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Abstract:
  

The
 

traditional
 

production
 

of
 

bionic
 

wigs
 

through
 

manual
 

weaving
 

is
 

a
 

complex
 

process
 

characterized
 

by
 

high
 

labor
 

intensity,
 

making
 

automation
 

challenging.
 

To
 

address
 

this
 

issue,
 

an
 

automated
 

weaving
 

process
 

for
 

bionic
 

wigs
 

is
 

proposed
 

and
 

the
 

design
 

of
 

an
 

automated
 

bionic
 

wig
 

weaving
 

machine
 

is
 

presented
 

based
 

on
 

an
 

analysis
 

of
 

manual
 

weaving
 

principles
 

and
 

processes.
 

Furthermore,
 

according
 

to
 

the
 

characteristics
 

of
 

the
 

weaving
 

machine
 

and
 

the
 

distribution
 

pattern
 

of
 

weaving
 

nodes,
 

the
 

minimum
 

weaving
 

duration
 

of
 

a
 

single
 

hairnet
 

is
 

taken
 

as
 

the
 

optimization
 

goal,
 

and
 

a
 

continuous
 

weaving
 

path
 

planning
 

for
 

the
 

weaving
 

process
 

of
 

the
 

mixed
 

scheme
 

is
 

conducted.
 

The
 

weaving
 

duration
 

for
 

various
 

weaving
 

paths
 

are
 

calculated
 

and
 

compared,
 

and
 

the
 

results
 

indicate
 

that
 

the
 

duration
 

of
 

the
 

S-shaped
 

weaving
 

path
 

is
 

always
 

the
 

shortest
 

in
 

different
 

weaving
 

regions.
 

The
 

designed
 

automated
 

weaving
 

process
 

and
 

the
 

weaving
 

path
 

planning
 

provide
 

a
 

theoretical
 

foundation
 

and
 

experimental
 

data
 

for
 

achieving
 

automated
 

weaving
 

of
 

bionic
 

wigs.
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0　 Introduction
China

 

is
 

a
 

leading
 

producer
 

and
 

exporter
 

of
 

wigs.
 

In
 

the
 

year
 

of
 

2022,
 

global
 

wig
 

market
 

has
 

reached
 

nearly
 

100
 

billion
 

USD,
 

with
 

China
 

accounting
 

for
 

80%
 

of
 

worldwide
 

exports[1] .
 

Bionic
 

wigs,
 

primarily
 

worn
 

as
 

aesthetic
 

prostheses,
 

are
 

fabricated
 

by
 

manually
 

weaving
 

individual
 

hair
 

strands
 

into
 

lace
 

hairnet[2] ,
 

making
 

the
 

manual
 

weaving
 

process
 

both
 

time-consuming
 

and
 

labor-
intensive.

 

This
 

time-consuming
 

task
 

has
 

led
 

to
 

steadily
 

rising
 

labor
 

costs.
 

As
 

the
 

market
 

demand
 

for
 

bionic
 

wigs
 

continues
 

to
 

surge,
 

the
 

need
 

for
 

automation
 

in
 

wig
 

weaving
 

is
 

becoming
 

increasingly
 

urgent.
There

 

has
 

been
 

extensive
 

research
 

on
 

the
 

automated
 

wig
 

weaving
 

machines.
 

It
 

is
 

disclosed
 

in
 

Ref.
 

[3]
 

that
 

there
 

is
 

a
 

motor-driven
 

crochet
 

in
 

the
 

experimental
 

device
 

to
 

move
 

hair.
 

The
 

principle
 

is
 

simple,
 

but
 

the
 

device
 

is
 

large
 

and
 

exhibits
 

low
 

automation,
 

and
 

the
 

continuity
 

and
 

precision
 

of
 

weaving
 

cannot
 

be
 

guaranteed.
 

Hiroshi[4]

proposed
 

an
 

automated
 

hair-transplant
 

machine
 

that
 

utilized
 

a
 

vacuum
 

generator
 

to
 

adhere
 

artificial
 

hair
 

strands
 

to
 

the
 

base
 

of
 

a
 

hairnet.
 

The
 

hair
 

strands
 

were
 

woven
 

onto
 

the
 

hairnet
 

by
 

the
 

up-and-down
 

movement
 

of
 

a
 

specialized
 

crochet
 

hook.
 

However,
 

due
 

to
 

its
 

limited
 

adsorption
 

capabilities,
 

the
 

machine
 

could
 

only
 

use
 

artificial
 

hair
 

strands
 

as
 

raw
 

materials
 

in
 

the
 

weaving
 

process.
 

Kuang
 

et
 

al.[5]
 

designed
 

a
 

wig
 

weaving
 

machine
 

that
 

employed
 

a
 

double
 

cam
 

mechanism
 

to
 

plan
 

the
 

crochet
 

trajectory,
 

and
 

the
 

weaving
 

path
 

of
 

the
 

machine
 

was
 

designed
 

by
 

adjusting
 

the
 

hairnet
 

position
 

with
 

a
 

two-
dimensional

 

numerical
 

control
 

table.
 

However,
 

the
 

design
 

remains
 

semi-automatic,
 

and
 

manual
 

adjustments
 

and
 

coordination
 

are
 

needed.
 

Mitsuhiro
 

et
 

al.[6]
 

introduced
 

a
 

manipulator
 

with
 

dual
 

clamping
 

mechanisms
 

in
 

the
 

wig
 

weaving.
 

However,
 

the
 

absence
 

of
 

continuous
 

path
 

planning
 

and
 

the
 

uncontrolled
 

distribution
 

of
 

loose
 

hair
 

strands
 

prevent
 

the
 

continuous
 

weaving.
 

With
 

the
 

research
 

on
 

automated
 

wig
 

weaving
 

machines,
 

the
 

wig
 

weaving
 

process
 

has
 

undergone
 

continuous
 

improvement
 

and
 

development.
 

