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Weaving is an ancient and effective structural forming technique characterized by the ability

to convert two-dimensional ribbons to three-dimensional structures. However, most 3D structures

woven from straight ribbons have topological defects. Baek et al.[15]proposed a method to weave

smoother continuous 3D surface structures using naturally curved (in-plane) ribbons, obtained a

new surface structure with relatively continuous variation of Gaussian curvature, and analyzed

its geometric properties. We believe that this new 3D surface structure with smooth geometric

properties must correspond to new mechanical properties. To this end, we investigated a 3D surface

structure using naturally curved (in-plane) ribbon weaving, and the results of calculations and

experiments show that such structures have better buckling stability than those woven with straight

ribbons. It is observed that the number of ribbons influences the buckling behavior of different types

of woven structures.
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I. INTRODUCTION

The design and manufacture of 3D structures has of-

ten been investigated [1-4]. These are manufactured by

creating 2D planar structures and using methods such

as driving [5-8], or processes such as folding, weaving, or

inflating [9-11] to form 3D structures. You et al. [12]

proposed a general method for the design of 2D fold-

able structures by extending and generalizing the stan-

dard trellis-type foldable structure consisting of two sets

of parallel straight rods connected by hinges, which in-

creases the range of shapes that can be achieved, and the

boundary. Zhao et al. [13] introduced well-controlled

twisting deformation to processes for mechanically driv-

en geometric transformations of planar 2D structures to

3D architectures, enabling previously impossible features

such as out-of-plane helical layouts. The method utilizes

an elastomeric substrate with a shear pattern that de-

forms under strain, whose distribution can be designed

precisely by computational methods. Lin et al. [14] ex-

ploited microscale features (e.g., plate thickness) enabled

by two-photon direct laser writing to fabricate a variety

of 3D origami metamaterials that display remarkable me-

chanical properties, underscored the scalable and multi-

functional nature of origami designs, and paved the way

toward harnessing the power of origami engineering at

small scales.

How to form some curved 3D structures with continu-

ous geometry using planar structures such as ribbons or

rods has been a huge challenge. To solve this problem,

Baek et al. [15] proposed a 3D surface forming method

based on traditional weaving technology, containing rib-

bons with in-plane curvatures to weave, and using rivets

FIG. 1: 3D structure fabricated by planar structure: (a) 3D

structure based on paper-cutting substrate driven by buckling

[13]; (b) Inflatable folding structure [10].

to fix between ribbons. This method can realize a s-

moother and more continuous 3D surface structure, and

its Gaussian curvature is closer to a continuum. The

3D structure woven by ribbons with in-plane curvatures

has fewer geometric defects, and the rivets greatly in-

crease the flexibility of the structure. Baek et al. [15]

also deduced the formula of Gaussian curvature, laying

a theoretical foundation for the formation of new woven

structures. The formula for calculating the Gaussian cur-

vature of a woven structure is shown below:

Kn =


π

3
(6 − n), With straight ribbons;

π

3
[6 − n(1 + κ∗)], With curved ribbons.

(1)

Where Kn is the Gaussian curvature of the woven struc-

ture, and n is the number of ribbons, κ∗ is the in-plane

curvature of ribbons. Based on this, Ren et al. [16]

designed various structures using ribbons with in-plane

curvatures. We can see that the weaving of ribbons with

in-plane curvatures can solve the formation problem of

3D curved surface structures.

The geometric characteristics of a woven structure fab-

ricated by ribbons with in-plane curvatures has been ana-
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lyzed in the literature [15], but not the mechanical prop-

erties. In this paper, we combine 3D printing, experi-

ments, and the finite element method (FEM) to analyze

the axial buckling behavior of different types of woven

structures. Compared with other woven structures, the

structure with ribbons with in-plane curvatures not only

has a smoother and more continuous geometric configu-

ration, but a higher axial buckling load. Under the same

number of ribbons, the new woven structure is more sta-

ble.

