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ABSTRACT Continuous cutting of sponge samples is a key technique for efficient cutting with sponge
ring cutters. However, existing methods are not suitable for complex-shaped and large quantities of sponge
samples. To address this issue, this paper proposes a S-shaped sequencing algorithm based on region
segmentation. Firstly, the algorithm separates the sample set into multiple molecular regions using the
inflexion point samples. Then, global and local sorting are performed on each molecular region to determine
the optimized search sequence. Next, entry and exit points are defined, and pre-generated processing paths
for the samples within the region are created. Path collisions are identified and eliminated, resulting in the
optimal cutting sequence for the samples within the molecular region. Experimental results demonstrate
that this algorithm effectively reduces the empty travel distance and collision occurrences during the cutting
process. Compared tomanual methods, this algorithm can reduce the empty travel distance by 14-25%. In the
next step, the algorithm will generate processing code to facilitate the practical application of the algorithm.

INDEX TERMS Continuous cutting, molecular region, region segmentation, the machining path, collision
detection.

I. INTRODUCTION
Under the background of mass production of sponge samples,
the key to improving processing efficiency and quality is to
reasonably select the tool cutting path [1], [2]. During the
cutting process, the workpiece processing time comprises two
parts: the tool cutting time and the tool idle time. The contour
length of the sponge sample in the sponge sample drawing
is fixed, so the time to process the contour is fixed, that is,
the tool cutting time is fixed. Therefore, the length of the
workpiece processing time depends on the idle time of the
tool, which is the idle travel time, and the length of the idle
travel is related to the sample sorting [3], [4], [5], [6], [7].
In the sponge cutting system, the cutting order of sponge
samples can be manually sorted on commercial CAD/CAM
software based on the operating experience of the operator,
or set automatically on the industrial computer according to
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different sorting algorithms. Compared with manual sorting,
automatic sorting is more accurate and efficient [8], [9].
Unlike discontinuous cutting, which uses algorithms such

as simulated annealing [10], genetic [11], cuckoo [12] and ant
[13], continuous cutting requires the tool to cut all contours at
once during the cutting process. Regarding the processing of
continuous cutting, many scholars have studied it. Liu [14]
proposed the concept of a common cutting seam and the
use of common edge cutting in practical production, thus
achieving a continuous cut. A mathematical model for laser
cutting path planning when regular and non-regular parts
are lined up with common edges, using common edge cut-
ting, was developed by Liu et al. [15] based on the theory
of graphology to form a continuous cutting method. Lv [16]
proposed a graph theory-based ‘‘one-stroke’’ and a co-edge
cutting method for array rectangles. Xu’s research [17] has
solved the problem of processing irregularly shaped parts in
co-edge cutting and further optimised the continuous cutting
method for co-edge cutting.
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The continuous cutting approach taken in the above litera-
ture is more restrictive and unsuitable for complex machining
environments. This paper proposes an S-shaped sorting
algorithm based on region segmentation, which gradually
divides the sample layout to be cut into multiple regions,
and sorts and searches the samples in each region to finally
establish the cutting order of the samples and the tool cutting
path.

II. PROBLEM DESCRIPTION AND FORMATION
During the sponge processing, the servo motor operates the
XY-C axis to precisely cut the sponge sample. The Y axis
moves the ring knife, the X axis moves the workpiece, and the
C axis adjusts the ring knife’s deflection, enabling seamless
cutting of the sponge material. During the entire cutting
process, the ring knife does not break away from the sponge
material, and the cut sponge sample does not break away from
the material. Currently, most discontinuous cutting methods
select a contour point on the cutting object as the entry and
exit point, which is not possible with sponge ring knives.
To address the issue of continuous cutting in the sponge ring
cutting machine, the algorithm used in this paper indepen-
dently selects the entry and exit points. Collision handling
is another critical issue in protecting the integrity of the
cut samples. Processing routes formed between samples can
collide with the peripheral samples (transition lines passing
through other sample boundaries or interior areas), thereby
damaging the samples.