Lin[7]
 

proposed
 

a
 

three-layer
 

hairnet
 

wig-making
 

process,
 

which
 

involved
 

weaving
 

on
 

two
 

layers
 

of
 

the
 

interlaced
 

hairnet
 

and
 

then
 

sewing
 

them
 

together
 

at
 

the
 

bottom.
 

Although
 

this
 

three-layer
 

hairnet
 

is
 

sturdy,
 

its
 

breathability
 

is
 

very
 

poor,
 

and
 

its
 

unique
 

structure
 

is
 

difficult
 

to
 

manufacture.
 

Tao
 

et
 

al.[8]
 

enhanced
 

the
 

traditional
 

weaving
 

process
 

by
 

adding
 

elastic
 

ropes
 

to
 

the
 

folded
 

ends
 

of
 

the
 

hair
 

strands,
 

increasing
 

the
 

firmness
 

of
 

the
 

hair
 

knots.
 

However,
 

the
 

steps
 

are
 

complicated
 

and
 

it
 

is
 

difficult
 

for
 

automation.
 

Sun
 

et
 

al. [9]
 

introduced
 

a
 

new
 

wig
 

weaving
 

process
 

suitable
 

for
 

automated
 

weaving
 

machines,
 

utilizing
 

a
 

latch
 

needle
 

to
 

complete
 

the
 

knotting
 

action
 

and
 

produce
 

double
 

knots.
 

This
 

method
 

is
 

more
 

suitable
 

for
 

automated
 

weaving
 

machines.
In

 

summary,
 

the
 

concept
 

of
 

automated
 

weaving
 

machine
 

for
 

bionic
 

wigs
 

is
 

still
 

at
 

the
 

patent
 

level,
 

and
 

there
 

is
 

currently
 

no
 

wig
 

weaving
 

device
 

that
 

can
 

achieve
 

automation
 

in
 

wig
 

weaving.
 

In
 

this
 

paper,
 

the
 

manual
 

bionic
 

wig
 

weaving
 

process
 

is
 

analyzed
 

to
 

enhance
 

the
 

055



design
 

of
 

an
 

automated
 

bionic
 

wig
 

weaving
 

process
 

based
 

on
 

existing
 

manual
 

wig
 

weaving
 

machines.
 

Additionally,
 

path
 

planning
 

during
 

the
 

weaving
 

process
 

is
 

designed
 

for
 

the
 

weaving
 

machine.

1　 Manual
 

Bionic
 

Wig
 

Weaving
 

Process

The
 

manual
 

bionic
 

wig
 

weaving
 

consists
 

of
 

three
 

key
 

elements:
 

a
 

crochet,
 

a
 

hairnet
 

and
 

hair
 

strands.
 

The
 

crochet
 

is
 

a
 

specialized
 

manual
 

weaving
 

tool
 

with
 

a
 

barb
 

on
 

the
 

front
 

of
 

the
 

crochet.
 

The
 

hairnet
 

is
 

made
 

of
 

polyester
 

lace
 

and
 

is
 

composed
 

of
 

interwoven
 

meshes
 

with
 

a
 

height
 

of
 

0. 8
 

mm.
 

The
 

polyester
 

lace
 

material
 

not
 

only
 

ensures
 

adequate
 

tension
 

and
 

elasticity
 

but
 

also
 

possesses
 

a
 

degree
 

of
 

toughness
 

which
 

aids
 

in
 

crocheting
 

and
 

enhances
 

the
 

wig’s
 

durability[10] .
 

Most
 

ordinary
 

wigs
 

on
 

the
 

market
 

are
 

made
 

from
 

synthetic
 

fibers[11]
 

on
 

the
 

consideration
 

of
 

costs.
 

However,
 

the
 

strength
 

and
 

texture
 

of
 

wigs
 

made
 

from
 

these
 

fibers
 

are
 

subpar[12] ,
 

and
 

their
 

shaggy
 

appearance
 

significantly
 

differs
 

from
 

that
 

of
 

human
 

hair.
 

Consequently,
 

human
 

hair
 

is
 

selected
 

as
 

a
 

raw
 

material
 

for
 

bionic
 

wigs
 

to
 

achieve
 

a
 

more
 

realistic
 

effect.
 

Combining
 

the
 

above
 

three
 

key
 

elements,
 

the
 

final
 

bionic
 

wig
 

product
 

maintains
 

a
 

high
 

degree
 

of
 

consistency
 

with
 

the
 

human
 

hair
 

growth
 

in
 

terms
 

of
 

shape,
 

smoothness
 

and
 

imitation.
In

 

manual
  

weaving,
 

the
 

worker
 

coils
 

the
 

hair
 

into
 

a
 

circle
 

with
 

one
 

hand
 

and
 

operates
 

the
 

crochet
 

with
 

the
 

other.
 

Then
 

the
 

worker
 

continuously
 

twists
 

the
 

wrist
 

to
 

adjust
 

the
 

position
 

of
 

the
 

crochet,
 

and
 

weaves
 

the
 

hair
 

strands
 

into
 

knots
 

along
 

the
 

common
 

edge
 

of
 

the
 

hairnet
 

meshes.
 

The
 

double
 

knot
 

weaving
 

process[13]
 

is
 

utilized
 

in
 

manual
 

weaving,
 

which
 

employs
 

the
 

reverse
 

half-
buckle

 

method
 

to
 

create
 

double
 

knots.
 

The
 

manual
 

double
 

knot
 

weaving
 

process
 

is
 

illustrated
 

in
 

Fig. 1.

Fig. 1　 Double
 

knot
 

weaving
 

process:
 

(a)
 

crochet
 

first
 

feed;
 

(b)
 

hair
 

eye
 

1
 

formation
 

and
 

crochet
 

second
 

feed;
 

(c)
 

hair
 

eye
 

2
 

formation;
 

(d)
 

crochet
 

third
 

feed;
 

(e)
 

hook
 

through
 

hair
 

eye
 

2;
 

( f)
 

double
 

knot
 

formation

2 　 Automated
 

Bionic
 

Wig
 

Weaving
 

Principle
 

and
 

Process
 

Design
2. 1 　 Automated

 

bionic
 

wig
 

weaving
 

machine
 

and
 

principle
To

 

achieve
 

the
 

automation
 

of
 

the
 

weaving
 

process,
 

an
 

automated
 

bionic
 

wig
 

weaving
 

machine[14]
 

is
 

designed,
 

as
 

illustrated
 

in
 

Fig. 2.
 