The rest of the paper is organized as follows. Struc-

tures woven by different types of ribbons are analyzed,

and it is found that the new woven structure has a high-

er axial buckling load and better structural stability. We

then study the hybrid woven structure and new woven

structure, and analyze the influence of different number-

s of ribbons on their axial buckling load. The forming

method of a finite element model of a woven structure

considering ribbon thickness and the driving of force dis-

placement is proposed. The finite element buckling anal-

ysis of woven structures is carried out, and the correct-

ness of the model is verified by experiments.

II. BUCKLING ANALYSIS OF DIFFERENT

WOVEN STRUCTURES

A. Fabrication of different types of woven

structures

We experimentally study the buckling behavior of wo-

ven structures. It can be seen [15] that woven structural

ribbons adopt a straight ribbon or a ribbon with in-plane

curvatures, and the structure consists completely of the

same type of ribbon. On this basis, a hybrid weaving

structure with naturally curved ribbons and a straight

strip is proposed. To accurately obtain these three kinds

of woven structures, we use 3D printing to obtain a s-

ingle ribbon connected by rivets, using a ZRapid Tech

SLA880 3D printer and R2024 plastic rivet model, as

shown in Fig. 2.

After getting different types of ribbons, a single ribbon

must be woven into a 3D structure, through the process

shown in Fig. 3. A single ribbon is lapped into a plane

shape, so that rivet holes 2 and 3 in different ribbon-

s overlap each other. Plastic rivets are used to fix the

overlapping rivet holes in the plane structure, and a sta-

ble plane structure is formed. As shown in Fig. 3(e), the

ribbon of the plane structure is moved along the direction

of the arrow, so that the two rivet holes overlap with each

other, and are finally fixed with plastic rivets to form a

3D woven structure. It can be seen that the position be-

FIG. 2: 3D printing of different types of ribbons: (a) 3D

printer; (b) Straight ribbons for 3D print; (c) Ribbons with in-

plane curvatures for 3D print; (d) Physical drawing of rivets.

FIG. 3: Fabrication process of woven structure: (a) With nat-

urally curved ribbons; (b) With straight ribbons; (c) Mixed

woven structure with three straight ribbons and two naturally

curved ribbons.

tween the rivet holes 1,4 and the point of intersection of

the ribbon of the plane structure is an important factor

in the formation of the 3D woven structure.

Fig. 4 shows the formation of woven structures with

different Gaussian curvatures. From Fig. 4(b1), we can

see that when the intersection point of the ribbon’s axis

is just the intersection point between the two rivet holes,

only the plane structure can be obtained, and the 3D

woven structure cannot be generated. When there is a

certain distance between the two rivet holes, it is nec-

essary to determine the position between the rivet holes

and the intersection of the two ribbon axes. Assuming

that the axis intersection appears inside the rivet hole,

the 3D woven structure is negative Gaussian curvature,

as shown in Fig. 4(c2). If the axis intersection occurs

outside the rivet hole, the woven structure is a positive

Gaussian curvature structure, as shown in Fig. 4(a2).
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FIG. 4: Weaving structure with different Gaussian

curvatures(K): (a2) K > 0; (b2) K = 0; (c2) K < 0.

B. Experimental Analysis of Different weaving

Structures

The number of ribbons n = 5 was selected for this ex-

periment, and axial compression tests were carried out

on structures completely woven by straight ribbons (tra-

ditional woven structure), completely woven by ribbons

with in-plane curvature (new woven structure), and wo-

ven by a mix of straight ribbons and ribbons with in-

plane curvature (hybrid woven structure). The geometry

of a single ribbon is shown in Fig. 5. To realize the

boundary condition that the bottom of the 3D woven

structure is fixed, a new bottom support was designed,

which was divided into two parts, which were 3−mm and

10 − mm circles. The specimen was first placed in the

upper circles. Under axial pressure, the bottom of the

specimen expanded outward along the radial direction.