III. S-TYPE SORTING ALGORITHM FLOW BASED ON
REGION SEGMENTATION
During the cutting process with a ring-shaped tool, there
are instances where samples are cut through or undergo
repeated cutting, which does not meet the process require-
ments. To avoid this situation, the processing sample area
can be divided. The cutting direction is divided into two
types: upward and downward. The area sample starts the
search from the bottom sample, called upward cutting; the
area sample starts the search from the top sample, called
downward cutting. Firstly, according to the leftmost inflex-
ion point sample in the sample sequence, divide the upper
part of the sample into a region, which is cut upward, sort
and process path planning for the samples in this region.
The cutting direction is changed to down, then according to
the leftmost inflexion point sample in the remaining sample
sequence, divide the lower part of the sample into a region,
sort and process path planning for the samples in this region.
Repeat this process until all the samples have been searched,
presenting an S-shaped cutting path. During the search of
samples, collision detection and handling are required. The
process flow of the S-type sorting algorithm based on region
segmentation is shown in Fig. 1.

IV. REGIONAL SEGMENTATION
Unlike the cutting samples with multiple and scattered con-
tour points, the centroid is the unique geometric center,

designated as a feature point of the sample. It reflects the
position of the sample within the set and serves as the sorting
criterion. An initial region, PR(Primary Region), is expanded
by extending the corner point samples. The inflexion point
samples are unsearched and are divided into two types: top
leftmost and bottom leftmost dailies, denoted as LS. To find
LS from a collection of unsearched samples, proceed as fol-
lows:

Step 1: The set of unexplored samples P;
Step 2: Find the sample A with the smallest value of the

x-coordinate of the centre of the set;
Step 3: Add the eligible samples from the sample set to the

empty set according to the rule fls;
Step 4: Let the number of samples in the set S be t . If t = 0,

then select A as LS; if t = 1, select the sample in S as LS;
neither, Perform step 2 for S.

The rules fls used for the above process are shown below.

fls =


xbl < xar
ybc < yac, Cutting upwards
ybc > yac, Cutting down

(1)

In the above equation, xbl is the x-coordinate value of the
lower left vertex of the envelope rectangle of sample B to be
added, xar is the x-coordinate of the upper right vertex of the
envelope rectangle of A, ybc and yac are the y-coordinates of
the shape centres of B and A respectively. It can be seen that
the left boundary of the enveloping rectangle of B needs to lie
to the left of the centroid of A. When the cut is up, the centroid
of B has to lie below the centroid of A to be added to the set
S. When the cut is down, the centroid of B has to lie above
the centroid of to be added to S.

Based on LS, the unsearched samples that meet the criteria
are added to the PR. As shown in Fig. 2, the CS (candidate
sample) will only be added to the PR if either the left bound-
ary of the bounding rectangle of the CS is to the left of the
centroid of LS, or the centroid of the CS is to the left of the
right boundary of the bounding rectangle of LS.

The PR needs to expand by including the surrounding sam-
ples that have smaller volumes but have not been placed into
any region yet, resulting in the formation of aMR (molecular
region). The rule of the expansion is to find the sample with
the rightmost right boundary of the envelope rectangle of the
current region, and expand the samples with the center of
gravity located on the left side of the right boundary of the
envelope rectangle of the sample to the region.

V. REGIONAL SORTING
A. OVERALL SORTING
Initially, the preliminary processing sequence of the MR is
formed based on the Y-coordinate values of the centroid of
the samples, either in descending order or ascending order.
If the search is carried out in this order, there may be a
confusion in the machining route, resulting in the tool cutting
through the machining sample. Therefore, the MR is divided
into multiple parallel regions. If the centre of the right-hand
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FIGURE 1. Algorithm flow.

sample lies between the upper and lower boundaries of the
enveloping rectangle of the leftmost sample, the former is
said to be the right same-row sample of the latter, and the
latter is the left same-row sample of the former. The area
formed by same-row samples is referred to as the same-row
region. When there are no same-row samples existing, create
a same-row region independently. Adjusting the processing
sequence of samples within the same-row region can optimize
the processing route to the maximum extent.

