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A B S T R A C T   

Smart structures based on shape memory polymer composites (SMPCs) are gradually applied to the aerospace 
field hosting an ideal combination of properties. The damage behavior of SMPC-based smart structures with large 
deformations requires mechanism research to satisfy their reliability. In this study, a programmable SMPC-based 
locking laminate was investigated, which is expected to replace initiating explosives. Firstly, based on fiber 
buckling theory, fiber-reinforced SMPC locking laminate was designed and analyzed, and the safe allowable area 
and damage modes were determined. Additionally, the deformation test of the locking laminate based on fiber 
fabric reinforced SMPC showed that there is two typical damage behavior: matrix cracking and interlayer 
delamination. For this reason, theoretical analysis was performed to reveal the damage mechanism and initial 
damage location. The results indicated that the fiber bundle width, arc radius, and thickness were the influencing 
factors of matrix cracking, while the center angle was the influencing factor of delamination. Finally, finite 
element analysis shows the validity of the theoretical analysis. This research has potent inspiration and reference 
significance for the design of SMPC-based smart structures.   

1. Introduction 

Shape memory polymers (SMPs) [1–3] are a class of smart materials 
that can transform from their original shape to a temporary shape 
through external stimulation (thermal stimulation, electrical stimula-
tion, magnetic stimulation, etc) [4–7]. The thermal-responsive SMPs 
exhibit different mechanical properties at different temperatures 
[8–10]. They are in a rubbery state with low modulus and high elon-
gation at break when the external temperature rises to the glass transi-
tion temperature (Tg) [11,12]. Hence, they can easily be endowed with 
complex shapes at this time. After the temperature drops, the material 
can maintain its temporary shape while regaining its original modulus 
and strength. However, adding a reinforcing phase can improve me-
chanical properties and broaden the application scope [12–15]. 

SMPC generally has large deformation problems during shape pro-
gramming. The large deformation bending behavior of SMPC has been 
preliminarily studied [16]. Francis et al. [17] used an energy method to 

develop a mechanical model of fiber buckling in a unidirectional 
fiber-reinforced SMPC and quantified the wavelength and amplitude of 
the fiber. Lan et al. [18,19] investigated the deformation behavior of 
fiber buckling during bending by taking into account the compressing 
and buckling area and discovered the fiber buckling fracture damage 
mode. Gall et al. [20] found out-of-buckling behavior during the 
deformation test of fabric-reinforced SMPC, and there are damage 
modes such as fiber buckling fracture and delamination. 

Shape memory polymer composites (SMPCs) have a wide range of 
applications in space locking and deployment mechanisms due to their 
excellent mechanical properties, low impact, and controllable defor-
mation capabilities [21,22]. Epaarachchi et al. [23] developed a 
deployable spatial habitat based on SMPC that could be programmed to 
have a nearly threefold smaller volume and almost recover to its original 
shape under vacuum conditions. Zhao et al. [24] used filament winding 
technology to create an SMPC-based large load-bearing separation de-
vice that had no impact during the release process. Leng et al. [25] 
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designed an SMPC-based locking laminate structure, which has been 
applied to an SMPC-based flexible solar array. The solar array was 
assembled to the SJ-20 Geosynchronous Satellite and launched into 
geosynchronous orbit with Long-March-5 Y3 Heavy Rocket, and the 
on-orbit locking and release functions were successfully demonstrated. 
Despite some progress in understanding the large deformation behavior 
of SMPC-based structures, a thorough study of the damage mechanisms 
and damage modes during large deformation of SMPC is still lacking. 
These perceptions are especially important for SMPC-based structure 
design and damage analysis. 

In this study, the structural and damage analysis of a programmable 
SMPC-based locking laminate with large deformation was carried out. 
Firstly, using fiber buckling theory, the structural analysis of the locking 
laminate based on unidirectional fiber-reinforced SMPC was performed. 
Two damage modes of matrix cracking and interlayer delamination were 
found during the deformation test of locking laminate based on fiber 
fabric-reinforced SMPC. The effects of these two damage states on shape 
memory performance were further investigated. Then, the damage 
mechanism, initial damage location and influencing factors were 
determined through the stress state analysis of the matrix in the inter-
layer and compression zones. Finally, the ABAQUS software was used to 
develop the structural model and representative volume element (RVE) 
model to simulate and verify the stress state of the matrix in the inter-
layer and compression zones. 