The
 

weaving
 

machine
 

is
 

primarily
 

divided
 

into
 

three
 

devices:
 

the
 

crochet
 

drive
 

device[15] ,
 

the
 

hairnet
 

transmission
 

device[16]
 

and
 

the
 

hair
 

conveying
 

device[17] .
 

These
 

three
 

devices
 

correspond
 

to
 

the
 

three
 

essential
 

elements
 

of
 

manual
 

weaving:
 

the
 

crochet,
 

the
 

hairnet
 

and
 

the
 

hair
 

strands.
 

During
 

the
 

weaving
 

process,
 

the
 

crochet
 

weaving
 

action,
 

continuous
 

hairnet
 

conveying
 

and
 

hair
 

feeding
 

are
 

performed,
 

respectively.
1—winder;

 

2—hairnet
 

transmission
 

device;
 

3—hair
 

conveying
 

device;
 

4—roller;
 

5—latch
 

needle;
 

6—corobot;
 

7—ground
 

rail.
 

Fig. 2　 Model
 

of
 

automated
 

bionic
 

wig
 

weaving
 

machine
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Figure
 

3
 

is
 

the
 

schematic
 

diagram
 

of
 

the
 

automated
 

bionic
 

wig
 

weaving
 

machine.
 

According
 

to
 

the
 

requirements
 

of
 

manual
 

weaving,
 

improvements
 

are
 

made
 

to
 

address
 

the
 

complex
 

weaving
 

actions
 

involved
 

in
 

the
 

crochet.
 

The
 

hairnet
 

is
 

repositioned
 

vertically,
 

and
 

the
 

original
 

barbed
 

crochet
 

is
 

replaced
 

with
 

a
 

latch
 

needle,
 

which
 

is
 

now
 

placed
 

at
 

the
 

front
 

of
 

the
 

hairnet.
 

The
 

hair
 

conveying
 

device
 

organizes
 

the
 

hair
 

strands
 

into
 

a
 

uniform
 

and
 

evenly
 

distributed
 

curtain
 

which
 

is
 

positioned
 

at
 

the
 

rear
 

end
 

of
 

the
 

hairnet.
 

When
 

the
 

weaving
 

machine
 

is
 

in
 

operation,
 

the
 

corobot
 

controls
 

the
 

latch
 

needle
 

to
 

execute
 

a
 

series
 

of
 

knotting
 

actions,
 

and
 

the
 

process
 

is
 

modularized.
 

The
 

ground
 

rail
 

is
 

located
 

at
 

the
 

bottom
 

of
 

the
 

corobot,
 

and
 

it
 

drives
 

the
 

corobot
 

to
 

move
 

horizontally
 

to
 

complete
 

the
 

horizontal
 

weaving
 

of
 

the
 

hairnet.
 

The
 

hairnet
 

transmission
 

device
 

longitudinally
 

moves
 

the
 

hairnet
 

to
 

complete
 

the
 

longitudinal
 

weaving.

Fig. 3　 Schematic
 

diagram
 

of
 

automated
 

bionic
 

wig
 

weaving
 

machine

2. 2　 Automated
 

bionic
 

wig
 

weaving
 

process
 

design
In

 

order
 

to
 

ensure
 

the
 

efficiency
 

and
 

quality
 

of
 

automated
 

weaving,
 

the
 

automated
 

weaving
 

process
 

is
　 　 　

 

designed
 

based
 

on
 

the
 

double
 

knot
 

weaving
 

process.
 

The
 

relative
 

movement
 

of
 

the
 

crochet
 

and
 

hairnet
 

in
 

the
 

weaving
 

process
 

of
 

a
 

double
 

knot
 

is
 

shown
 

in
 

Fig. 4.
 

The
 

movement
 

of
 

the
 

crochet
 

in
 

the
 

automated
 

process
 

is
 

divided
 

into
 

nine
 

decomposition
 

actions
 

to
 

achieve
 

the
 

automated
 

weaving
 

of
 

a
 

double
 

knot.
 

The
 

weaving
 

of
 

a
 

double
 

knot
 

involves
 

two
 

adjacent
 

meshes,
 

namely
 

mesh
 

1
 

and
 

mesh
 

2.
 

The
 

entire
 

automated
 

bionic
 

wig
 

weaving
 

process
 

can
 

be
 

divided
 

into
 

four
 

phases.
 

In
 

the
 

first
 

phase,
 

the
 

crochet
 

is
 

inserted
 

diagonally
 

through
 

mesh
 

1
 

to
 

pick
 

up
 

the
 

hair
 

strands
 

and
 

pull
 

them
 

out,
 

as
 

shown
 

in
 

Figs. 4(a) -4( c) .
 

The
 

hair
 

strands
 

create
 

a
 

loop
 

at
 

the
 

common
 

edge
 

of
 

the
 

two
 

meshes,
 

referred
 

to
 

as
 

hair
 

eye
 

1.
 

In
 

the
 

second
 

phase,
 

the
 

crochet
 

hooks
 

the
 

long
 

edge
 

of
 

the
 

hair
 

through
 

mesh
 

2,
 

forming
 

a
 

loop
 

with
 

hair
 

eye
 

1,
 

which
 

is
 

designated
 

as
 

hair
 

eye
 

2,
 

as
 

shown
 

in
 

Figs. 4(d) -4( e) .
 

In
 

the
 

third
 

phase,
 

the
 

crochet
 

hooks
 

the
 

short
 

edge
 

of
 

the
 

hair
 

completely
 

out
 

of
 

mesh
 

2
 

from
 

hair
 

eye
 

2,
 

as
 

shown
 

in
 

Figs. 4( f)-4(g) .
 