The following description will detail the process of form-
ing same-row regions. A sampleA is known and the same-row
sample of the sample A has four cases: (i) there are left and
right same-row samples; (ii) there are only right same-row
samples; (iii) there are only left same-row samples; (iv) there
are no same-row samples. In both the first and second cases,
sample A has a left-hand same-row sample(LSS), and it is
necessary to first find the LSS of A, and then add the right
same-row sample of A to a set based on the LSS. As shown
in Fig. 3, sample A first finds its left counterparts B and C
according to the definition of same-row samples. Since the
centroid of C is on the far left, C is the leftmost same-row
sample. According to the definition of same-row samples,

it can be known that D and E are both same-row samples
of C , and finally put five samples in the same collection.
In the third case, sample A has only right same-row samples,
at which point A is the LSS of the right-hand sample, and the
same-row samples of A are added to a set according to the
same-row sample definition. In the fourth case, Sample A is
not processed or modified in any way.

The same-row area can also be divided into multiple same-
column areas. A same-column sample is a sample whose
centroid is located between the left and right boundaries
of another sample’s enveloping rectangle. The same-column
area is the area formed by same-column samples. When
a sample does not have any samples in the same column,
it forms a separate column region on its own. The search
rule for theMR is consistent with the cutting direction, where
the search is done upwards, and the areas are searched from
bottom to top according to their heights. Conversely, the
search is done downwards, from the bottom to the top, for
the opposite direction. The search rule for the same-row area
is to search for each area from left to right, and the search
order for the samples in the same-column area is consistent
with the region cutting direction.
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FIGURE 2. Prototype meets the conditions for expansion.

FIGURE 3. The process of the right sample finding the same-row sample.

FIGURE 4. Collision occurs in sequential search samples.

As shown in Fig. 4, when searching for samples according
to the search rule for the same-row area, collisions may occur
when the last sample in the same-row area and the next
sample to be searched form a transition line. To minimize
collisions, it is necessary to use a backtracking method to
reverse the search order of the same-row area. To clarify,

for the multiple same-row regions within MR, the search
order for samples in the last region, denoted as rn, remains
unchanged, rn−1 changes the search order according to the
relative position of rn, and so on until the first region r1. The
search order of the ith searched region ri of MR is known,
the shape center of the first searched sample ri1 in ri is
denoted LB. The shape center of the first searched sample
r(i−1)1 in ri−1 is denoted LA−1 and the shape center of the
last searched sample r(i−1)−1 is denoted LA−1. The midpoint
of the line connecting LA1 and LA−1 is denoted mid and the
ri−1 inverted search order needs to satisfy f1.

f1 : x1 < x2 (2)

where x1 and x2 are the coordinate values of LB and mid
respectively. f1 means that when ri1 is close to r(i−1)1, the
element order of ri−1 needs to be reversed, so that the sample
ri1 is searched next to r(i−1)1 to reduce collisions.

Due to the special position of r1, if r1 can be reversed
according to the backtracking method, f2 must be satisfied
in order to reverse the search order; otherwise, it will remain
unchanged.

f2 =

{
ya1 > yl2, cd = 0
ya2 < yl1, cd = 1

(3)

where cd represents the cutting direction, cd = 1 means
cutting up; cd = 0 means cutting down. ya1 and ya2 represent
the y-coordinate values of the lower left and upper left ver-
tices of the envelope rectangle of the inflexion point sample
respectively, yl1 and yl2 represent the y-coordinate values
of the lower left and upper left vertices of the enveloping
rectangle of the leftmost element r1l of r1, respectively. f2
indicates that there are only two cases where a can be inverted
in order, (i) The cutting direction is upward, and the upper
boundary of the inflexion point piece is located below the
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FIGURE 5. (a) The N-shaped route leads to an increase in the length of
the cutting path. (b) The N-shaped route leads to collisions. (c) The
S-shaped route reduces the length of the path. (d) The S-shaped route
eliminates collisions.

lower boundary of r1l ; (ii) The cutting direction is downward,
and the lower boundary of the inflexion point piece is located
above the upper boundary of r1l .