2. Structure analysis and fabrication 

2.1. Structure analysis 

A locking laminate based on fiber-reinforced SMPC was designed and 
analyzed in the study. The locking laminate is made up of three arc 
segments and two linear segments, with a Ω-shape cross-section (as 
shown in Fig. 1(a)). Thickness (t), linear segment (d), width (w), arc 
radius (r), and center angle (θ) were used to determine the geometric 
model. The arc segment design reduced the stress concentration during 
deformation and effectively increased the release stroke. The shape 
memory cycle of the locking laminate is shown in Fig. 1(b). 

The locking laminate based on unidirectional fiber-reinforced SMPC 
was analyzed by considering fiber buckling. When the unidirectional 
fiber-reinforced SMPC is bent at Tg, the shear modulus of the matrix in 
the compressing area is insufficient to resist transverse deformation of 
the fiber, and the fiber buckles (as shown in Fig. 2), according to the 
related literature [18,19]. The cross-section can be divided into three 
areas based on the stress state of the fiber (as shown in Fig. 2(c)), and the 
matrix and fiber deformation diagram in the X–Y plane is shown in Fig. 2 
(d) zcb and zns represent the critical buckling position and neutral surface 

position, respectively. 
When the fiber buckles, the geometric shape presents sinusoidal/ 

cosine waves, and the shape function of the buckling fiber is as follows: 

y=
2λ
π

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κ(zns − z)

√
cos
(πx

λ

)
(1)  

where λ denotes the half-wavelength of the buckling fiber, and κ denotes 
bending curvature. According to the deformation state analysis of the 
matrix and fiber, the matrix deformation includes the tensile and 
compression deformations in the X-direction, the shear deformations in 
the X–Y plane, and the Y-Z plane in the buckling region. The fiber 
deformation includes buckling, tensile and compression deformations. 
The stress of the matrix and fiber in the non-buckling region is expressed 
as follows: 

σmxx =Emεmxx =Emκ(z − zns) (2)  

σfxx =Ef εfxx =Ef κ(z − zns) (3)  

where Em and Ef represent the modulus of matrix and fiber, respectively. 
When z = t, the stress of the fiber reaches the maximum: 

σfxx,max =Ef κ(t − zns) (4) 

According to the equal strain assumption of the matrix and fiber, the 
shear stress τxy of the matrix is expressed as follows: 

τxy = − Gm
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κ(zns − z)

√
sin
(πx

λ

)
(5)  

where Gm denotes the shear modulus of the matrix. When z = 0, x = nλ/2 
(n = 0,1,2⋅⋅⋅⋅⋅⋅), the shear stress τxy reaches the maximum: 

τxy,max = 2Gm
̅̅̅̅̅̅̅̅
κzns

√
(6) 

The amplitude of the fiber in the Z-direction varies according to the 
shape function of the fiber, resulting in the shear stress of the matrix in 
the Y-Z plane. The matrix’s shear stress τyz is expressed as follows: 

τyz =Gmγyz =Gm
δy
δz

=
Gmκλ

π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κ(zns − z)

√ cos
(πx

λ

)
(7) 

When z = zcb, x = nλ (n = 0,1,2⋅⋅⋅⋅⋅⋅), the shear stress τyz reaches the 
maximum: 

τyz,max =
Gmκλ

π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
κ(zns − zcb)

√ (8) 

Although the stress state analysis of the matrix in the buckling area, 
the maximum stress occurs at z = 0 or z = zcb. When x = nλ/2 (n =
0,1,2⋅⋅⋅⋅⋅⋅), the maximum shear stress of the matrix at z = 0 is expressed 

Fig. 1. (a) Locking laminate model; (b) shape memory cycle of the locking laminate.  
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as follows: 

τz=0 ,max = 2Gm
̅̅̅̅̅̅̅̅
κzns

√
(9) 

When x = nλ (n = 0,1,2⋅⋅⋅⋅⋅⋅), the maximum shear stress of the matrix 
at z = zcb is described as follows: 

