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A B S T R A C T

Shape memory hydrogels(SMHs) are a kind of novel shape memory soft materials. Although SMHs constitutive
models have been developed, explorations about deformation laws of SMH structures are inadequate. As a kind
of representative structure, a SMH ribbed sheet can deform to a circle due to stretch-trigged bend effect and
its deformed configuration can be fixed due to shape memory effect. To date, deformation laws of SMH ribbed
sheet are still unclear, which is not conducive to SMHs application. In this work, the mechanical behavior of
SMH ribbed sheet is investigated through theoretical analysis and finite element simulation. The curvature-
strain relationship is deduced for multi-materials and trapezium rib ribbed sheets. Then we demonstrated
constraint swelling, uniaxial tension, and shape memory cycle of SMH ribbed sheet through finite element
simulation based on our previously established constitutive model. Theoretical predictions and simulation
outputs are compared and they are in agreement with each other. This work clarifies the deformation laws of
the SMH ribbed sheet and could give guidance for SMHs structure design.

1. Introduction

Structures based on soft materials are ubiquitous in both nature
and life, such as convoluted brain [1], natural leaves [2], eukaryotic
flagella [3], metamaterials [4,5], soft machines [6,7] and so on. Much
effort has been devoted to study the performances of soft material
structures under tension, compression, bend, and twist [8–11]. Thanks
to the flexibility and stretchability of soft materials, it is easier for their
structures to achieve two or more deformation modes at the same time,
which will lead to plentiful functionality. Huang et al. [3] reported
flagellated soft micromachines, where the configurations of flagellated
can be helical, spiral and planar. Frenzel et al. [12] presented a kind of
three-dimensional mechanical metamaterials with compression-trigged
twist. Yu et al. [13] investigated the influence of anisotropic material
properties on shape formation and transition in helical ribbons, where
ribbons can bend and twist through changing rib angles. Xin el at. in-
troduced a kind of pixel mechanical metamaterials, which can achieve
tension-twist [14]. Under external stimuli, some sheet configurations
can be transformed from 2D to 3D due to internal stress [15,16].
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As a kind of coupled deformation mode, some studies focus on the
stretch-trigged bend effect and elucidate its mechanical mechanisms.
For membrane, stretch-trigged bend phenomenons may be observed in
some cases. Membrane will bend due to transverse shrinking during
tension and the bend configuration can vanish under excess stretch-
ing [17–20]. An annular membrane will bend due to the necking effect
under tension when its two ends are fixed [21]. Contrary to common
sense, localized bulging will occur in a stretched gel tube due to surface
tension [22,23]. In addition to membrane, 3D soft structures can also
achieve a stretch-trigged bend effect [24]. They found that a ribbed
sheet will bend during tension and the curvature is linearly increasing
with stretch strain.

The above discussions focus on conventional soft materials. Struc-
tures based on shape memory soft materials are attractive since in
addition to retaining the characteristics of structures based on soft
materials, they present shape programmability due to shape memory
effect. Shape memory soft materials may comprise shape memory
polymers(SMPs) and shape memory hydrogels(SMHs). Compared with
SMPs, shape memory mechanisms of SMHs are more complex, such as
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thermo-aqueous coupling shape memory behaviors [25]. Shape mem-
ory hydrogel is a newly fashionable kind of hydrogel with shape
memory effect [26–30], which can fix temporary shape and recover
into its initial shape through stimuli-sensitivity dynamic bonds [31,32].
Recently, the mechanisms and performances of SMHs were investigated
from various perspectives due to their potential applications in drug
release, soft actuator and biomedical functions [31,33–36]. Chen et al.
synthesized a kind of SMH through a facile physical mixing method and
this SMH is tough and has excellent shape memory properties [37].
Wang et al. studied the adhesion properties of the double gel layers
with shape memory effect, which can achieve rapid shape deformation
and recovery, and tough adhesion [38]. Yin et al. designed reinforced
gradient hydrogel structures with a rapid water-triggered shape mem-
ory effect [39]. In addition, 3D or 4D printing technologies of SMHs
are developed rapidly [40–42] and SMHs can be utilized to achieve
information encryption [43]. These studies are involved in various
SMHs structures. Combining any functional structures and shape mem-
ory effect, structures fabricated by SMHs can achieve predetermined
configuration switching to implement plentiful functions.