B. PARTIAL SORT
As shown in Fig. 5a-b, after the overall sorting, the samples
within the same-row regions are searched according to the
search rules of the same-column region, which increases
the length of the empty travel and even leads to collisions.
The algorithm solves the aforementioned problem by adjust-
ing the search order of the same-row regions through local
sorting, resulting in a processing path that exhibits an S
shape. Invert the search order of themiddle same-column area
shapes, as shown in Fig. 5c, and create an S-shaped cutting
path, as illustrated in Fig. 5d, to eliminate collisions from
Fig. 5b. The search order of the first search region M1 and
the last search regionM−1 in the SRA(same row area) remains

FIGURE 6. Diagram of the machining route.

unchanged. Due to the limitations of regional expansion, the
range of the number of elements n in the SRA is [1, 5]. When
i is an even number, invert the search order of Mi. When i is
an odd number, do not change the search order.

VI. MACHINING PATH PLANNING
A. CHOICE OF CUT-IN AND CUT-OUT POINTS
The sorted samples within the molecular region need to be
searched and processed to generate machining paths. The
machining path is the transition route between twomachining
samples and consists of two parts: the machining profile and
the transition line. The machining profile is the contour of
the sample between the incoming and outgoing points of the
current search sample, with the contour of the sample being
either clockwise or anti-clockwise. The transition line is the
line formed between the cut-out point of the current search
sample and the cut-in point of the next upcoming search
sample. As shown in Fig. 6, the machining path needs to
establish the entry point Cie and the exit point Cik for the
current search sample Ci and the entry point C(i+1)e for the
next upcoming search sample. When Ci is the first sample
searched, its feed point Cie is selected as the first point in the
set of contour points; whenCi is not the first sample searched,
onlyCik andC(i+1)e need to be selected as the feed pointCie is
determined when searching the previous sample of Ci. There
are mainly four sources of point pair sets for the Cik of the
exit point and the C(i+1)e of the entry point:
a. Point-to-point. This means selecting one vertex on Ci

and one vertex on Ci+1.
b. Front point to back edge. That is, choose a vertex Vip

from Ci and choose the edge E(i+1)l (l = 1, 2, . . . , n− 1)
of Ci+1 in turn, and find the nearest point V(i+1)q from the
point to the edge E(i+1)l . If V(i+1)q is a point (other than an
endpoint) on E(i+1)l that meets the requirement.

c. Back point to front edge. That is, nearest point (exclud-
ing endpoint) from Ci+1’s vertex to Ci’s edge.
d. The closest point. The closest points betweenCi anCi+1.
The selection of the shortest machining path is also the

selection of Cik and C(i+1)e. The selection process requires
constraints, which are as follows.{

l
(
Cik ,C(i+1)e

)
∩ Ci = Cik

l
(
Cik ,C(i+1)e

)
∩ Ci+1 = C(i+1)e

(4)
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FIGURE 7. Collision area.

