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1. Introduction 

Rapier loom, as a commonly used textile machine, 

is widely used in the textile industry because of its good re-

liability, fast rotation speed, high efficiency and strong 

adaptability [1]. Weft insertion mechanism is one of the im-

portant components of rapier loom, its motion stability and 

precision directly determine the reliability of loom perfor-

mance and fabric quality, so many scholars have studied the 

optimization design of weft insertion mechanism. 

Zhu Zhichao proposed for the first time the optimi-

zation design of the spatial six bar combination weft inser-

tion mechanism by using genetic algorithm, and finally 

proved that it is feasible to optimize the weft insertion mech-

anism by using this algorithm. Chen Jianneng proposed an 

improved genetic algorithm for multiobjective optimization 

of a novel weft insertion mechanism under complex con-

straints, and the optimization results met the requirements. 

Tang Chaofei established a virtual prototype model for the 

spatial linkage weft insertion mechanism, optimized the 

structure according to the quality and stiffness, and im-

proved the quality of carbon fiber weft insertion. Zhou 

Xiangqin proposed to reduce the mass and moment of iner-

tia of the component which accounted for a large part by 

considering the variation law of the equivalent moment of 

inertia of the spindle of each component, and adopted the 

loom prototype for testing and verification. The final results 

showed that the optimization scheme had a significant effect 

on reducing loom vibration and improving loom speed. 

The GTX plus 4-R190 rapier loom is invented by 

Picanol in Belgium. The model is equipped with two rear 

beams. It includes a fixed rear beam for loading and unload-

ing easily. When processing heavy products such as large 

blankets, fixed back beams are installed to withstand greater 

pressure. When processing towels, thin denim fabrics and 

other products, you can remove the fixed rear beams to re-

duce the weight of the machine. The machine adopts GTM 

series rapier heads. They can be used for a variety of yarns. 

SMIT has developed the new ONE rapier loom in Italy. It 

mainly uses the weft joint rapier with a small cross sectional 

area to complete weft insertion. The weft joint can be com-

pleted at the shed, so there is no need for too large shed. As 

a result, the selection of weft is more diversified, and the 

woven fabric is more rich. 

In this study, using ADAMS parametric modeling 

and ADAMS-ANSYS combined rigid flexible coupling 

analysis is to optimize the design of the spatial four bar weft 

insertion mechanism from two aspects of kinematic param-

eters and structural stiffness improvement, which provided 

theoretical basis for further analysis and optimization of the 

mechanism. 

2. Kinematic analysis and simulation verification of weft 

insertion mechanism 

The spatial four-bar weft insertion mechanism [2] 

is shown in Fig. 1. 

 

Fig. 1 Spatial four-bar weft insertion mechanism 

 

From Fig. 1, 0 is a box; 1 is crank; 2 is a fork con-

necting rod; 3 is the cross cycloidal axis; 4 is the connecting 

rod; 5 is a sector gear; 6 is a transmission gear; 7 is rapier 

wheel; 8 is a rapier band. 
In Fig. 1, the output motion of the motor is input to 

the weft insertion mechanism system at place A, which 

drives the crank 1 to perform integral turnover, thus driving 

the fork connecting rod 2 to perform complex spatial motion. 

The cross pendulum shaft 3 reciprocates under the con-

straint of box 0 and driven by the fork connecting rod 2, 

namely, the output motion of the space 4R mechanism. 

Though the planar four - bar mechanism OEFG, drive the 

sector gear 5 to do reciprocating swing; Fan gear 5 is pro-

vided with a chute, the F end of connecting rod 4 can move 

in the chute, thereby indirectly changing the distance be-

tween the hinge point F, G to adjust the rapier drive; After 

the motion amplification of transmission gear 6 and rapier 
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wheel 7, the motion is transferred to rapier belt 8. rapier belt 

8 makes reciprocating linear motion to realize weft insertion. 