In
 

the
 

fourth
 

phase,
 

the
 

long
 

edge
 

of
 

the
 

hair
 

is
 

fully
 

extracted,
 

resulting
 

in
 

a
 

double
 

knot,
 

as
 

shown
 

in
 

Figs. 4(h) -4( i) .
 

Compared
 

with
 

the
 

manual
 

weaving
 

process,
 

the
 

automated
 

weaving
 

process
 

only
 

alters
 

the
 

initial
 

layout
 

of
 

key
 

elements.
 

In
 

the
 

step
 

of
 

forming
 

a
 

double
 

knot,
 

both
 

the
 

two
 

processes
 

involve
 

two
 

adjacent
 

meshes,
 

and
 

the
 

composition
 

of
 

hair
 

eye
 

1
 

and
 

hair
 

eye
 

2
 

formed
 

during
 

weaving
 

is
 

the
 

same.
 

Therefore,
 

the
 

double
 

knot
 

produced
 

in
 

the
 

automated
 

weaving
 

process
 

is
 

consistent
 

in
 

quality
 

with
 

that
 

produced
 

in
 

the
 

manual
 

weaving
 

process.
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Fig. 4　 Automated
 

bionic
 

wig
 

weaving
 

process:
 

(a)
 

initial
 

placement;
 

(b)
 

crochet
 

first
 

feed;
 

(c)
 

hair
 

eye
 

1
 

formation;
 

(d)
 

crochet
 

second
 

feed;
 

(e)
 

hair
 

eye
 

2
 

formation;
 

( f)
 

crochet
 

third
 

feed;
 

(g)
 

knot
 

formation;
 

(h)
 

crochet
  

fourth
 

feed;
 

( i)
 

double
 

knot
 

formation

3　 Automated
 

Bionic
 

Wig
 

Weaving
 

Path
 

Planning
To

 

achieve
 

continuous
 

weaving
 

of
 

the
 

entire
 

hairnet,
 

it
 

is
 

essential
 

to
 

plan
 

the
 

weaving
 

path.
 

The
 

hairnet
 

is
 

staggered
 

by
 

a
 

grid
 

of
 

regular
 

hexagons,
 

and
 

the
 

weaving
 

nodes
 

are
 

located
 

along
 

the
 

common
 

sides
 

of
 

the
 

hexagons.
 

The
 

distance
 

between
 

adjacent
 

transverse
 

weaving
 

nodes
 

is
 

1. 386
 

mm,
 

while
 

the
 

vertical
 

distance
 

between
 

two
 

longitudinal
 

weaving
 

nodes
 

is
 

0. 800
 

mm.
 

All
 

the
 

weaving
 

nodes
 

on
 

the
 

hairnet
 

collectively
 

form
 

a
 

single
 

area
 

shaped
 

like
 

a
 

hairnet,
 

as
 

illustrated
 

in
 

Fig. 5.
 

This
 

area
 

can
 

be
 

divided
 

into
 

two
 

distinct
 

regions,
 

namely
 

the
 

rectangular
 

region
 

and
 

the
 

semicircular
 

region.

Fig. 5　 Region
 

division
 

of
 

hairnet
 

piece

A
 

shorter
 

weaving
 

path
 

can
 

reduce
 

weaving
 

duration
 

and
 

correspondingly
 

increase
 

the
 

weaving
 

efficiency.
 

During
 

the
 

weaving
 

process
 

of
 

a
 

hairnet,
 

the
 

rectangular
 

region
 

and
 

the
 

semicircular
 

region
 

need
 

to
 

be
 

completed
 

in
 

sequence.
 

Therefore,
 

the
 

shortest
 

total
 

weaving
 

duration
 

of
 

a
 

single
 

hairnet
 

can
 

be
 

expressed
 

as

min
 

TW = min
 

TR + min
 

TS, (1)

where
 

TW
 represents

 

the
 

total
 

weaving
 

duration
 

of
 

a
 

single
 

hairnet;
 

TR
 denotes

 

the
 

total
 

weaving
 

duration
 

of
 

a
 

rectangular
 

region;
 

TS
 indicates

 

the
 

total
 

weaving
 

duration
 

of
 

a
 

semicircular
 

region.
3. 1　 Weaving

 

path
 

in
 

rectangular
 

region
The

 

distribution
 

of
 

weaving
 

nodes
 

in
 

the
 

rectangular
 

region
 

is
 

shown
 

in
 

Fig. 6.
  

All
 

the
 

odd
 

rows
 

contain
 

the
 

same
 

number
 

of
 

weaving
 

nodes.
 

All
 

the
 

even
 

rows
 

contain
 

the
 

same
 

number
 

of
 

weaving
 

nodes.
 

Due
 

to
 

the
 

alternating
 

grid
 

distribution,
 

even
 

rows
 

have
 

one
 

fewer
 

weaving
 

node
 

than
 

odd
 

rows.
 

Suppose
 

the
 

total
 

number
 

of
 

rows
 

in
 

the
 

rectangular
 

region
 

is
 

n,
 

where
 

n
 

is
 

even,
 

and
 

the
 

total
 

number
 

of
 

weaving
 

nodes
 

in
 

the
 

first
 

row
 

is
 

m,
 

where
 

m
 

is
 

odd.
 

Then
 

the
 

total
 

number
 

of
 

weaving
 

nodes
 

in
 

the
 

second
 

row
 

will
 

be
 

m-1,
 

and
 

the
 

number
 

of
 

weaving
 

nodes
 

in
 

the
 

subsequent
 

rows
 

is
 

cycled
 

in
 

turn.