Due to the existence of the upper circles, the radial dis-

placement of the structure was constrained to achieve a

fixed boundary condition at the bottom. The lower part

of the circles of the new support was connected with the

bottom support of the universal testing machine, so that

the new support could be fixed on the original support.

The new bottom support was made by a thermal 3D

printer, whose model is shown in Fig. 6.

Displacement control was used in the whole loading

process of this test. Before the beginning of the test, the

FIG. 5: Geometric size of ribbon, where l is arc length and k

is curvature. l◦1 = l◦2 = l◦3 = 20 mm, k◦
1 = k◦

2 = k◦
3 = 0, k∗

1 =

k∗
3 = 0, k∗

2 = −0.033 mm−1, l∗1 = l∗2 = l∗3 = 20 mm. Ribbon

thickness is 0.5 mm.

FIG. 6: Axial compression test platform.

upper axial pressure head was adjusted to contact the

specimen. To ensure the specimen could withstand a qua-

sistatic axial pressure load, the downward pressure veloc-

ity of the upper axial pressure head was 1 mm/min. The

axial load-displacement curves of different woven struc-

tures are shown in Fig. 7, from which it can be seen that

the curves of the three woven structures show a trend

of increasing, decreasing, and increasing again. In the

case of the same number of ribbons, the woven structure

with ribbon with in-plane curvatures has a higher buck-

ling load capacity, and its initial stiffness is greater than

with straight ribbons; this is because the woven structure

fabricated by naturally curved ribbons has a relative-

ly continuous geometric configuration, and the structure

has good stiffness and stability. The initial stiffness and

maximum axial load of the woven structure fabricated

by mixing straight ribbon (3) and bending ribbon (2) are

lower than those of the other two woven structures. Com-

pared with the other two kinds of woven structures, the

woven structure fabricated by straight ribbons reached

the lowest point of axial pressure very early; meanwhile,

the woven structure fabricated by naturally curved rib-

bons reached the lowest point of load late and had good

deformation ability.

According to the deformation diagrams of different wo-
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FIG. 7: Test curves and failure modes of different woven struc-

tures.

ven structures in Fig. 7, it can be seen that, compared

with the woven structure fabricated by a single type

of ribbon, the deformation of the hybrid ribbon woven

structure is asymmetric, and there is symmetric defor-

mation of other structures. At the late stage of loading,

the deformation of the structure increases, the bottom

rivet is in contact with the upper edge of the base, and

the structure is transformed from a ribbon to the bot-

tom plastic rivet bearing the upper pressure, resulting

in a certain increase in the buckling bearing capacity of

the structure at the late stage of loading. Through com-

parison, it is found that the deformation of the woven

structure fabricated by straight ribbons is concentrated

at the bottom node, and the deformation of a single rib-

bon is small, which is unfavorable to the structure. In the

woven structure fabricated by naturally curved ribbon-

s, the ribbons are destroyed first and the joints are de-

formed later. The ribbon becomes the main load-bearing

element of the woven structure. From the above analysis,

we find that the woven structure fabricated by naturally

curved ribbons has both a relatively smooth and contin-

uous geometry, and good stability.

III. INFLUENCE OF DIFFERENT NUMBERS

OF RIBBONS ON BUCKLING BEHAVIOR OF

WOVEN STRUCTURES

Through the above analysis, it is found that with the

same number of ribbons, the 3D structure woven by d-

ifferent types of ribbons has different mechanical prop-

erties. To investigate the effect of different numbers of

ribbons on the weave structure, we conducted experimen-

tal studies on the hybrid weave structure and the new

weave structure fabricated by naturally curved ribbons.

Furthermore, we investigated the effects of different num-

bers of ribbons on the buckling mechanical properties of

woven structures.

A. Effect of Different Numbers of Ribbons on

Mixed Weaving Structure

To study the influence of the number of straight rib-

bons in the hybrid woven structure on its buckling me-

chanical properties, four hybrid woven structures were

designed according to the number of straight ribbons,

ns = 1, 2, 3, 4. The size of the ribbon is shown in Fig. 5.