τz=zcb ,max =
Gmκλ
π
̅̅̅̅̅̅
2C

√ (10)  

where C = νmGm/(νmEm+νfEf). Buckling deformation is the fiber’s 
deformation mode in the buckling area. The curvature of the fiber can be 
expressed as follows: 

κf =
|y′′|

(1 + y′ 2
)

3
2
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(11)  

where A is the amplitude of the buckling fiber. The amplitude of the 
fiber is the maximum at z = 0. Simultaneously, when x = nλ (n =
0,1,2⋅⋅⋅⋅⋅⋅), the curvature reaches its maximum. As a result, the 
maximum stress of the fiber buckling is expressed as follows: 

σf ,max =Ef εf ,max =
Ef dAπ2

2λ2 (12)  

where d denotes the diameter of the fiber. According to the related 
research [18,19], when the SMPC is undamaged, the expression of the 
neutral surface position, critical buckling position and half-wavelength 
can be described as follows: 

zns = t −
C
κ
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zcb = zns −
2C
κ

(14)  
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(15)  

where νm and νf denote the volume content of the matrix and fiber, 
respectively. If denotes the cross-section moment of inertia of the fiber. 

The locking laminate transforms from an arc shape to a flat shape (as 
shown in Fig. 1(b)), which can be regarded as the reverse process of 
bending from a flat shape to an arc shape. Thus, the maximum neutral 
surface and critical buckling positions of the arc segment are expressed 
as follows: 
⎧
⎪⎪⎨

⎪⎪⎩

zns = t − rC

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
2t
rC

√

− 1

)

zcb = zns − 2rC

(16) 

Because the matrix and fiber are primarily subjected to shear and 
tensile stress at the dangerous points, the maximum shear stress and 
maximum tensile stress criterion were used to assess matrix and fiber 
damage. According to the stress analysis of the matrix and fiber, the 
matrix’s dangerous point is at the compressing and buckling surface (z 
= 0) and critical buckling surface (z = zcb), while the fiber’s dangerous 
point is at the maximum fiber buckling (z = 0) and the tensile surface (z 
= t). The stress of the matrix and fiber must be less than their respective 
strengths. As a result, the stress at the dangerous points must meet the 
following conditions: 

τz=0 ,max ≤ τs, τz=zcb ,max ≤ τs, σf，max ≤ σsf , σfxx ,max ≤ σsf (17)  

where τs represents the shear strength of the matrix, and σsf represents 
the tensile strength of the fiber. The maximum arc radius corresponding 
to the above stresses was used as the critical damage radius: 

rcf =max
{

rz=0 ,max, rz=zcb ,max, rf ,max, rfxx ,max

}
(18) 

Fig. 3 shows the critical relationship curve in the design between the 
arc radius and the thickness. The safe allowable arc and thickness areas 
are above the critical damage curves. The material parameters used in 
the study are shown in Table 1. The arc radius corresponding to critical 
damage moves upward as the thickness increases, indicating that the 
thickness is positively correlated with the arc radius of critical damage. 
At the same time, as the fiber volume content increases, so does the arc 
radius corresponding to critical damage. 

Theoretical analysis of the deformation of unidirectional fiber- 
reinforced SMPC has studied in previous works. However, the previ-
ous studies were mainly based on bending analysis without damage 
which are not suit for Ω-shape structure, and the theoretical analyses 
were rarely applied to the design and analysis of SMPC-based structures 

Fig. 2. Deformation diagram of the unidirectional fiber-reinforced SMPC: (a) X-Z view; (b) X–Y view; (c) cross-section subarea; (d) deformation diagram of matrix 
and fiber in the X–Y plane. 
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[18,26]. The present study further analyzed the damage mechanism and 
damage limit based on the previous study and applied it to the design 
and analysis of the Ω-shape locking laminate. This study can provide a 
reference for the design and analysis of SMPC-based structures. 

Table 2 lists the minimum allowable arc radius and corresponding 
damage modes for various fiber volume content and thickness. When the 
thickness is 1 mm and fiber volume content is 30%, the arc radius must 
be greater than 22.56 mm to ensure structural safe. The damage 
morphology under these three damage modes during unidirectional 
fiber-reinforced SMPC bending is shown in Fig. 4. 