Fig. 6　 Distribution
 

of
 

weaving
 

nodes
 

in
 

rectangular
 

region

Take
 

the
 

lower
 

right
 

corner
 

of
 

the
 

rectangular
 

region
 

as
 

the
 

weaving
 

origin,
 

the
 

positive
 

direction
 

of
 

the
 

X
 

axis
 

extends
 

to
 

the
 

left,
 

while
 

the
 

positive
 

direction
 

of
 

the
 

Y
 

axis
 

extends
 

upward.
 

Any
 

weaving
 

node
 

on
 

the
 

hairnet
 

can
 

be
 

represented
 

as
 

P ( m,
 

n ) .
 

For
 

example,
 

the
 

weaving
 

node
 

marked
 

in
 

Fig. 6
 

is
 

denoted
 

as
 

P(4,
 

8) .
 

Then
 

the
 

shortest
 

total
 

weaving
 

duration
 

in
 

the
 

rectangular
 

region
 

is
min

 

TR = min
 

t1 + min
 

t2, (2)

where
 

t1  represents
 

the
 

total
 

knotting
 

duration
 

of
 

all
 

weaving
 

nodes;
 

t2  represents
 

the
 

total
 

movement
 

duration
 

including
 

the
 

total
 

horizontal
 

movement
 

time
 

and
 

the
 

total
 

longitudinal
 

movement
 

time.
 

The
 

entire
 

weaving
 

of
 

the
 

rectangular
 

region
 

can
 

be
 

regarded
 

as
 

a
 

set
 

from
 

a
 

weaving
 

node
 

P i
 to

 

the
 

next
 

weaving
 

node
 

P j .
 

Let
 

the
 

coordinates
 

of
 

P i
 be

 

denoted
 

as
 

P ( mi,
 

n i ),
 

and
 

the
 

coordinates
 

of
 

P j
 be

 

denoted
 

as
 

P ( mj,
 

n j ) .
 

Then
 

the
 

formula
 

can
 

be
 

obtained

t1 = NW tW, (3)

where
 

NW
 is

 

the
 

number
 

of
 

all
 

weaving
 

nodes
 

in
 

the
 

rectangular
 

region;
 

tW  is
 

the
 

weaving
 

duration
 

of
 

one
 

node.
 

Since
 

P i
 and

 

P j
 are

 

weaving
 

nodes
 

within
 

the
 

rectangular
 

region,
 

it
 

can
 

be
 

obtained
 

that
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∀i ∈ {1, 2, …, Nw - 1},
j ∈ { 2, 3, …, Nw},

 

j - i = 1, (4)

t2 = ∑
Nw - 1

i = 1
∑
Nw

j = 2
x ij tH + ∑

Nw - 1

i = 1
∑
Nw

j = 2
y ij tL, (5)

x ij =
2,

 

when
 

n i - n j = 0,
1,

 

when
 

n i - n j = 1,
 

0,
 

others,
{

 

(6)

y ij = n i - n j

 

, (7)

where
 

tH is
 

the
 

duration
 

required
 

to
 

move
 

half
 

the
 

spacing
 

between
 

two
 

horizontally
 

adjacent
 

nodes;
 

tL  is
 

the
 

duration
 

required
 

to
 

move
 

the
 

full
 

spacing
 

between
 

two
 

longitudinally
 

adjacent
 

nodes;
 

x ij
 is

 

the
 

coefficient
 

of
 

the
 

horizontal
 

distance
 

from
 

P i
 to

 

P j;
 

y ij
 is

 

the
 

coefficient
 

of
 

the
 

longitudinal
 

distance
 

from
 

P i
 to

 

P j .
The

 

entire
 

rectangular
 

region
 

can
 

be
 

viewed
 

as
 

a
 

loop
 

formed
 

by
 

the
 

first
 

two
 

rows
 

of
 

weaving
 

nodes.
 

Therefore,
 

as
 

long
 

as
 

the
 

fastest
 

weaving
 

path
 

for
 

the
 

first
 

two
 

rows
 

is
 

determined,
 

the
 

optimal
 

weaving
 

path
 

for
 

the
 

entire
 

rectangular
 

region
 

can
 

be
 

established.
 

The
 

first
 

two
 

rows
 

of
 

weaving
 

nodes
 

within
 

the
 

rectangular
 

region
 

are
 

designated
 

as
 

the
 

object,
 

and
 

based
 

on
 

their
 

distribution,
 

two
 

primary
 

weaving
 

paths
 

have
 

been
 

identified
 

as
 

shown
 

in
 

Fig. 7:
 

the
 

S-shaped
 

weaving
 

path
 

and
 

the
 

folding
 

weaving
 

path.
 

In
 

the
 

S-shaped
 

weaving
 

path,
 

the
 

weaving
 

path
 

first
 

begins
 

from
 

P(1,
 

1)
 

to
 

the
 

left
 

until
 

reaching
 

P(m,
 

1);
 

then,
 

the
 

weaving
 

path
 

in
 

the
 

second
 

row
 

starts
 

from
 

P(m-1,
 

2
 

)
 

to
 

the
 

right
 

until
 

reaching
 

P(1,
 

2).
 

While
 

in
 

the
 

folding
 

weaving
 

path,
 

the
 

nearest
 

node
 

is
 

selected
 

as
 

the
 

next
 

weaving
 

node.
 

The
 

weaving
 

path
 

starts
 

from
 

P(1,
 

1)
 

to
 

P(1,
 

2),
 

and
 

then
 

to
 

P(2,
 

1),
 

and
 

proceeds
 

until
 

reaching
 

the
 

final
 

node
 

P(m,
 

1);
 

after
 

the
 

two
 

rows
 

of
 

weaving
 

are
 

completed,
 

the
 

path
 

transitions
 

to
 

P(m,
 

3)
 

to
 

initiate
 

a
 

new
 

round
 

of
 

two-row
 

cyclic
 

weaving.

Fig. 7　 Two
 

weaving
 

paths
 

in
 

rectangular
 

region:
 

(a)
 

S-shaped
 

weaving
 

path;
 

(b)
 

folding
 

weaving
 

path

The
 

weaving
 

duration
 

comparison
 

of
 

the
 

above
 

two
 

weaving
 

paths
 

is
 

shown
 

in
 

Table
 

1.
 