Although many SMH material systems are synthesized, exploration
of SMH deformation mechanism is still at the very beginning. Adopt-
ing the macroscopic method, Chen et al. and Xue et al. developed
shape memory hydrogel constitutive models for temperature and water-
triggered shape memory effect, respectively [44,45]. In our previous
works, we developed a micro-macroscopic constitutive model based on
the transient network theory and simulated uniaxial tension and bend
behaviors of basic structures [25]. These existing constitutive models
focus on SMHs material properties. Research about deformation laws
of SMH ribbed sheets is very few. In this work, we investigated the
stretch-trigged bend effect of SMH ribbed sheet and clarified its de-
formation mechanisms through theoretical analysis and finite element
simulation. On the one hand, we proposed mechanical theories for
multi-materials ribbed sheet and trapezium rib. On the other hand,
we demonstrated uniaxial tension and shape memory cycle of SMH
ribbed sheet through finite element simulation based on our proposed
constitutive model [25]. These results develop the theory of SMHs
structure and can provide useful guidance for SMH applications in the
fields of biomedical and soft actuator.

The structure of this paper is as follows. Our SMH constitutive
model is briefly reviewed in Section 2. Mechanical deformation laws
of SMHs ribbed sheet are revealed in Section 3, where we focus on
membrane bend configuration. Section 4 presents deformed law of rib
shapes and how rib and membrane curvature are affected by each
other. Section 5 is a summary.

2. Constitutive model

2.1. Constitutive model of double network shape memory hydrogels

Double network strategy that the network structure of hydrogels
contains two networks, one is the permanent network and the other
is the transient network, is often introduced to endow hydrogels with
shape memory effect [40,46]. A micro-macroscopic constitutive model
of shape memory hydrogels is developed by our group for double
network SMHs and the model is verified through experimental mea-
surements [25]. Herein, we briefly review our SMHs model. The de-
formation gradient 𝐅 is introduced to track SMH deforming from the
reference configuration to the current configuration. We assume that
the network is incompressible and the volume change is denoted by
𝐽 : 𝐽 = det 𝐅. The left Cauchy Green deformation tensor is defined as
𝐁 = 𝐅𝐅T. By defining the free energy of SMHs as the network stretch
term and the mixture term and after some derivations, the Cauchy stress
is obtained as
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where 𝐈 represents the second order identity tensor, �̆� = 𝝈∕(𝑘𝑏𝑇 ∕𝛺),
𝑘𝑏 is the Boltzmann constant, 𝜒 denotes the Flory–Huggins interaction
parameter, 𝑇 is the absolute temperature, 𝛺 represents the volume
of a water molecule, 𝜇 is the chemical potential, 𝑁𝐼 , 𝑁𝐼 𝐼 denote
the cross-linked chain densities for the permanent network and the
temporary network, respectively. 𝐽0 is free swelling volume ratio before
mechanical deformation. Since the meaning of the logarithmic function
ln
(

𝐽−1
𝐽

)

at 𝐽 = 1 is lacking, 𝐽0 is introduced to ensure the feasibility
of numerical calculations. In addition to this reason, from the view
of experiment, synthetic SMHs already contain some water molecules
and it is difficult to remove all of them. The first and third terms on
the right-hand side of Eq. (1) represent the stress of single network
hydrogels. The second term denotes the stress contribution of the
temporary network and its deformation tensor is obtained from a theory
of transient network [47], namely

𝝇 = 𝐅
(

𝐂−1(𝑇0)𝑒−�̄�𝑑 (𝑇−𝑇0) + �̄�𝑑 ∫
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𝑒−�̄�𝑑 (𝑇−𝛬)𝐂−1(𝛬)𝑑 𝛬

)

𝐅T, (2)

where �̄�𝑑 is the frequency factor for bond dissociation and 𝑇0 denotes
the initial temperature. This equation can capture temporary network
structure evolution during the thermal–mechanical shape memory ef-
fect.

2.2. Free swelling of the cube

Finite element simulations of free swelling of a cube are carried out.
The geometry sizes of the cube were 5 mm × 5 mm × 5 mm and 1000
C3D20R meshes were used to disperse SMH. Under the condition �̆� = 0,
the chemical potential can be derived from Eq. (1) as
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,
(3)

where �̄� = 𝜇∕𝑘𝑏𝑇 . The chain density of the temporary network 𝑁𝐼 𝐼 as
a function of temperature and 𝑁𝐼 is defined as