The fabrication process of the specimen ribbon was the

same as described above. A diagram of the specimen and

the axial load-displacement curve obtained from the test

is shown in Fig. 8.

FIG. 8: Axial load-displacement curves of woven structures

with different numbers of straight ribbons.

For convenience of comparison, the axial load-

displacement curve obtained in Fig. 7 is placed in Fig. 8,

where the woven structures formed entirely by straight

ribbons and entirely by naturally curved ribbons are de-

fined as ns = 5 and ns = 0, respectively. It can be seen

from the figure that the woven structure has different de-

grees of buckling. When the number of straight ribbons

is ns = 2, the axial compression load of the hybrid woven

structure reaches the maximum. With the increase of the

number of straight ribbons, the buckling bearing capacity

of the woven structure decreases. The axial compression

load of the hybrid woven structure (ns = 0, 1, 2, 3, 4, 5)

increases, decreases, and then increases with the increase

of the number of straight ribbons.

Fig. 9 is the failure mode diagram of different mixed

woven structures. The failure mode of the structure when
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ns = 0, 3, 5 is introduced above, and is not mentioned

here. For the woven structure at ns = 1, 2, 4, according to

Fig. 9, we can see that with the increase of displacement

load, each structure has different degrees of buckling fail-

ure. When ns = 1, the deformation of ribbon 1 (straight

ribbon) in the hybrid woven structure is small, and the

ribbons with in-plane curvature have irreversible defor-

mation. Severe out-of-plane deformation occurs in rib-

bons 3 and 4, resulting in the bulge of connection points.

Due to the deformation of the naturally curved ribbon,

the external connection point of the structure is damaged

to varying degrees, and the bending angle is 90◦.

FIG. 9: Failure modes of woven structures with different num-

bers of straight ribbons.

When ns = 4, only ribbon 2 (naturally curved) of the

hybrid woven structure undergoes large in-plane defor-

mation under axial load, and cracks occur in the middle

segment of the ribbon. Fig. 9 shows that (b) is the fail-

ure mode when ns = 2, and the 2, 5 (straight) ribbon

does not undergo large deformation, but extends out-

ward. The deformation of other ribbons is driven by the

connection point. At the late loading stage, the defor-

mation of members 1, 3, and 4 increased, and finally led

to the deformation of structural support nodes. This is

because of the step-by-step deformation that the hybrid

woven structure has a higher axial buckling load.

Through the above analysis, it can be found that when

the hybrid woven structure is subjected to an axial load,

the deformation is mainly concentrated in the ribbons

with in-plane curvatures, while the straight members do

not have large deformation. When the woven structure

fabricated entirely by naturally curved ribbon is subject-

ed to vertical load, the ribbon with in-plane curvature

first deforms, and then the bottom connection fails at

the late loading stage. Because the woven structure com-

posed of straight ribbons is not deformed, and the load is

mainly concentrated at the bottom connection, the con-

nection point is often destroyed, which is unfavorable to

the whole structure. With 2 straight ribbons, a hybrid

woven structure with high buckling load can be obtained

by reasonably arranging the positions of straight and nat-

urally curved ribbons.

B. Effect of Different Numbers of Ribbons on New

Weaving Structure

To explore the influence of different numbers of rib-

bons on the axial compression load of a woven struc-

ture composed of naturally curved ribbons, structures of

n = 5, 6, 7 ribbons were experimentally studied. The rib-

bon thickness of the woven structure was 0.5 mm, and

the other geometric properties of ribbon are shown in

Fig. 5. The test device of the specimen is shown in

Fig. 6. The test loading was controlled by displacement,

and the loading rate was 1 mm/min. The axial load-

displacement curve obtained from the test is shown in

the following figure.

FIG. 10: Failure modes of woven structures with different

numbers of ribbons with in-plane curvatures.