The
 

knotting
 

duration
 

is
 

related
 

to
 

the
 

number
 

of
 

all
 

weaving
 

nodes,
 

so
 

it
 

is
 

the
 

same
 

for
 

the
 

two
 

weaving
 

paths.
 

Thus,
 

the
 

movement
 

duration
 

in
 

the
 

moving
 

process
 

is
 

compared.
 

Since
 

the
 

speed
 

of
 

the
 

horizontal
 

and
 

longitudinal
 

movements
 

is
 

the
 

same,
 

the
 

comparison
 

of
 

the
 

movement
 

duration
 

can
 

be
 

converted
 

into
 

a
 

comparison
 

of
 

the
 

distance
 

as
 

shown
 

in
 

Table
 

1.
 

As
 

m
 

is
 

a
 

large
 

positive
 

integer,
 

the
 

corresponding
 

distance
 

of
 

the
 

S-shaped
 

weaving
 

path
 

is
 

shorter
 

than
 

that
 

of
 

the
 

folding
 

weaving
 

path.
 

The
 

weaving
 

duration
 

of
 

the
 

S-shaped
 

weaving
 

path
 

is
 

shorter
 

and
 

the
 

efficiency
 

is
 

higher.
 

As
 

a
 

result,
 

the
 

S-shaped
 

weaving
 

path
 

is
 

selected
 

in
 

the
 

rectangular
 

region.

Table
 

1　 Weaving
 

duration
 

comparison
 

of
 

two
 

weaving
 

paths
 

in
 

rectangular
 

region

Weaving
 

path Knotting
 

duration Horizontal
 

movement
 

duration Longitudinal
 

movement
 

duration Corresponding
 

distance

S-shaped
 

weaving (2m - 1) tW 4(m - 1) tH 2tL 2. 772m - 0. 907

Folding
 

weaving (2m - 1) tW 2(m - 1) tH 2mtL 2. 986m - 1. 386

3. 2　 Weaving
 

path
 

in
 

semicircular
 

region
The

 

distribution
 

of
 

weaving
 

nodes
 

in
 

the
 

semicircular
 

region
 

is
 

illustrated
 

in
 

Fig. 8.
 

The
 

alternating
 

weaving
 

nodes
 

create
 

the
 

shape
 

of
 

the
 

semicircle.
 

As
 

stated
 

in
 

subsection
 

3. 1,
 

row
 

n
 

of
 

the
 

rectangular
 

region
 

contains
 

m- 1
 

weaving
 

nodes.
 

Therefore,
 

the
 

first
 

row
 

of
 

the
 

semicircular
 

region
 

contains
 

m
 

weaving
 

nodes.
 

The
 

semicircular
 

region
 

consists
 

of
 

a
 

total
 

of
 

(m-1) / 2
 

rows.
 

With
 

the
 

center
 

of
 

the
 

semicircular
 

region
 

as
 

the
 

boundary,
 

the
   

X
 

axis
 

and
 

Y
 

axis
 

are
 

established
 

to
 

ensure
 

that
 

all
 

nodes
 

are
 

symmetrically
 

distributed
 

on
 

both
 

sides
 

of
 

the
 

Y
 

axis.
 

　 　 　 Fig. 8　 Distribution
 

of
 

weaving
 

nodes
 

in
 

semicircular
 

region
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Starting
 

from
 

the
 

first
 

row
 

and
 

moving
 

upward,
 

the
 

number
 

of
 

weaving
 

nodes
 

in
 

the
 

odd-numbered
 

rows
 

decreases
 

in
 

an
 

arithmetic
 

sequence
 

with
 

a
 

common
 

difference
 

denoted
 

as
 

k.
 

Additionally,
 

the
 

difference
 

in
 

the
 

number
 

of
 

weaving
 

nodes
 

between
 

each
 

odd-
numbered

 

row
 

and
 

the
 

even-numbered
 

row
 

above
 

it
 

is
 

a
 

fixed
 

value,
 

denoted
 

as
 

a,
 

where
 

a
 

is
 

an
 

odd
 

number.
 

In
 

the
 

semicircular
 

region,
 

the
 

weaving
 

order
 

remains
 

from
 

the
 

bottom
 

up,
 

and
 

the
 

shortest
 

weaving
 

duration
 

of
 

the
 

semicircular
 

weaving
 

path
 

is
min

 

TS = t1 + t2 . (8)

Based
 

on
 

the
 

distribution
 

of
 

weaving
 

nodes
 

and
 

the
 

weaving
 

requirements,
 

there
 

are
 

two
 

types
 

of
 

weaving
 

paths
 

in
 

the
 

semicircular
 

region
 

as
 

shown
 

in
 

Fig. 9:
 

the
 

S-
shaped

 

weaving
 

path
 

and
 

the
 

mixed
 

weaving
 

path.

Fig. 9　 Two
 

weaving
 

paths
 

in
 

semicircular
 

region:
 

(a)
 

S-shaped
 

weaving
 

path;
 

(b)
 

mixed
 

weaving
 

path

In
 

the
 

S-shaped
 

weaving
 

path,
 

the
 

weaving
 

path
 

begins
 

at
 

the
 

rightmost
 

end
 

and
 

proceeds
 

sequentially
 

through
 

the
 

first
 

row
 

of
 

m
 

weaving
 

nodes.
 

The
 

weaving
 

path
 

then
 

moves
 

to
 

the
 

outermost
 

node
 

in
 

the
 

second
 

row
 

and
 

continues
 

from
 

left
 

to
 

right.
 

The
 

mixed
 

weaving
 

path
 

is
 

a
 

combination
 

of
 

S-shaped
 

weaving
 

and
 

folding
 

weaving.
 

The
 

second
 

row
 

contains
 

a
 

fewer
 

weaving
 

nodes
 

than
 

the
 

first
 

row,
 

resulting
 

in
 

no
 

weaving
 

nodes
 

above
 

the
 

outermost
 

nodes
 

of
 

the
 

first
 

row.
 