2.1. Kinematic modeling 

Firstly, the space 4R mechanism was analyzed to 

establish the relationship between output angle θ0 
and input 

angle θ0. Bar 2 is hypothetically disassembled, combined 

with the knowledge of space mechanism, and the direction 

cosine matrix method [3] is adopted to obtain the following 

relation: 
 

( )   ( )23 30 01 120,0,1 0,0,1 .
T
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Substitute it into the coordinate system transfor-

mation matrix, and after simplification, it can be obtained: 
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By analyzing the geometric relationship in Fig. 1, 

we can obtain: 

 

4 0 ,COE  = −  (3) 

 

where: COE  is the angle between CO and OE in the cy-

cloidal axis of the cross; 4  is the angle between OE and the 

positive direction of the Y axis of the fixed coordinate sys-

tem. 

In the fixed coordinate system OXYZ shown in 

Fig. 1, according to the geometric relationship, we can ob-

tain: 
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where: OEL , EFL , FGL , OGL  is the distance between hinged 

points O and E, E and F, F and G, O and G, mm; 5  is the 

angle between EF and the positive direction of Y axis of the 

fixed coordinate system; 6  is the angle of fan gear. By sim-

plifying Eq. (4), the relation between 6  and 4  can be 

written as: 
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2 42 ,FG OEA L L sin= −  (6) 

 

( )2 42 ,FG OG OEB L L L cos= −  (7) 
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Output motion function, plus and minus sign ac-

cording to the actual mechanism diagram and continuity of 

motion. Judgment takes a positive sign. Analyze the assem-

bly relationship of sector gear 5, transmission gear 6, rapier 

wheel 8 and rapier belt 9 in Fig.1. According to the actual 

assembly scheme and movement continuity, the minus sign 

is taken in Eq. (5). According to the assembly relationship 

of sector gear, transmission gear, rapier wheel and rapier 

belt, the displacement equation of rapier belt can be ob-

tained as follows: 

 

5 7 6

6

,
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d d
s

d
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where: 5d
 
is the sector gear indexing circle diameter, mm; 

6d
 
is the dividing circle diameter of transmission gear, mm; 

7d  is the rapier wheel indexing circle diameter, mm. The 

derivative of the belt displacement with respect to time gives 

the velocity and the acceleration of the belt. 

2.2. Kinematics simulation verification analysis 

By modeling each member of the weft insertion 

mechanism in 3D, and according to the position relationship 

of each member in Fig. 1, the model of the built part is vir-

tually assembled, and the parameter measurement of the as-

sembly is carried out using the measurement function.  

 

Fig. 2 Three dimensional model of the spatial four-bar weft 

insertion mechanism 

The motion geometric parameters for each compo-

nent are shown in Table 1. 

Table 1 

Kinematic geometric parameters of each component 

Parameter name 
Parameter 

value 

Angle α01, ° between Z0 and Z1 40 

Angle α12, ° between Z1 and Z2 85 

Angle αCOE, ° between CO and OE 39 

Distance LOE, mm between hinge points E and F 228.34 

Distance LOE, mm between hinge points F and G 146.04 

Distance LOE, mm between hinge points O and E 181.5 

Distance LOG, mm between hinge points O and G 265.53 

Diameter of indexing circle of sector gear d5, mm 356.1 

Diameter of indexing circle of sector gear d6, mm 59.35 

Diameter of indexing circle of sector gear d7, mm 386 
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The author applies MATLAB software and com-

bines theoretical analysis to obtain the relation of rapier belt 

motion function [4]. It is assumed that the rotation speed of 

the crank is 400 r/min. One week of crank rotation is defined 

as a cycle. According to the measured motion geometric pa-

rameters in Table 1, the motion regularity curve of the rapier 

belt within a motion cycle is obtained, and the results are 

compared with the ADAMS simulation results. 