2.2. Material fabrication 

Unidirectional fiber-reinforced and fabric-reinforced SMPC are 
commonly used in space deployable and lock release structures. The 
deployable structures based on unidirectional fiber-reinforced SMPC can 
be designed and analyzed using the fiber buckling model. However, 

fabric-reinforced SMPC lacks a deformation theoretical model to guide 
structural design and analysis. As a result, the structure based on fabric- 
reinforced SMPC can currently only be studied experimentally. This 
study began with an experiment to determine the damage locations and 
damage modes, followed by theoretical analysis to determine the initial 
damage location and damage mechanism, and finally the influencing 
factors. 

The shape memory resin adopted in this study was developed by 
Leng’s group [27]. Toray T300-3 k carbon fiber twill was used for 
reinforcement. The number of fiber laying layers was 4, with a 45◦ layup 
direction and a 30% fiber volume content. The compression molding 
technique (CMT) was adopted to control the fiber volume content. The 
dimensions of the parameters are as follows: t = 1.5 mm, R = 4.39 mm, d 
= 5 mm, Ls = 10 mm, w = 21 mm, θ = 90◦. 

3. Experimental 

3.1. Dynamic mechanical analysis 

The locking laminate is a kind of thermal-responsive SMPC that ex-
hibits various mechanical properties at different temperatures. The dy-
namic thermodynamic properties of shape memory materials were 
evaluated using dynamic mechanical analysis (DMA). Since the defor-
mation mode of the locking laminate was mainly bending, the three- 
point bending mode was adopted in this study. The specimen di-
mensions were 13.94 mm × 6.00 mm × 1.98 mm. The temperature 
range was 20–200 ◦C with a heating rate of 3 ◦C/min, and the loading 
frequency was 1 Hz. 

3.2. Deformation and damage observation 

The damage morphology of the locking laminate was observed by the 
deformation test. The deformation test was completed using a 
compression testing machine equipped with a temperature chamber. 
During a deformation cycle, the damage location and morphology of the 
locking laminate were observed. Following that, multiple deformation 
cycles were performed to observe the delamination’s propagation. 

3.3. Recovery performance test 

Multiple recovery performance tests were performed on the locking 
laminate to investigate the effect of damage on recovery performance. 
The recovery ratio can be described as Eq. (19). Where LR denotes the 
length after recovery. The locking laminate was recovered in a tem-
perature chamber of 150 ◦C. During the test, one end was fixed while the 
other could freely recover. In addition, in order to demonstrate its 
locking and releasing process, the locking laminate was equipped with a 
locking mechanism to test its recovery performance. The locking lami-
nate was provided thermal stimulation by pasting a heating film on the 
surface, and the heating film power was 4.2 W. 

Rf =
LT − LR

LT − Lo
× 100% (19)  

4. Results and discussion 

4.1. Dynamic mechanical properties 

The variation of the storage modulus and Tan δ of the materials with 
temperature is shown in Fig. 5. As the temperature rose, the storage 
modulus of the material decreased gradually. This is due to the gradual 
activity of the molecular chains within the epoxy resin and the gradual 
transition of the material from the glassy state to the rubbery state. The 
material softens and the modulus gradually decreases in macroscopic 
appearance. The Tg of SMP and SMPC were 150 ◦C and 123 ◦C, 
respectively. The modulus of SMP and SMPC at 150 ◦C was 35.4 times 

Fig. 3. Critical relation curve between arc radius and the thickness during the 
structural design. 

Table 1 
Material parameters of matrix and carbon fiber.  

Material Tensile 
modulus 
(MPa) 

Shear 
modulus 
(MPa) 

Poisson’s 
ratio 

Shear 
strength 
(MPa) 

Tensile 
strength 
(MPa) 

Resin 
(Tg) 

32 11 0.45 7.8 8.2 

fiber 230,000 – 0.3 – 3530  

Table 2 
Minimum allowable arc radius and corresponding damage modes under 
different fiber volume content and thickness.  