Consequently,
 

the
 

outer
 

section
 

employs
 

S-shaped
 

weaving,
 

while
 

the
 

middle
 

section
 

utilizes
 

folding
 

weaving.
 

After
 

completing
 

the
 

weaving
 

of
 

the
 

two
 

rows,
 

the
 

weaving
 

path
 

stops
 

at
 

the
 

leftmost
 

node
 

of
 

the
 

first
 

row.
 

In
 

the
 

rectangular
 

region,
 

after
 

completing
 

the
 

first
 

two
 

rows,
 

the
 

S-shaped
 

weaving
 

path
 

must
 

transition
 

from
 

the
 

rightmost
 

node
 

in
 

the
 

second
 

row
 

to
 

the
 

rightmost
 

node
 

in
 

the
 

third
 

row
 

to
 

continue
 

with
 

the
 

next
 

two
 

rows.
 

In
 

contrast,
 

the
 

mixed
 

weaving
 

path
 

requires
 

a
 

movement
 

from
 

the
 

leftmost
 

node
 

in
 

the
 

first
 

row
 

to
 

the
 

leftmost
 

node
 

in
 

the
 

third
 

row.
 

Both
 

weaving
 

paths
 

necessitate
 

additional
 

movement
 

along
 

a
 

specific
 

route.
 

Consequently,
 

Eq.
 

(5)
 

has
 

been
 

revised
 

to
 

incorporate
 

a
 

compensation
 

distance
 

for
 

this
 

movement.
 

t2 = ∑
Nw-1

i = 1
∑
Nw

j = 2
xij tH + ∑

Nw-1

i = 1
∑
Nw

j = 2
yij tL + ∑

(m-1) / 2

p = 1
eptH + ∑

(m-1) / 2

q = 1
eqtL, (9)

eq =
n i - n j ,

 

when
 

n i - n j ∈ {0,1},
0,

 

others,{
 

(10)

ep =
k,

 

when
 

n i - n j = 2,
a - k,

 

others,{
 

(11)

where
 

eq
 is

 

the
 

compensation
 

factor
 

for
 

the
 

additional
 

longitudinal
 

movement;
 

ep
 is

 

the
 

compensation
 

factor
 

for
 

the
 

additional
 

horizontal
 

movement.
 

Since
 

the
 

total
 

number
 

of
 

weaving
 

nodes
 

is
 

the
 

same,
 

the
 

knotting
 

duration
 

is
 

also
 

the
 

same.
 

To
 

compare
 

the
 

movement
 

duration
 

of
 

the
 

two
 

weaving
 

paths,
 

the
 

specific
 

durations
 

are
 

converted
 

into
 

their
 

corresponding
 

distances
 

as
 

shown
 

in
 

Table
 

2.

Table
 

2　 Weaving
 

duration
 

comparison
 

of
 

two
 

weaving
 

paths
 

in
 

semicircular
 

region

Weaving
 

path Horizontal
 

movement
 

duration
Longitudinal

 

movement
 

duration Compensation
 

duration Corresponding
 

distance
 

S-shaped
 

weaving (4m - 4 - a) tH tL tL + (a - k) tH 2. 772m-0. 693k-1. 172

Mixed
 

weaving 2(m - 1) tH 2(m - a) tL 2tL + ktH 2. 986m+0. 693k-1. 6a+0. 214

Subtract
 

the
 

corresponding
 

distance
 

of
 

the
 

mixed
 

weaving
 

path
 

from
 

that
 

of
 

the
 

S-shaped
 

weaving
 

path
 

to
 

obtain
 

their
 

difference
 

Δf
Δf = 0. 214m + 1. 386k - 1. 6a + 1. 386. (12)

According
 

to
 

the
 

specific
 

dimensions
 

of
 

the
 

hairnet,
 

m
 

is
 

a
 

number
 

larger
 

than
 

41.
 

This
 

indicates
 

that
 

m
 

is
 

a
 

large
 

positive
 

integer.
 

Additionally,
 

in
 

order
 

to
 

ensure
 

the
 

number
 

of
 

rows
 

in
 

the
 

hairnet,
 

a
 

and
 

k
 

serving
 

as
 

decreasing
 

factor
 

parameters,
 

should
 

be
 

small
 

positive
 

integers.
 

Compared
 

to
 

the
 

numbers
 

and
 

parameters
 

appearing
 

in
 

Eq.
 

(12),
 

m
 

is
 

obviously
 

much
 

larger
 

than
 

them.
 

Therefore,
 

considering
 

the
 

actual
 

conditions
 

of
 

hairnet
 

weaving,
 

the
 

condition
 

Δf
 

>
 

0
 

always
 

holds.
 

This
 

means
 

that
 

the
 

weaving
 

duration
 

for
 

the
 

mixed
 

weaving
 

path
 

is
 

longer
 

than
 

that
 

for
 

the
 

S-shaped
 

weaving
 

path.
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Consequently,
 

in
 

order
 

to
 

maintain
 

the
 

weaving
 

efficiency,
 

the
 

S-shaped
 

weaving
 

path
 

is
 

also
 

selected
 

in
 

the
 

semicircular
 

region.
3. 3　 Experimental

 

verification
 

of
 

weaving
 

path
To

 

verify
 

the
 

feasibility
 

of
 

the
 

proposed
 

shortest
 

weaving
 

path,
 

experiments
 

are
 

conducted
 

by
 

using
 

the
 

designed
 

automated
 

bionic
 

wig
 

weaving
 

machine,
 

as
 

illustrated
 

in
 

Fig. 10.
 

A
 

standard-sized
 

hairnet
 

(5. 08
 

cm
 

×
 

10. 16
 

cm )
 

is
 

selected
 

as
 

the
 

weaving
 

target,
 

and
 

the
 

movement
 

duration
 

across
 

the
 

area
 

of
 

a
 

single
 

hairnet
 

is
 

recorded.
 