l
(
Cik ,C(i+1)e

)
∩ Cn

= ∅, {n ̸= i, n ̸= i+ 1 |n ∈ {1, 2, . . . ,m} } (5)
S = min

(
S

(
Cie,C(i+1)e

))
S

(
Cie,C(i+1)e

)
= S (Cie,Cik) + S

(
Cik ,C(i+ 1)e

)
S (Cie,Cik) = min

{
S (Cie,Cik)C , S (Cie,Cik)AC

}
(6)

where l
(
Cik ,C(i+1)e

)
is the transition line formed by points

Cik and C(i+1)e, and S(Cie, Cik )C and S(Cie, Cik )AC are
the lengths of the contour of the cut-in point clockwise and
counterclockwise to the cut-out point respectively. Equation
(4) defines that l

(
Cik ,C(i+1)e

)
does not generate any other

intersections with Ci and Ci+1. Equation (5) defines that
l
(
Cik ,C(i+1)e

)
collides with other samples outside of Ci and

Ci+1, and it prefers collision-free transition lines. Equation
(6) ensures the shortest path. Equation (5) and (6) ensure
the selection of the shortest path with collision-free transition
lines.

B. COLLISION HANDLING
To avoid cutting through the samples when a collision occurs
between the transition line and a sample, it is necessary to
repeat the cutting on the collided sample, which increases
the idle travel distance. Therefore, measures must be taken
to detect and avoid such collisions. In order to reduce the
detection time, it is necessary to limit the collision detection
area. As shown in Fig. 7, the collision areas for the current
search area are the previous search area, the current search
area and the upcoming search area. If the current search
area is the first area, there is no previous search area in
the collision area; if the current search area is the last area,
there is no upcoming search area in the collision area. If the
machining path formed by the samples within the current
search area collides with the samples in the upcoming search
area, a portion of the samples from the upcoming search area
is inserted into the current search area. At the same time, the
upcoming search area is regenerated.

FIGURE 8. Collision handling. (a) When the collided sample is already
searched and within the cur-rent search region, the previously generated
machining path is eliminated. (b) When cut-ting upwards, the algorithm
searches for the bottom-leftmost sample at each step.

The pre-generated transition lines may collide with both
unsearched shapes and already searched shapes. Assume that
Q = {q1, q2, . . . , qm} is the set of searched samples, P =

{p1, p2, . . . , pn} is the set of unsearched samples, the current
search area is R, the current searched sample is qm (qm ∈ R),
the set of processing paths is T = {t1, t2, . . . , tm−1}, the
next sample to be searched is p1, and the collision is a single
sample qw. The samples are processed accordingly according
to the type of qw:

a. Unsearched sample
qw is added to R, P deletes qw, qm generates a machining

path with qw, then generates a machining path with p1, and
the resulting machining path is added to T .
b. Searched sample
(I) If qw is in the set R, as shown in Fig. 8a, the two samples

adjacent to qw inQ generate a processing path and place qw at
the last position ofQ. qm generates a machining path with qw,
qw then generates a machining path with p1, and the resulting
machining path is added to T . (II) If qw is not in set R, it is
added toQ. qm and qw generate a machining path, and qw then
generates amachining path with p1. The generatedmachining
path is added to T . As qw is a searched sample, the tool does
not need to cut the complete profile of qw added to Q at this
point in the machining process, only the generated machining
profile.

When colliding with multiple shapes using pre-generated
transition lines, select the search order of multiple shapes
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TABLE 1. Results of simulation experiments.

in the set based on the cutting direction. Cut up, selecting
to process the lower leftmost sample at a time; cut down,
selecting to process the upper leftmost sample at a time.
As shown in Fig. 8b, when cutting upwards, the current search
sample A first forms a machining path with the leftmost lower
sample a1, after which a1 then forms a machining path with
a2, and finally a2 then forms a machining path with B.

VII. EXPERIMENTAL VERIFICATION
The algorithm takes into account important constraints in
actual machining on the machine tool, such as avoiding colli-
sions between samples andminimizing empty travel distance.
This ensures that the generated processing paths have practi-
cal engineering significance. In the future, the algorithm can
generate processing G-code for actual production purposes.
The algorithm test in this paper was developed in a Python
environment on a PC (specifications: Windows 10 operat-
ing system, Intel Core i5, 2.5HZ processor, 16GB RAM).
Multiple complex sample sets were selected to validate the
algorithm.