When the spindle rotation angle is 0°~50°, the ra-

pier belt movement is relatively gentle. At this time, the ra-

pier head picks up yarn to prepare for yarn feeding move-

ment. The gentle movement is conducive to stable and ac-

curate yarn picking. When the spindle rotation angle is 

50°~115°, the loom executes yarn feeding. In order to en-

sure the work efficiency, the speed of rapier belt reaches the 

 

 

a 

 

b 

 

c 

Fig. 3 a) Comparison of theoretical and simulation curves of 

rapier belt displacement; b) comparison of theoretical 

and simulation curves of rapier belt speed; c) com-

parison of theoretical and simulation curves of rapier 

belt acceleration 

 

peak at this stage, and the acceleration fluctuates greatly, 

which meets the requirements of fast yarn feeding. When 

the rotation angle of the main shaft is 115°~245°, the accel-

eration of the rapier belt is relatively gentle at this stage, 

without violent fluctuation. At this time, the loom is in the 

process of filling handover, which requires small accelera-

tion fluctuation to ensure smooth filling joint. When the 

spindle rotation angle is 245°~310°, the weft handover work 

is finished and the loom is in the stage of the blade he-ad 

return. In this case, it is necessary to quickly rewind the 

blade to improve work efficiency.  

When the spindle rotation angle is 310°~360°, the 

loom will pick up the yarn again to prepare for the next weft 

insertion. In this stage, the speed fluctuation should not be 

too large. The comparison curve of rapier belt motion law is 

basically in line with the requirement of weft insertion pro-

cess, which proves the correctness of 3D modeling and sim-

ulation analysis. In addition, it can be seen from Fig. 3 that 

the results of theoretical calculation and software simulation 

are highly consistent, and the errors are within a reasonable 

range.  

Therefore, the correctness of the kinematic model-

ing is proved, which provides a correct theoretical basis for 

the discussion of the influence of geometric parameter 

changes on the kinematic performance of the rapier belt and 

the optimization analysis of the weft insertion mechanism. 

3. Dynamic optimization of rigid body based on station-

ary motion 

3.1. Establishment of optimization model 

According to the kinematics analysis of the weft 

insertion mechanism and the actual situation, the design var-

iables were selected as follows: 

 

   1 2 3 01 12, , , , .FGX x x x L = =  (10) 

 

The minimization of the maximum acceleration of 

the rapier belt is set as the optimization objective, which can 

be expressed as: 

 

( ) .maxF x a min= →  (11) 

 

At the same time, the unilateral performance 

should not be pursued too much, while the influence on 

other conditions should be ignored. Some other kinematic 

performance and size requirements of the weft insertion 

mechanism should also be met, so the constraint conditions 

are set as follows: 

1. Maximum motion requirements of rapier belt: 

1500maxs  mm, (12) 

2. Existence condition of space 4R mechanism 

crank: 

01 12 .   (13) 

3. Double rocker mechanism rod length condition: 

.FG OG OE EFL L L L+  +  (14) 
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3.2. ADAMS optimization experiment and result analysis 

In ADAMS, the author ignores the geometric 

shape of each component, and establishes a parameterized 

model of weft insertion mechanism by establishing param-

eterized points and replacing each component with simple 

connecting rods. 

In ADAMS, the geometric shape of each compo-

nent is ignored, and the parametric model of the weft inser-

tion mechanism is established by establishing parameteriz-

able points and replacing each component with a simple 

connecting rod. Before you start optimizing your design, 

first set the design variables. The length of LFG is deter-

mined by the position of the hinge point F, and the corre-

sponding design variable is changed to the Angle between 

the connecting rod EF and the positive direction of the Y 

axis for the convenience of analysis. The length of LOE and 

LEF can be changed by changing the y coordinate of the 

hinged point E. 

Before you start optimizing your design, set your 

design variables. Wherein, the length of LFG is determined 

by the position of hinge point F. For convenience of analysis, 

its corresponding design variable is changed to the angle be-

tween connecting rod EF and the positive direction of Y-

axis. Design variables and their value ranges are shown in 

Table 2. 

