (Figure 2e). The particles on each sieve were sampled and scanned
3 times in order to calculate the arithmetic mean.

2.4. Dust Morphological Characterization

PSD and particle shape are morphologically fundamental factors that influence dust
flowability, adhesion and cohesion, and had a significant impact on the movement state
of airborne dust [31]. They were also employed in describing the particle granularity
related to the sanding and sawing dust of wood and wood-based materials, as was particle
diameter [20,32,33]. Bamboo particle size was assessed using inner diameter (din) and area-
equivalent diameter (dae). The din, the second smallest dimension, represented the largest
circle in the projection area of a particle; however, it did not accurately present the real
size of bamboo dust with anisotropic structure, although it was more suitable for sieving
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analysis [30,34]. The dae was the diameter of a circle that had the same area as the projection
area of the particle, and was used to evaluate particle sizes with the projection area of a
non-spherical particle. The flatness ratio of all particles was assumed to be identical. The
area-equivalent diameter was calculated by measuring the projected area of particles on
the scanning plate, according to Equation (3):

dae= 2

√
Ap

π
(3)

where Ap is the projected area of particles on the scanning plane (µm2). In the wood
industry, PSD by number reflects dust granularity more directly and precisely, although
PSD by mass is often used in describing the working environment. Hence, PSD by number,
as well as average and median value of din and dae in each sieving grade, were all applied
in the trials.

It is difficult to clearly characterize anisotropic particles with irregular shapes using
particle size only. Elongation, circularity, convexity and compactness were utilized in a
study to characterize the shape of wheat grinding powder. [35]. Aspect ratio was reported
to have a greater influence on the flowability of ribbed particles than that of circular
particles [36]. The morphological features, including aspect ratio (AR), roundness and
convexity of bamboo dust were measured according to the two-dimensional projection of
the shape of particles on the scanning plane. Shape factors are defined in comparison with
referential shapes, as illustrated in Figure 4. AR, as a macro descriptor, is the indication
for the elongation of a particle, which can be calculated by Equation (4) to reflect overall
geometric proportions of particles:

AR =
XFeret,min

XFeret,max
× 100% (4)

where AR is the aspect ratio; XFeret,min is the minimum frete diameter (µm), i.e., the mini-
mum distance between parallel tangents of the particle profile; and XFeret,max is the max-
imum frete diameter (µm), i.e., the maximum distance between parallel tangents of the
particle profile. The smaller the AR, the narrower the shape of particle.
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As mesoscopic descriptors, roundness and convexity not only provide information
regarding particle shape but also surface texture. Roundness can be calculated to be the
ratio of the averaged radius of curvature of all convex regions to a circumscribed circle
of the particle, which is equal to XFeret,max/2, displaying the sharpness and dullness of
particle edges and corners according to Equation (5):

R =
∑n

i=1 ( 2ri
XFeret, max

)
n

× 100% (5)

where R is roundness, and ri is the radius of the inscribed circle at convex corner i. Particles
with a roundness close to 1 had a smooth profile similar to that of a circle, which leads to
better flowability than particles with sharp edges and corners [37].

Convexity can be used to describe the compactness of a particle as an important shape
parameter, reflecting the surface structure of dust particles. Figure 4 shows that there was
an open depression in the projection area of outer contours of the particle. Convexity is
calculated by Equation (6):

C =
Ap

Ac
×100% (6)

where C is convexity, and Ap is the ratio of the projection area and the convex hull area (Ac).
The maximum theoretical convexity is 1 when there are no concave regions. Conversely, a
low convexity is due to uneven surfaces of the detected particle [38]. Unlike metal materials
and coal, bamboo fiber is between 1.5 to 4.5 mm in length and 11 to 19 µm in diameter.

3. Results and Discussion
3.1. PSD

Figure 5 shows that the mass proportion of dust of a din larger than 100 µm was
more than 95%, and the dust of din larger than 1000 µm had the largest mass proportion,
regardless of any average chip thickness, which differs from sanding dust [30,32,39]. The
ascending average chip thickness led to the increase in mass proportion of dust larger than
1000 µm, and to the decrease in mass proportion of three sieving grades ≤ 500 µm. There
was no obvious relation between mass proportion of dust ranging from 500 µm to 1000 µm
and average chip thickness. These results suggest that average chip thickness affected the
particle mass size distribution of bamboo milling dust, especially, since it had a positive
correlation with mass proportion of larger bamboo particle dust and a negative correlation
with that of finer dust.