Thickness 
(mm) 

Minimum arc radius (mm) (damage mode) 

fiber volume 
content (5%) 

fiber volume content 
(15%) 

fiber volume content 
(30%) 

1 7.52 (fiber 
buckling fracture) 

15.04 
(Delamination) 

22.56 
(Delamination) 

2 15.25 (Matrix 
cracking) 

21.30 
(Delamination) 

25.92 
(Delamination) 

3 29.43 (Matrix 
cracking) 

41.13 
(Delamination) 

50.85 
(Delamination) 

4 30.08 (Matrix 
cracking) 

31.66 (Matrix 
cracking) 

67.53 
(Delamination)  
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and 65.6 times that of at 25 ◦C, respectively. As a result, it can easily be 
endowed with a complex shape at Tg. 

4.2. Damage observation and analysis 

Two morphological damage modes occurred in the locking laminate 

during the deformation process. Fig. 6 shows the surface morphology of 
the locking laminate in the compressing zone and interlaminar. The 
matrix cracking occurred in the compressing zone at the intersection of 
the fiber bundles. The preliminary analysis may be due to the torsional 
deformation of the fiber bundle laid at ±45◦ under the compressive 
load, which leads to matrix shear deformation. The delamination dam-
age was discovered on the surface morphology of the locking laminate. 
This is due to the fact that when the SMPC is bent, interlaminar shear 
deformation causes delamination. The damage mechanism and initial 
damage location would be revealed through theoretical analysis in the 
fifth section. Fig. 7 presents the morphology in the thickness direction 
after undergoing 0, 1, 3, and 5 deformation cycles. Delamination cracks 
grew gradually as deformation times increased. 

In the previous study on fabric-reinforced SMPCs, only matrix 
cracking damage was observed [20]. When comparing our results to the 
previous study, it must be pointed out the reason of lack of delamination 
damage is that the previous fabric-reinforced SMPC was very thin and 
the number of layers of fiber fabric was single layer. In this work, the 
four-layer fabric reinforced SMPC was selected and then the interlayer 
delamination damage was also observed under bending. The damage 
mechanism of fiber fabric-reinforced SMPC can be further understood 
through the following theoretical analysis. These findings have some 
guiding significance for our deformation analysis and structural design 
for some fabric-reinforced SMPC structures. 

Fig. 4. Damage morphologies of the unidirectional fiber-reinforced SMPC during bending: (a) fiber buckling fracture; (b) matrix cracking; (c) delamination.  

Fig. 5. DMA test curve of shape memory material.  

Fig. 6. Surface morphology of the locking laminate: (a) surface morphology of the compression zone; (b) surface morphology of the interlamination.  
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4.3. Recovery performance 

The initial recovery process of the locking laminate is shown in Fig. 8 
(a). The locking laminate could be recovered within 120 s. Fig. 8(b) 
shows the recovery ratio of the first 10 times of the locking laminate. 
According to the data, the initial recovery ratio could reach 97%. As the 
deformation times increased, the internal damage became more severe, 
and the recovery ratio decreased. After 10 times deformations, the re-
covery ratio could still be maintained above 90%. The damage had no 
negative impact on the recovery performance. This is because the in-
ternal damage was at the physical level and had no effect on shape 
memory performance. 

Fig. 9 shows the recovery process of the SMPC-based locking lami-
nate installed on the locking mechanism. The locking laminate and the 
locking part were installed together in the locked state, and the structure 
was locked by axial positioning and axial force. When the release is 
required, the material slowly recovers to its original shape upon 
reheating, which drives the axial recovery of the locking mechanism to 
realize the release of the structure. The locking mechanism can complete 
the release action in 180 s. Notably, the SMPC-based locking laminate 
designed based on the theoretical analysis in this study has successfully 
achieved in-orbit locking and release of the flexible solar array system 
for the first time in the world [25]. The SMPC-based locking laminate 
has the advantages of light-weight, large deformation, and low impact, 
which will become a suitable candidate for the locking device of the 
small satellite. In the future, the SMPC-based locking mechanism will 
provide new ideas and methods for the design of space locking-releasing 
mechanisms. 

5. Theoretical analysis 

During the deformation process of a locking laminate based on fiber 
fabric-reinforced SMPC, two damage modes were observed: interlayer 

delamination and matrix cracking. The stress state of the two damage 
locations was theoretically analyzed based on experimental evidence. 
Fig. 10 shows the deformation analysis diagram of a 1/2 cross-section of 
locking laminate. The shaded area represents the carbon fiber layer, the 
white area is the matrix, and the black area is the matrix’s micro- 
element body. As we all know, the resin is in a rubbery state during 
the deformation process, and its stiffness is much lower than that of the 
fiber. Because the deformation of the straight section is very small, it is 
assumed that the shear strain of the straight section is negligible. 
Comparing the matrix deformation, it was discovered that the micro- 
element body of the interlayer matrix changed from square to dia-
mond, indicating shear deformation in the interlayer matrix. 