Table 2 

Design variables and value ranges 

Design variable Value range 

DV_ α01, ° 30~45 

DV_ α12, ° 70~90 

DV_ αEFY, ° -5~5 

DV_ Ey, mm -30~20 

 

The coordinate values of key design points point_B, 

point_C and point_F are parameterized and expressed by 

design variables. Then, the acceleration of the rapier belt is 

measured, and the maximum value in the simulation process 

is set as the objective function OBJECTIVE_1 of optimiza-

tion analysis. According to the constraints analyzed above, 

corresponding constraint equations OPT_CON-

STRAINT_1/2/3 are set respectively. Run the Design Eval-

uation Tools function in ADAMS, set the target to minimize 

the target function, select design variables and constraints, 

select OPTDESGRG optimization algorithm, and run the 

optimization command. Taking the rotary crank as an exam-

ple, the flexible rigid flexible coupling simulation model is 

shown in Fig. 4. 

 

Fig. 4 The rotary crank is a rigid-flexible coupling model of 

flexible body 

By optimizing the three variables at the same time, 

a set of optimal motion parameters can be obtained through 

iterative calculation. The optimization results are shown in 

Table 3. 

As can be seen from Table 3, a group of optimal 

motion parameters can be obtained through iterative calcu-

lation when the three variables are optimized at the same 

time. The maximum acceleration of the target rapier belt is 

optimized from 1.71e+06 mm/s2
 to 1.0999e+06 mm/s2

. At 

the same time, the maximum displacement of rapier belt is 

reduced from 1914 mm to 1500 mm. The comparison curve 

before and after optimization is shown in Fig. 4. 

Table 3 

Comparison of optimization results 

Design variable Before optimization After optimization 

DV_ α01, ° 40 30.9207 

DV_ α12, ° 80 90 

DV_ αFEY, ° 0 -2.17681 

 

According to the analysis of Fig.5, under the con-

dition that the driving distance of the rapier is greater than 

or equal to 1500 mm, the maximum acceleration of the ra-

pier belt decreases by about 35.7%, and the motion stability 

of the rapier belt is significantly improved. The acceleration 

motion curve tends to be more isosceles trapezoid, and the 

acceleration changes more gently at the junction of yarn and 

weft, thus achieving smooth weft joint [5]. 

 

a 

 

b 

Fig. 5 a) Comparison of rapier belt acceleration curves be-

fore and after optimization; b) comparison of rapier 

displacement curves before and after optimization 

4. Structure optimization based on motion accuracy req

uirements 

As rapier loom works at high speed, the flexible 

deformation of some components is large, which seriously 
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affects the motion accuracy of the rapier belt. The full rigid 

body dynamics analysis of the weft insertion mechanism is 

not enough to reflect the real working condition of the 

mechanism, so the author puts forward the cosimulation 

method of ADAMS and ANSYS [6-9]. The rigid-flexible 

coupling simulation analysis of rapier loom weft insertion 

mechanism is carried out. 

Compared with the displacement and velocity of 

the rapier belt [10], the flexible deformation of components 

has the greatest influence on the acceleration of the rapier 

belt. At present, the author makes each component flexible 

and establishes the rigid-flexible coupling model respec-

tively. Through simulation, the error curve of the rapier belt 

acceleration when each component is flexible is obtained, 

and structural optimization design is carried out for the cor-

responding component with the largest error. 

4.1. Establishment of rigid-flexible coupling model 

The author will export the flexible component from 

UG (UG is a mold design software) to x_t format file, and 

import the generated file into ANSYS. The density is set to 

7801 kg/m3, elastic modulus is set to 207 GPa, Poisson's ra-

tio is set to 0.29, and grid division is carried out by 

SOLID185 and MASS21. A rigid area is established at the 

connection with other members for the addition of motion 

pairs in ADAMS; The first 6 modes of the rigid region are 

extracted, and finally the MNF neutral file is derived. In 

ADAMS, the flexible body is used to replace the corre-

sponding rigid parts, redefine the motion pair, and finally 

get the rigid-flexible coupling simulation model. 