It was also observed that the mass proportion of dust larger than 1000 µm in group
I was less than that of group II under the same average chip thickness. On the contrary,
mass proportions for the other dust particles in group I were higher compared to those in
group II, indicating that it was easier to generate large particle dust by reducing spindle
speed rather than by increasing feed rate when average chip thickness was fixed. This may
be attributed to spindle speed that exerted a comparative impact on milling speed, which
played a decisive role in the damage to materials in the cutting layer.

Usually, small particles presented relatively low mass proportions [40], which have
large specific surface areas and strong cohesion with each other, leading to a more stable
structure and lower flowability. However, the quantity of large particle dust was not on
the same order of magnitude as that of small particle dust, and mass distribution could
not completely reflect the proportion of the actual quantity of dust particles. A large
quantity of fine particles causes occupational hazards to workers and reduces the precision
of equipment. The cumulative curve for PSD and number percentage in Figure 6 indicates
that more than 83% of bamboo particles (≤ 100 µm) are classifiable as inhalable fraction,
according to the American Conference of Governmental Industrial Hygienists (ACGIH) [41].
Thus, it was essential to independently analyze morphological characteristics of bamboo
dust below 100 µm.
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Dust with a wide particle size distribution was reported to have high unconstrained
yield strength [42]. Dust particles within 100 µm can easily form a relatively stable structure
with each other, leading to low flowability, since they have large specific surface areas
and stronger cohesive forces [43]. Figure 7 displays the PSD of particles within 100 µm.
In group I, the largest number part was the particles in a range of 10–20 µm, accounting
for 13.4%–16.6%, while it was between 20–30 µm for 13.9%–16.4% in group II. It was
inferred that the smallest visible debris generated on the bamboo surface after being cut
and destroyed by the milling tool was concentrated between 10–50 µm. In general, PSD
tends to be discrete with an increase in feed rate, but it changes in the opposite manner with
a decrease in spindle speed. These results suggest that an increase in feed rate reduced the
ability of bamboo fragments to split into smaller debris. Seemingly, a reduction in spindle
speed made the finest dust more concentrated. While based on the fact that the proportion
of dust within 100 µm in group II was lower than that in group I, it is reasonable to suggest
that decreasing spindle speed transferred particles originally located at 50–100 µm to the
components above 100 µm. This also explained the abnormal opposite trend in group I
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when average chip thickness was 0.20 mm, and When the average chip thickness was 0.05
mm; these thicknesses may be attributed to the extremely high feed rate and spindle speed
used, respectively.
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3.2. Inner Diameter and Area-Equivalent Diameter

During the process of sieving vibration, large needle-shaped dust particles can pass
through the mesh if their din was smaller than sieving hole. As a result, the median and
average values of the dae of bamboo milling dust on each sieving mesh was generally
larger than the din, which is confirmed in Figure 8, where the box in each line displays the
size distribution of the middle 50% of particles (i.e., the range between the 25th and 75th
percentiles) in different sieving ranges. The din/dae of median value increased from around
1.3 to 2.0, with sieving size ascending from 0–100 µm to above 1000 µm. This revealed that
larger particles were differential in length and width. Moreover, the distribution of dae was
more discrete, which also confirmed the irregularity of bamboo dust particles.

There seemed to be no linear correlation between average chip thickness and din or
dae within the sieving range, suggesting that average chip thickness had little effect on the
size of single particles; this may be attributed to the generation of a large amount of fine
fiber fragments (size within 200 µm) that resulted from transwall failure in single bamboo
fibers in the case of longitudinal milling with an average chip thickness of 0.05–0.20 mm
(50–200 µm). Cell wall failure due to the tool blade directly caused the rapid decline in
binding force within fiber fragments, leading to unpredictable sizes and shapes through the
secondary split. For particles of sizes larger than average chip thickness, the projected size
was more closely relevant to the direction of milling width (the depth of tool embedded in
panel). Compared to the PSD, average chip thickness was positively correlated with the
proportion of large size particles, although it had a more complicated association with the
specific sizes of the particles.