The geometric relationship (as shown in Eq. (20)) before and after 
the deformation of the micro-element body can be used to calculate the 
shear strain expression of the interlayer matrix (as shown in Eq. (21)). 

tan γ =
ψ(R + h) − ψR

h
=ψ (20)  

γ = arctan ψ (21) 

When θ reaches the maximum value, the corresponding shear strain 
reaches the maximum value. 

γmax = arctan θ (22) 

The release stroke of the locking laminate must be considered to 
realize the release function of the locking laminate. The release stroke 
can be expressed as follows: 

△L= 4(θ − sin θ)r (23) 

To obtain the variation of the release stroke with the central angle, 
let r = 1, and the expression can be changed to: 

△L= 4(θ − sin θ) (24) 

Fig. 7. Morphology in the thickness direction after 0, 1, 3, and 5 thermomechanical cycles.  

Fig. 8. Recovery performance of the locking laminate (a) initial recovery process; (b) recovery ratio.  
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Fig. 11 shows the variation of the maximum shear strain and release 
stroke with the central angle. The increasing rate of the maximum 
interlaminar shear strain decreases as the central angle increases, while 
the increasing rate of the release stroke increases. The interlayer shear 
stress and release stroke can be changed during structural design by 
adjusting the central angle. The angle change of the micro element is 
consistent with the center angle. The maximum interlayer shear strain in 
this study is 1.004 without considering the damage. The results 
demonstrated that the shear deformation of the interlayer matrix is the 
damage mechanism of interlayer delamination, that the initial damage 
location occurs at the arc transition position, and that the central angle is 

the damage influence factor. 
Then, the matrix stress state in the compressing region was analyzed. 

The carbon fiber twill in the locking laminate was laid at an angle of 
±45◦. When the locking laminate was bent, the cross-section was 
divided into compressing region and stretching region. Because the fiber 
bundle was wavy (as shown in Fig. 12(a)), it was gradually straightened 
in the tensile zone, increasing the tensile region’s bending stiffness. As a 
result, the neutral surface position would shift to the tensile surface, and 
the compressing region would experience greater strain than the 
stretching region. Fig. 12(b) and c are the stress analysis of the fiber 
overlap in the compressing region. Because the matrix stiffness was 
much lower than the fiber stiffness, relative torsion between the upper 
and lower fiber bundles occurred frequently during compression 
deformation (as shown in Fig. 12(d), causing matrix shear in the over-
lapping part. 

When relative torsion occurs between the fiber bundles, the stress 
function [28] of the matrix where the fiber bundles overlap can be 
expressed as follows. 

φ=GmK

⎡

⎢
⎣

b2

4
− y2 −

8b2

π3

∑∞

m=1,3,5⋅⋅⋅

(− 1)
m− 1

2 cosh mπx
b cos mπy

b

m3 cosh mπ
2

⎤

⎥
⎦ (25)  

where φ denotes the stress function, Gm denotes the shear modulus of the 
matrix, K denotes the relative rotation angle per unit length and b de-
notes the side length. According to the membrane analogy [29], the 
maximum shear stress occurs at the midpoint of the square side. The 
shear stress reaches the maximum when x = 0 and y = -b/2. 

τmax =
∂φ
∂y

|x=0,y=b
2
=GmKb

⎡

⎢
⎣1 −

8
π2

∑∞

m=1,3,5⋅⋅⋅

1
m2 cosh mπ

2

⎤

⎥
⎦ (26) 

Eq. (26) shows that the matrix shear stress is positively correlated 
with the side length of the overlapping fiber bundle and the relative 
rotation angle between the fiber bundles. Because the side length of the 
overlapping area of the fiber bundle is consistent with the width of the 
fiber bundle, a narrow fiber bundle can reduce the shear stress of the 
matrix. At the same time, the relative rotation angle of the fiber bundles 
is positively correlated with the compressive strain, which is positively 
correlated with the thickness and negatively correlated with the arc 
radius. As a result, by adjusting the arc radius and thickness, shear stress 
can be reduced. Theoretical analysis reveals that the torsional defor-
mation of the matrix in the middle of the fiber bundles is the damage 
mechanism of matrix cracking, and the maximum shear strain occurs in 
the middle of the fiber bundle edge in the overlapping area. The main 
influencing factors of matrix cracking are fiber bundle width, arc radius, 
and thickness. 