4.2. Rigid-flexible coupling dynamics simulation analysis 

In ADAMS, the rigid-flexible coupling model was 

driven, the motor speed was also set at 400 r/min, and the 

simulation time was 0.15 s. According to the actual working 

condition of the weft insertion mechanism, the rapier belt 

drives the rapier head to reciprocate motion, so a vertical 

downward concentrated load is applied at the end of the ra-

pier belt. The load size is determined by the mass of the ra-

pier head, which is set as 4 N here. 

The rigid-flexible coupling model of each compo-

nent is simulated in turn. Among them, the acceleration er-

ror of rapier belt caused by the flexibility of sector gear, 

transmission gear, rapier wheel and rapier belt is relatively 

small, which will not be discussed here. 

The large fluctuation of the rapier belt acceleration 

will have a large impact force on the yarn, which is easy to 

break the yarn and affect the stability of the weft insertion. 

When the spindle angle is between 115°and 245°, the accel-

eration of the sword belt fluctuates sharply. When the spin-

dle angle is within this range, the weft handover is being 

carried out between the weft feeding head and the weft pick-

ing head. If the acceleration fluctuates violently, the weft 

handover will fail, and the increase of inertia force will lead 

to the increase of impact force, thus damaging the weft head 

and the weft line. In order to analyze the rapier belt acceler-

ation error caused by the flexibility of the member more 

deeply, the two curves are subtracted to get the rapier belt 

acceleration error curves when the rotary crank is flexible. 

Similarly, we no longer analyze the displacement and veloc-

ity of the belt when the fork connecting rod, the cross pen-

dulum shaft and the connecting rod are flexible, but only 

analyze the acceleration error of the belt when they are flex-

ible. The acceleration error curves of rapier belt are obtained 

when each member is flexible. 

 

a 

 

b 

 

c 

 

d 

Fig. 6 a) Rapier belt acceleration error curve when the crank 

is flexible; b) rapier belt acceleration error curve 

when the fork connecting rod is flexible; c) rapier belt 

acceleration error curve when the cross pendulum 

shaft is flexible; d) rapier belt acceleration error curve 

when the linkage is flexible 



516 

The acceleration error curves of rapier belt ob-

tained by simulation when each component is flexible is 

shown in Fig. 6. 

It can be seen from the analysis of Fig. 5 that the 

flexibility of each component will affect the motion accu-

racy of the rapier belt, thus affecting the stability and accu-

racy of yarn and weft handover. Among them, the flexibility 

of the connecting rod has the most significant influence on 

the acceleration of the rapier belt, so it is necessary to take 

the connecting rod as an example to optimize its structure. 

4.3. Structure optimization experiment and result analysis 

In view of the influence of flexible connecting rod 

on the accuracy of rapier belt motion, the author proposes to 

increase the section size of connecting rod to improve its 

structural stiffness and reduce the influence of flexible de-

formation on the acceleration of rapier belt. The width and 

thickness of  the connecting rod were increased by 10 mm 

each time, and the structure of the connecting rod was opti-

mized  twice [11-13]. The parameter pairs before and after 

connecting rod optimization are shown in Table 4. 

Table 4 

Comparison of parameters before and after connecting rod 

optimization 

Optimization 

object 
Before optimi-

zation 
After first opti-

mization 

After second-

ary optimiza-

tion 
Connecting rod 

width, mm 
36 46 56 

Connecting rod 

thickness, mm 
16 26 36 

 

The author imported the optimized connecting rod 

into ANSYS for flexibility processing, and then carried out 

rigid-flexible coupling simulation analysis in ADAMS. Ac-

cording to the analysis of Fig. 5, d, when the spindle angle 

is between 0°and 90°, the error is relatively large. In order 

to clearly compare the errors before and after optimization, 

only the comparative analysis of rapier belt acceleration er-

rors before and after optimization when the spindle angle is 

within the interval 0°~90°is shown here. 