However, except for some errors caused by outliers, the median value of din obtained
by continuously reducing spindle speed at a low feed rate (in group II) was generally larger
than that obtained by increasing the feed speed at a high spindle speed (in group I) under
the same average chip thickness. This suggested that the size of particles generated by a
high spindle speed was lower than that produced by a low feed rate. This means that in
practical production, particle size can be optimized by appropriately controlling spindle
speed and feed rate. Meanwhile, the instability of dae was more closely related to specific
morphologies of the particles.
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3.3. Aspect Ratio

The AR of bamboo milling dust, ranging from 42.3% to 68.2% in median value, was
gradually decreased with an increase in particle size, as shown in Figure 9. This indicated a
tendency to stretch and lengthen the particle, which was consistent with the results of dust
from pine, bean stalk, rice straw and reed [28]. The AR distribution varied with size range,
and larger particles presented a relatively wider AR distribution similar to that of MDF
sawdust [14,30]. The anomaly in the AR distribution of particles larger than 500 µm may
be due to a small quantity of large particles available for scanning. However, for smaller
particles, less AR variation was found. The median ARs of particles less than 100 µm were
concentrated between 62.8% and 65.4%, indicating that size reduction gradually narrowed
shape variation, and made the dust more homogeneous. Many studies have also reported
this trend for biomass particles [28,35].
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Average chip thickness showed a relation with particle size similarly to AR. Meso-
scopic fine particles smaller than average chip thickness always formed a relatively stable
shape with a high AR after failure, regardless of a change in average chip thickness. Large
particles had nothing to do with the AR, since they were the chips that were basically com-
posed of fibers with multiple shapes that interlocked with each other to form mechanical
bridges. In summation, these irregular particles were still slenderer than small particles.

The results of the double independent samples t-test of the AR between group I
and group II under the same average chip thickness are shown in Table S1 from the
Supplementary Materials. The significance values of the Levene’s test for equality of
variances under six average chip thicknesses were all greater than the given significance
level α = 0.05, indicating homogeneity of variance. Likewise, the significance values of the t-
test for equality of means were all greater than 0.05, indicating that there was no significant
statistical difference in the AR of dust obtained by group I and group II. Similar results also
emerged in the t-tests for roundness and convexity, as shown in Tables S2 and S3. These
results illustrated that under the same average chip thickness, the combination of cutting
parameters had a sight correlation with the shape of bamboo milling dust.

The AR and number proportion of the dust with particle sizes of 0–100 µm are shown
in Figure 10, where the size of bubbles indicate the fraction of dust number. Under different
chip thicknesses, the AR decreased continuously with increases in particle size, and the
relation between the AR and average chip thickness became more unstable. The AR for
the smallest visible debris (10–50 µm) was about 59.4%–66.2%, and it was higher for the
dust that was less than 10 µm, although the proportion was relatively small; this may
have resulted from limitations in scanner resolution. The smaller the difference between
the shape of dust particles and a standard sphere, the higher the flowability [38]; small
regular particles did not reduce their diffusion ability in air. Considering the range of dust
pollution, particles with large ARs produced during bamboo milling were conducive to
reducing the diffusion of dust.
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3.4. Roundness

Figure 11 shows that the roundness of bamboo milling dust shared similar tendencies
with the AR. The maximum median roundness decreased from 55.5% to 29.0% with an
increase in particle size, which demonstrated that larger particles had more corners and
irregular edges. The roundness of bamboo milling dust was lower than that of particleboard
drilling dust, which may have resulted from the rake angle of tool used, and material
characteristics [44]. The roundness distribution of bamboo particles gradually centralized
with an increase in particle size, indicating that many large particles became similar,
morphologically. Moreover, the influence of average chip thickness on roundness was
almost the same as that on the AR. In other words, the change in average chip thickness
had a limited effect on the roundness of bamboo particles.

Roundness and quantity proportion for dust particles of 0–100 µm are shown in
Figure 12, where positive correlations between roundness dispersion and average chip
thicknesses appear in particles between 20 µm and 100 µm. However, there was no obvious
correlation found between roundness and particle size. The Particles that were less than
20 µm with abnormally small roundness were seen as outliers that may have resulted from
a low scanning resolution of about 7 microns/pixel so that the edges of small particles
were replaced by sawtooth edges of the pixel lattice. Most of the roundness values for the
smallest visible debris (10–50 µm) were below 48.0%.