6. Finite element analysis 

The delamination damage and stress state of the locking laminate 
were analyzed using ABAQUS software to validate the theoretical 
analysis and experimental results. The finite element model of the 

Fig. 9. Recovery process of the locking laminate in the locking mechanism.  

Fig. 10. Deformation analysis diagram of 1/2 cross-section of locking laminate.  

Fig. 11. Variation of the maximum shear strain and release stroke with the 
central angle. 
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locking laminate is shown in Fig. 13(a). The material parameters used in 
the model are listed in Table 3. The model consists of 4 composite ma-
terial layers and 3 cohesive element layers, each with a thickness of 0.4 
mm and 0.01 mm. In the simulation, the upper and lower pressure plates 
were set as rigid bodies, and the load was controlled by displacement. In 
this study, the quadratic stress initiation criterion was used to predict 
the damage initiation, and the cohesive zone model was used to simulate 
delamination damage. 

The RVE of the single-layer composite was determined to simulate 
the matrix stress state in the compression zone (as shown in Fig. 13(b)). 
The fiber bundles were defined as having an elliptical shape. The fiber 
bundles’ long axis distance was 1.6 mm, their short axis distance was 
0.15 mm, and their spacing was 0.3 mm. 

Fig. 14 shows the progressive damage of the middle cohesive 
element layer at different compression displacements. The results show 
that the initial damage location occurred in the arc transition section, 
which is consistent with the theoretical calculation results. When the 
compression displacement reached 8.94 mm, the cohesive element of 
the interlayer began to damage at the arc transition position. The 
damage increased as the compression displacement increased. Fig. 15(a) 
shows the simulation and theoretical results of interlaminar shear strain 
without considering delamination damage. The simulation result agreed 
well with the theoretical result. The interlayer shear stress was greatest 
at the arc transition position, which corresponded to the initial damage 
location. Fig. 15(b) shows the shear strain curve of the matrix at the fiber 
bundle overlap (selected area in the figure) in RVE. In the absence of 

damage, the matrix shear stress was greatest at the midpoint of the fiber 
bundle edge, gradually decreasing on both sides and eventually 
approaching zero, as predicted by the theoretical analysis. In addition, 
due to the potential limitations of ABAQUS software, we are unable to 
provide more comprehensive results. However, some available papers 
can be referenced to supplement our findings, such as the works of 
Pineda et al. (2021) [30] and Carrera et al. (2020) [31], who utilized 
NASMAT and CUF software to conduct multi-scale and micromechanical 
analyses of structures. In future study, we will combine multiple finite 
element software to thoroughly analyze the deformation process of 
SMPC-based structures. 

The influence of structural parameters is further investigated under 
two stress states without damage. In this study, the influence of 
parameter variations on the two stress states of the interlaminar and 
compression region was investigated by varying the central angle of the 

Fig. 12. Stress analysis on the compressing zone of the locking laminate.  

Fig. 13. Finite element model: (a) locking laminate model; (b) RVE model of the single-layer composite.  

Table 3 
The material parameters at Tg used in the locking laminate model.  