The comparison curve of rapier belt acceleration 

errors before and after connecting rod optimization is shown 

in Fig. 7. 

 

Fig. 7 Comparison curve of belt acceleration error before 

and after rod optimization 

As can be seen from Fig. 7, when the section size 

of connecting rod is increased, the motion error of rapier belt 

decreases accordingly. The larger the section size is, the 

smaller the acceleration error of rapier belt is. This proves 

the effectiveness and feasibility of the optimization method. 

5. Conclusion 

The dynamic performance of the weft insertion 

mechanism of the rapier loom is the key to ensuring the re-

liability of the overall performance of the loom and the qual-

ity of the fabric. Given the motion stability and motion ac-

curacy of the spatial four-bar weft insertion mechanism, the 

author carried out the optimization design from two aspects: 
To minimize the maximum acceleration of the ra-

pier belt, using ADAMS parametric modeling was adopted 

for optimization analysis, a group of optimal motion param-

eters was finally obtained, and the maximum acceleration of 

the optimized rapier belt was reduced by 35.7 %. The accel-

eration curve shape was more inclined to an isosceles trap-

ezoid, and the stability of the rapier belt motion was im-

proved.  

2. Considering the flexible deformation of the weft 

insertion mechanism of the rapier loom, the rigid-flexible 

coupling simulation analysis of the weft insertion mecha-

nism was carried out. Through structural optimization of the 

connecting rod, the structural stiffness of the competent was 

increased to reduce the impact of its flexible deformation on 

the motion accuracy of the rapier belt, and the acceleration 

error of the optimized rapier belt was significantly reduced.  

The optimization results revealed that the motion 

stability of the rapier belt was improved. The movement er-

ror caused by the flexible deformation of the component was 

significantly reduced. The motion accuracy of the rapier belt 

was improved, and the dynamic performance of the weft in-

sertion mechanism was significantly enhanced. The results 

provide a theoretical basis for further analysis and optimi-

zation of the mechanism. 

However, the optimization effect between this 

method and the introduced optimization algorithm needs to 

be further compared in the future. 
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M. Xi, K. Zhou, X. Zhang, X. Lu 

OPTIMIZATION OF MOTION PARAMETERS AND 

STRUCTURAL STIFFNESS OF SPATIAL FOUR-BAR 

WEFT INSERTION MECHANISM OF PAPIER LOOM  

S u m m a r y 

Aiming at the problems of the poor motion stability 

and low motion accuracy of the rapier belt of the spatial four 

bar weft insertion mechanism, the optimization design of the 

mechanism was studied from two aspects of motion param-

eters and structural stiffness. Firstly, the motion law of the 

rapier belt is analyzed by using the theory of space mecha-

nism, and its correctness is verified by software simulation, 

which provides a theoretical basis for the optimization de-

sign. Then, with the goal of minimizing the maximum ac-

celeration of the rapier belt and the constraint condition of 

satisfying the weft insertion process and performance re-

quirements, the parametric modeling of ADAMS was used 

to optimize the mechanism. Considering the flexibility of 

the weft insertion mechanism at high speed, a rigid-flexible 

coupling model was established and simulated, and the in-

fluence of the flexible deformation of each component on 

the motion accuracy of the rapier belt was analyzed. Finally, 

taking the connecting rod as an example, aiming at reducing 

the acceleration error of the rapier belt, a method was pro-

posed to reduce the influence of flexible deformation by in-

creasing the section size and structural stiffness. The results 

show that the maximum acceleration of the belt decreases 

by 35.7% after optimizing the motion parameters, and the 

motion stability is improved. After optimizing the structure 

stiffness, the acceleration error of the rapier belt is obviously 

reduced and the motion accuracy is improved. 

Keywords: weft insertion mechanism, parametric modeling, 

rigid and flexible coupling, optimization design, ADAMS. 
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