It can be seen from Fig. 10 that when the number of

ribbons is 6, the woven structure has a high initial stiff-

ness and axial compression buckling load, and its maxi-

mum axial compression buckling load is about twice that

of the structure with n = 7 ribbons. We can see from the

mode of failure that the regular polygon composed of in-
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ternal nodes of the structure remains unchanged, and the

deformation of the ribbon is mainly concentrated in the

ribbon segment at the bottom connection point. As the

number of ribbons increases, the deformation of the wo-

ven structure decreases gradually. With n = 5, a slight

in-plane buckling of a single ribbon occurs. When the

number of ribbons increases, this phenomenon gradually

disappears, and only out-of-plane deformation occurs in

the ribbons. This is because, as n increases, the curva-

ture of the new woven structure decreases gradually, and

the naturally curved ribbons are closer to the parallel

bottom. Due to the constraint of rivets, the deforma-

tion degree of the ribbon structure decreases gradually

under axial pressure, and mostly consists of out-of-plane

bending.

Through the above analysis, it can be concluded that

the number of ribbons with in-plane curvatures has a

great influence on the buckling bearing capacity of the

woven structure, and the appropriate number of ribbons

can give it a greater initial stiffness and axial buckling

load.

IV. FINITE ELEMENT ANALYSIS OF

WEAVING STRUCTURE

To more comprehensively study the buckling mechani-

cal properties of woven structures, ABAQUS was used to

establish an accurate finite element model of the woven

structure in combination with the above tests, using an

elastic modulus of 1200 Mpa, density 1.12 g/cm3, and

Poisson’s ratio 0.44. Because the woven structure is a

3D structure fabricated by 2D ribbons, its forming pro-

cess is particularly important, so finite element models

were established for the formation and buckling analysis

of the woven structure.

A. Forming of woven structure in finite element

method

A method to form a finite element model of weaving

structure forming has been proposed in the literature

[15], considering only the final shape of the structure, and

not the effect of the thickness of individual ribbons. This

makes ribbons intersect each other, and does not well

simulate the actual woven structure. We propose a finite

element woven structure forming model considering a s-

ingle ribbon thickness driven by force and displacement.

In this paper, a 3D deformed shell is used to create a s-

ingle ribbon of thickness is 0.5 mm, whose geometric size

is shown in Fig. 5. The created ribbons are arranged in

a flat shape as required, and a distance of 0.5 mm is left

between the ribbons to ensure that they overlap. Simu-

lation of weaving structure forming using quasistatic in

dynamic implicit analysis step. The contact part adopts

the general contact, the friction is defined in the tangen-

tial direction, and the friction coefficient is 0.3, which is

vertically defined as hard contact. To simulate the con-

nection of rivets, the center of each rivet hole is set as a

reference point, to which a rivet hole with internal over-

lap is coupled. After the constraints are determined, the

force-displacement driving method is used to form the

woven structure. It can be seen from Fig. 11(b) that

the vertical force is first applied to the internal segment

of ribbon, and the relative displacement load is applied

to the rivet hole of the external segment of ribbon, so

that the two rivet holes overlap each other. To speed up

the calculation and eliminate the self-locking of mesh s-

hearing, the shell element S4R is used. The mesh size of

woven structure is 0.2mm. The final simulation results

are shown in Fig. 12.

FIG. 11: Finite Element Model of Weaving Structure.