According
 

to
 

the
 

designed
 

weaving
 

path,
 

the
 

S-shaped
 

weaving
 

and
 

folding
 

weaving
 

paths
 

are
 

employed
 

in
 

the
 

rectangular
 

region,
 

while
 

the
 

S-
shaped

 

weaving
 

and
 

mixed
 

weaving
 

paths
 

are
 

utilized
 

in
 

the
 

semicircular
 

region.
 

Three
 

groups
 

of
 

the
 

movement
 

duration
 

for
 

different
 

weaving
 

paths
 

in
 

both
 

regions
 

are
 

measured
 

in
 

the
 

experiment,
 

as
 

shown
 

in
 

Table
 

3.
 

　 　 　

1—ground
 

rail;
 

2—crochet
 

drive
 

device;
 

3—corobot;
 

4—electrical
 

cabinet;
 

5—hairnet
 

transmission
 

device;
 

6—hair
 

conveying
 

device;
 

7—hairnet
 

roll;
 

8—uncoiler.
Fig. 10　 Automated

 

bionic
 

wig
 

weaving
 

machine

Table
 

3　 Movement
 

duration
 

of
 

different
 

weaving
 

paths
 

in
 

each
 

region

Region
 

and
 

weaving
 

path The
 

first
 

group
 

of
 

movement
 

duration / s
The

 

second
 

group
 

of
 

movement
 

duration / s
The

 

third
 

group
 

of
 

movement
 

duration / s
S-shaped

 

weaving
 

path
 

in
 

rectangular
 

region 6
 

649. 6 6
 

651. 8 6
 

652. 1
 

Folding
 

weaving
 

path
 

in
 

rectangular
 

region 7
 

202. 5 7
 

203. 6 7
 

204. 5
 

S-shaped
 

weaving
 

path
 

in
 

semicircular
 

region 704. 6 703. 5 703. 9
 

Mixed
 

weaving
 

path
 

in
 

semicircular
 

region 774. 3 773. 6 772. 8
 

In
 

the
 

rectangular
 

region,
 

the
 

movement
 

duration
 

of
 

the
 

S-shaped
 

weaving
 

path
 

saves
 

about
 

550
 

s,
 

and
 

the
 

efficiency
 

increases
 

by
 

about
 

7. 7%
 

compared
 

with
 

that
 

of
 

the
 

folding
 

weaving
 

path.
 

In
 

the
 

semicircular
 

region,
 

the
 

movement
 

duration
 

of
 

the
 

S-shaped
 

weaving
 

path
 

saves
 

about
 

70
 

s
 

and
 

the
 

efficiency
 

increases
 

by
 

about
 

9. 0%
 

compared
 

with
 

that
 

of
 

the
 

mixed
 

weaving
 

path.
 

The
 

weaving
 

path
 

planning
 

proposed
 

above
 

is
 

accurate,
 

and
 

the
 

S-shaped
 

weaving
 

path
 

is
 

the
 

most
 

efficient.

4　 Conclusions

A
 

design
 

for
 

an
 

automated
 

bionic
 

wig
 

weaving
 

process
 

is
 

presented
 

and
 

an
 

automated
 

bionic
 

wig
 

weaving
 

machine
 

is
 

developed
 

along
 

with
 

the
 

conduction
 

of
 

weaving
 

path
 

planning.
 

The
 

main
 

conclusions
 

are
 

as
 

follows.
1 )

 

The
 

automated
 

bionic
 

wig
 

weaving
 

process
 

designed
 

in
 

this
 

paper
 

changes
 

the
 

layout
 

of
 

the
 

three
 

elements
 

of
 

manual
 

weaving.
 

The
 

designed
 

automated
 

bionic
 

wig
 

weaving
 

machine
 

can
 

realize
 

horizontal
 

and
 

longitudinal
 

weaving,
 

making
 

the
 

automated
 

continuous
 

weaving
 

of
 

bionic
 

wigs
 

possible.
2)

 

Taking
 

the
 

shortest
 

weaving
 

duration
 

of
 

a
 

single
 

hairnet
 

as
 

the
 

objective
 

function,
 

the
 

theoretical
 

calculations
 

and
 

specific
 

experiments
 

are
 

conducted
 

respectively
 

on
 

the
 

weaving
 

duration
 

of
 

each
 

path
 

in
 

the
 

rectangular
 

region
 

and
 

the
 

semicircular
 

region.
 

In
 

the
 

rectangular
 

region,
 

the
 

efficiency
 

of
 

the
 

S-shaped
 

weaving
 

path
 

increases
 

by
 

7. 7%
 

compared
 

with
 

that
 

of
 

the
 

folding
 

weaving
 

path;
 

in
 

the
 

semicircular
 

region,
 

the
 

efficiency
 

of
 

the
 

S-shaped
 

weaving
 

path
 

increases
 

by
 

9. 0%
 

compared
 

with
 

that
 

of
 

the
 

mixed
 

weaving
 

path.
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仿生假发自动化织造工艺设计与织造路径规划

吕宏展∗, 尤　 佳, 李俊杰, 陆李承, 孙志宏

东华大学
 

机械工程学院, 上海
 

201620

摘　 要: 传统的仿生假发生产由工人手工织造完成, 织造工艺过程复杂, 劳动强度大, 很难实现自动化。
针对该问题, 在手工织造原理与工艺分析的基础上, 本文提出了自动化织造工艺和自动假发织造机的设计。
根据该织造机的特点和织造结点分布规律, 以单张发网的总织造时长最短为优化目标, 对混合方案的织造

工艺进行了连续织造路径规划。 分别计算并对比不同织造路径的织造时长, 结果表明 S 型路径的织造时长

最短。 该自动化织造工艺设计与织造路径规划方法为仿生假发自动化织造的实现提供了理论依据和试验

数据。
关键词:

  

仿生假发; 织造工艺; 假发织造机; 路径规划
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