Bamboo milling dust was derived from slender fiber fragments formed by the plastic
deformation and brittle fracture of bamboo panel under the action of tool toughness,
which also suggested that the dust particles had low ARs, small roundness, and sharp
edges and corners on the separation surface. Some reports found that the angle of repose
increased with a decrease in roundness, i.e., the particles with larger roundness had better
flow performance [38]. The roundness rapidly decreased with increases in particle size,
suggesting that large particles had more edges and corners. The particle shape changed
from regular to irregular multi-edges and corners, which increased contact points among
the particles and made their removal more difficult by dust collection systems [45].
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3.5. Convexity

Figure 13 showed that the convexity of bamboo milling dust showed similar and
more obvious trends with AR and roundness. Nevertheless, the convexity of bamboo dust
larger than 200 µm seemed to be positively correlated with average chip thickness. The
median convexity of particles decreased from 93.3% to 62.3% with an increase in particle
size, which demonstrated that large particles had more hollows and defects. Contrary
to MDF sanding dust, a wider distribution was revealed in the convexity analysis of
bamboo milling dust [30]. Bamboo fibers were broken, with irregular erosion surfaces after
interacting with the tool blade, the panel surface and with other particles, resulting in small,
short and smooth particles. High convexity indicated fewer concave positions on particle
surfaces, which can thereby be characterized as flat or smooth surfaces, whereas low AR
and convexity values show the occurrence of full breakage and surface erosion of wood
fibers during the milling. Still, the influence of average chip thickness on convexity was
almost the same as that on the AR.

Forests 2022, 13, x FOR PEER REVIEW  16  of  19 

Figure 13. The convexities of bamboo dust in different sieving ranges. 

The convexities and number proportions of 0–100 μm dust particles are shown in 

Figure 14, where the convexity was negatively, linearly correlated with a particle size be‐

low 100 μm. Most of the convexities for the smallest visible debris (10–50 μm) were be‐

tween 88.9%–99.6%. The convexity of the particles between 0–10 μm was close to 1, sug‐

gesting that these particles had almost no concave parts, which may be related to the reg‐

ular shape of the smallest particles. On the other hand, it may also be related to low reso‐

lution of the equipment. Average chip thickness had less effect on the convexity instability 

of larger particles within 100 μm compared to the AR and roundness. These results sug‐

gest that the overall volatility in the convexity of bamboo dust was smaller than AR and 

roundness, and that the particles with low convexity had more complex flowability, mak‐

ing it difficult for them form a stable motion state in air. 

Figure 13. The convexities of bamboo dust in different sieving ranges.

The convexities and number proportions of 0–100 µm dust particles are shown in
Figure 14, where the convexity was negatively, linearly correlated with a particle size below
100 µm. Most of the convexities for the smallest visible debris (10–50 µm) were between
88.9%–99.6%. The convexity of the particles between 0–10 µm was close to 1, suggesting
that these particles had almost no concave parts, which may be related to the regular shape
of the smallest particles. On the other hand, it may also be related to low resolution of the
equipment. Average chip thickness had less effect on the convexity instability of larger
particles within 100 µm compared to the AR and roundness. These results suggest that the
overall volatility in the convexity of bamboo dust was smaller than AR and roundness, and
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that the particles with low convexity had more complex flowability, making it difficult for
them form a stable motion state in air.
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4. Conclusions

In this study, the granularity and morphology of bamboo milling dust under different
average chip thicknesses were explored using a combination of sieving and flatbed image
scanning analyses. We found that 95% of the mass for bamboo milling dust that was greater
than 100 µm covered less than 17%, numerically. Average chip thickness was positively
correlated with the mass proportion of large bamboo particle dust, and decreasing spindle
speed was preferred to generate dust particles with large size than increasing the feed
rate, when the average chip thickness was fixed. Average chip thickness and its different
combinations of cutting parameters had little effect on the specific morphology of the dust;
however, feed rate reduced the ability of bamboo fragments to split into smaller debris.
The median and average values of the dae on each sieving mesh were generally larger than
the din, indicating that the larger the particles were, the bigger the differences between their
lengths and widths. The aspect ratio, roundness and convexity of bamboo milling dust
were approximately 42.3% to 68.2%, 55.5% to 29.0% and 93.3% to 62.3%, respectively, which
increased with a decrease in particle size, indicating that bamboo milling dust had more
a regular shape, smoother profile and fewer corners with a decrease in size. The smallest
visible debris was concentrated between 10–50 µm, with an AR between 59.4%–66.2%,
roundness below 48.0% and convexity between 88.9%–99.6%. The quantitative relationship
between cutting parameters, especially the average chip thickness, and the morphology
of bamboo milling dust, was revealed in this study. Particles of different sizes and shapes
affected the flowability of dust. Therefore, the theoretical basis for controlling the flow
of bamboo dust in the working environment is that by adjusting the cutting parameters,
dust flow can be further improved. Our findings may be used to enhance understanding
of the characteristics of bamboo milling dust, and improve dust control in the bamboo
processing industry.
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