Composite 
layer 

E11 = E22 E33 ν12 ν23 =

ν13 

G12 G23 =

G13 

213.2 
MPa 

50.6 
MPa 

0.43 0.32 17.1 
MPa 

36.2 
MPa 

Cohesive 
layer 

Kn Ks = Kt t0 n t0 s =
t0 t 

Gn Gs = Gt 

3200 N/ 
mm3 

3200 N/ 
mm3 

1.2 
MPa 

1.2 
MPa 

0.63 N/ 
mm 

0.12 N/ 
mm  
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circular segment of the locking laminate and the fiber bundle width 
inside the RVE. Table 4 shows the maximum interlaminar shear stress 
for each center angle. With the increase of the center angle, the 
maximum interlaminar shear stress gradually increased. Considering the 
assumption of the linear segment of the structure in the theoretical 
analysis, the relative error was within a reasonable range, and the 
simulation results were in good agreement with the theoretical results. 
Table 5 gives the maximum matrix shear stress along the edge of the 
fiber bundle with different width. It can be noted that the maximum 
matrix shear stress was positively correlated with the fiber bundle 
width, which also validated the conclusion given in Eq. (26). Due to the 
complexity of the matrix stress state in the compression region, detailed 
comparative analysis via the analytical solution proved difficult. 

7. Conclusions 

In this study, the structural and damage analysis of the SMPC-based 
locking laminate was investigated. The SMPC-based locking laminate 
designed based on the theoretical analysis has successfully achieved in- 
orbit locking and release of the flexible solar array system. Several 
conclusions are summarized below.  

a) The fiber buckling theory was applied to the structural analysis of the 
locking laminate based on unidirectional fiber-reinforced SMPC, and 
the safe allowable area of arc radius and thickness was quantified for 
different fiber volume contents. During the deformation process, 
there are three major damage modes: delamination, matrix cracking, 
and fiber buckling fracture.  

b) Delamination and matrix cracking are two common damage modes 
in locking laminates based on fiber fabric-reinforced SMPC. 
Furthermore, neither of the two damage modes resulted in irre-
versible damage to the shape memory performance. The recovery 
ratio could still be higher than 90% even after ten times of 
deformation.  

c) The shear deformation of the interlaminar matrix was the damage 
mechanism of interlaminar delamination of a locking laminate based 
on fabric-reinforced SMPC. The central angle was the influencing 
factor of delamination. The matrix shear deformation at the overlap 
of fiber bundles was the matrix cracking damage mechanism. The 
fiber bundle width, arc radius and thickness were the influencing 
factors of the matrix cracking. 
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Stäben. Ludwig Prandtl Gesammelte Abhandlungen: Springer; 1961. p. 79–80. 

[30] Pineda EJ, Ricks TM, Bednarcyk BA, Arnold SM. Benchmarking and performance of 
the NASA multiscale analysis tool. AIAA scitech 2021 forum. 2021. p. 1351. 

[31] Carrera E, Petrolo M, Nagaraj M, Delicata M. Evaluation of the influence of voids 
on 3D representative volume elements of fiber-reinforced polymer composites 
using CUF micromechanics. Compos Struct 2020;254:112833. 

Z. Liu et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S1359-8368(23)00258-5/sref1
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref1
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref1
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref1
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref2
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref2
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref3
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref3
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref4
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref4
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref4
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref4
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref5
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref6
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref6
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref7
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref7
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref7
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref8
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref8
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref8
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref9
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref9
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref9
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref10
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref10
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref10
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref11
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref11
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref12
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref12
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref12
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref13
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref13
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref14
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref14
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref15
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref15
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref15
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref15
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref16
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref16
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref17
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref17
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref17
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref17
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref18
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref18
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref18
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref19
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref19
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref19
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref20
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref20
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref21
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref21
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref22
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref22
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref23
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref23
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref23
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref24
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref24
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref25
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref25
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref25
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref26
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref26
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref26
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref27
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref27
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref28
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref28
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref29
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref29
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref30
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref30
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref31
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref31
http://refhub.elsevier.com/S1359-8368(23)00258-5/sref31

	Structural and damage analysis of a programmable shape memory locking laminate with large deformation
	1 Introduction
	2 Structure analysis and fabrication
	2.1 Structure analysis
	2.2 Material fabrication

	3 Experimental
	3.1 Dynamic mechanical analysis
	3.2 Deformation and damage observation
	3.3 Recovery performance test

	4 Results and discussion
	4.1 Dynamic mechanical properties
	4.2 Damage observation and analysis
	4.3 Recovery performance

	5 Theoretical analysis
	6 Finite element analysis
	7 Conclusions
	Author statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