A. REGION EXPANSION STRATEGY
The size of the MR will have an impact on the length of
the generated empty paths. If the regions are too small,
there will be an increased number of collisions between
the pre-generated transition lines and the shapes from other
regions when searching the shapes in that region. On the
other hand, if the regions are too large, there will be an
increased number of collisions between the pre-generated
transition lines and samples from the surrounding area of that
region. PR is further expanded to obtain the optimal sample
region. The region expansion strategy employed for the set
of 68 samples involves expanding the PR for 0 to 5 iterations.
The resulting lengths of the empty travel distances and the
number of collisions after expansion are depicted in Fig. 9.
It can be observed that when the expansion count for PR
is 0, the pre-generated transition lines experience the highest
number of collisions and result in the longest path. On the

FIGURE 9. Empty trip distances and collision counts obtained for
different expansion iterations.

other hand, when the expansion count is 2, the number of
collisions is minimized, and the path is also the shortest.

B. COLLISION AVOIDANCE TECHNIQUE
Five sets of complex sample collections were selected, with
sample sizes of 58, 63, 68, 73, and 78, for comparison before
and after applying collision avoidance techniques. When a
collided previously searched sample is in the same region
as the sample that generates the transition line, collisions
between the transition line and the previously searched sam-
ple are eliminated by adjusting the sequence of subsequent
samples. The planning results are shown in Table 1, indicating
a significant reduction in the number of collisions between
the generated transition lines and surrounding samples com-
pared to not using collision avoidance techniques. As the
number of samples to be cut increases, the number of col-
lisions also increases.

In Fig. 10, the red dots represent the entry points of the
samples, the yellow dots represent the exit points of the
samples, and the blue line segments represent the empty
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FIGURE 10. Simulation Experimental Results: (a) The local schematic diagram before collision avoidance. (b) The collision
avoidance schematic diagram.

travel segments. From Fig. 10(a), it can be observed that
sample B and sample 1 are in the same molecular region, and
when generating the machining paths for both, sample 1 has
already been searched. After collision avoidance, as shown
in Fig. 10(b), the machining paths involving sample A and 1,
as well as the path between sample 1 and sample B, are
eliminated to eliminate collisions. Although sample 2 has
been searched, it cannot be collision-avoided because it is not
in the same region as the neighboring samples D and E . As a
result, the tool needs to cut repeated paths on the contour of
sample 2. Compared to the average empty travel distance in
manual sorting, the experimental range of reduction achieved
through collision avoidance is between 14% and 25%. This
significant improvement demonstrates the effectiveness of
collision avoidance.

VIII. CONCLUSION
To address the challenge of continuous cutting of a large
number of complex sponge samples, this paper proposes an

S-shaped sorting algorithm based on region segmentation.
This method defines the entry and exit points of the sam-
ples, enabling efficient continuous cutting of sponge samples.
The algorithm begins by globally sorting the samples within
the molecular regions. It then introduces the concept of the
same-row sample to determine the initial search order of sam-
ples within the same-row region. By combining the concept
of the same-column region, further local sorting of samples
within the same-row region is performed to optimize the
search order. The algorithm determines collision detection
regions to reduce collision detection time and standardizes the
handling of transition lines colliding with single and multiple
samples, thus avoiding damage to the integrity of the samples
during the machining process. Compared to discontinuous
cutting methods, the most significant feature of the method
proposed in this paper is the achievement of continuous
machining paths, which means there are no tool lifts and
no damage during cutting. Compared to algorithms that do
not utilize collision avoidance techniques, this method can
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significantly reduce the sorting time of samples, minimize
collision occurrences, and decrease the idle travel distance.
In the next step, this algorithm will generate machining
G-codes and be applied to actual production on machine
tools.
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