As can be seen in Fig. 12, the inner ribbon segments

of the planar structure shift upward under the vertical

force. Immediately afterward, the rivet holes on the out-

side of the structure approach each other, while at the

same time the upper disturbance force is withdrawn. The

structure continues to move upward as a whole due to

the displacement of the bottom strip, eventually forming

a 3D woven structure. The plastic rivet is not modeled

in the finite element, but rather the top and bottom rivet

holes are connected together by in-plane coupling. The

woven structure generated by the finite element model is

found to be similar to the actual woven structure.
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FIG. 12: Comparison between finite element models and ac-

tual models

B. Finite Element Simulation of 3D woven

Structure

After obtaining the finite element model of the above

weaving structure, the results are imported into the finite

element again in the form of parts. Since the imported

component is the computed model, structures are given

mesh properties. To eliminate the mesh, we generate a

new geometry, using a geometric editing function to re-

edit the import model. After the finite element model is

obtained, the material properties are given to the struc-

ture, with the same material parameters as woven mold-

ing. To fully restore the test, we establish a rigid plate

in the finite element simulation to simulate the upper

pressure head of a universal testing machine, which ap-

plies vertical displacement. Dynamic implicit quasistatic

analysis is used in the simulation analysis. The displace-

ment load is applied, and the loading rate is controlled at

1 mm/min. The element type is shell element S4R. The

finite element model and mesh distribution are shown in

Fig. 13.

FIG. 13: Finite element mesh distribution. The mesh size

of rigid plate is 5 mm. The mesh size of woven structure is

0.2 mm

In this section, the ABAQUS modeling of woven struc-

ture using the above method and finite element simula-

tion of the different woven structures is presented. To

confirm the above modeling method and the finite ele-

ment model, with n = 5 ribbons, the 3D structure woven

by straight ribbons is used for simulation, whose results

are compared with the test results, as shown in Fig. 14.

From Fig. 14(a), we can see that the initial stiffness of

the finite element simulation results is in good agreement

with the test, but the maximum axial buckling load from

the simulation is slightly higher than that of the test. Be-

cause the coupling approach is used in the finite element

simulation to simulate the plastic rivet, but in practice

there is a certain gap between the rivet and the rivet

hole, compared to the coupling in the finite element, its

constraint strength is weaker. In addition, the complete

restraint on the bottom of the specimen leads to a high-

er overall restraint strength of the finite element model,

which, together with some unavoidable errors and initial

defects in the test, leads to a slightly higher axial com-

pression load in the finite element simulation than the

test value.

From the failure mode diagram of the test, it can be

seen that the finite element can simulate the ribbon bend-

ing of the woven structure in the test, and the over-

all failure mode of the structure is similar to that of

the test. The above analysis shows that the finite el-

ement method of using force-displacement-driven weav-

ing structure forming is well suited to the actual weaving

structure, and solves the problem of model crossing with-

out considering member thickness in finite elements. The

above finite element model of force-displacement driving

molding is used for simulation to solve the problem of the

difficult modeling of the woven structure. Compared with

the test, it is found that this method can more accurately

simulate the axially compressed mechanical properties of

woven structures in practice.

FIG. 14: Verification of finite element model of woven struc-

ture: (a) Comparison of axial load-displacement curves; (b)

Comparison of failure modes.
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V. CONCLUSION

We studied the buckling behavior of different woven

structures by combining experimental and finite elemen-

t methods. It was demonstrated that, compared with

the traditional woven structure, the new woven struc-

ture with in-plane bending ribbons has higher initial s-

tiffness and a larger axial buckling load. In addition, we

investigated the effect of different numbers of ribbons on

the buckling behavior of the new woven structure and

a hybrid woven structure. It was shown that the axial

buckling load of the hybrid woven structure is greatest

when the number of straight ribbons is 2. With the in-

crease of the number of straight ribbons, the buckling

load of the hybrid woven structure decreases, and then

increases. By contrast, the axial buckling load of the new

woven structure reaches the maximum when the number

of ribbons is 6. To address the problem that finite ele-

ment models in the literature [15] have different ribbons

crossing each other, we formed a finite element weaving

structure driven by force-displacement while considering

the ribbon thickness. A finite element buckling analy-

sis was then performed on the molded woven structure.

The axial obtained load-displacement curve was in good

agreement with the experimental data, indicating that

this model can accurately simulate the buckling mechan-

ical properties of the weaving structure.
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