𝑁𝐼 𝐼 = 𝑓 (𝑇 )𝑅𝐸𝑁𝐼 , (4)

where 𝑅𝐸 is the total modulus ratio between the permanent and
temporary networks, we took 𝑅𝐸 = 10,100 and 1000, respectively.
The temperatures adopted in this simulation are 283 K and 343 K, and
the function 𝑓 (𝑇 ) reflects the normalized cross-linking density of the
temporary network and herein its values are assumed as 𝑓 (283K) = 0
and 𝑓 (343K) = 1, respectively, which conforms to experiment observa-
tions of the Acrylamide(AAm)-Methylcellulose(MC) hydrogel where the
temporary network does not cross-link at 283 K and almost completely
aggregated at 343 K [25,28]. In this free swelling process, the free
chains cross-link to form the temporary network before the deformation
process, and then 𝝇 = 𝐁. We assume that volume expansion is homo-
geneous, then the form of the chemical potential does not affect the
results and we chose �̄� = �̄�0 exp(−𝑡∕100.0). One static-general step was
created and 𝑡 is the step time. The chemical potential was introduced
into all elements and all mechanical freedoms of one vertex of the cube
were constrained. The parameters utilized in these simulations were
𝐽0 = 1.03, 𝑁𝐼𝛺 = 0.001, 𝜒 = 0.3, and �̄�0 = −2.28244.

To validate the finite element simulation, the theoretical results
from Eq. (3) are also presented. Fig. 1 shows the results from FE
simulation and theory, they agree with each other. The volume of SMHs
expands with the ranging of the chemical potential for all 𝑅𝐸 . The shear
modulus affects the swelling process, namely, 𝐽 decreases with 𝑅𝐸 .
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Fig. 1. Theoretical results and simulation outputs of SMHs at various modulus ratios
during free swelling (𝑓 (283K) = 0 and 𝑓 (343K) = 1).

3. Mechanics of the ribbed sheet

3.1. Stretch-triggered bend effect

In this section, we carry out uniaxial tension performances of SMHs
ribbed sheet through theoretical analysis and finite element simulation.
The main deformation feature of the ribbed sheet illustrated in Fig. 2(a)
is stretch-triggered bend [24]. The effect law of the geometry size and
material properties on deformed configuration is clarified. Figs. 2(b)
and 2(c) present schematics of the angle and height of rib variation,
respectively. We can obtain

(

𝑅 − 𝛥𝑦
)2 + 𝛥2𝑧 = 𝑅2 from the geometric

relationship of the ribbed sheet illustrated in Fig. 2(d), where 𝑅 denotes
the sheet radius and 𝛥𝑦, 𝛥𝑧 are location distances along 𝑌 , 𝑍 directions,
respectively. Then the curvature is derived as

𝜅 = 1
𝑅

=
2𝛥𝑦

𝛥2𝑦 + 𝛥2𝑧
. (5)

Considering a representative unit and following the theory of [24]
under 𝜃 = 0 and 𝐻2 = 𝐻1, the deformations of the membrane and the
rib are
𝜀𝑥𝑥 = 𝜀, 𝜎𝑦𝑦 = 0, 𝜀𝑧𝑧 = 𝜅 𝑦 + 𝜀𝑀 ,
𝜀𝑥𝑥 = 0, 𝜎𝑦𝑦 = 0, 𝜀𝑧𝑧 = 𝜅 𝑦 + 𝜀𝑀 ,

(6)

respectively, where 𝜀 denotes the uniaxial tension strain and 𝜀𝑀 rep-
resents the mid-plane strain of the membrane. Considering the Hookes
constitutive model and ignoring the shear strains, the strain energy as
a function of strain components is written as

𝜐 = 𝐸
2(1 + 𝜈)

[ 𝜈
1 − 2𝜈

(

𝜀𝑥𝑥 + 𝜀𝑦𝑦 + 𝜀𝑧𝑧
)2 + 𝜀2𝑥𝑥 + 𝜀

2
𝑦𝑦 + 𝜀

2
𝑧𝑧

]

, (7)

where 𝐸 , 𝜈 are the elastic modulus and the Poisson’s ratio, respectively.
We consider a general case that a ribbed sheet is composed of two
materials, namely the membrane is shape memory hydrogel and the
rib is rubbery. According to Eq. (1), shape memory hydrogels can
be treated as Hookean materials with water molecule permeation.
Combining the first line of Eq. (6) and (7), the elastic energy 𝑊𝑚 stored
in the representative unit membrane is deduced as

𝑊𝑚 = ∭ 𝜐𝑚𝑑 𝑉 = 1
2
𝐸𝑚

(

𝐿𝐻 + 𝐿𝑆
)

𝐵

(1 − 𝜈2𝑚)

×
[

𝐻3 𝜅2

12
+𝐻

(

𝜀2 + 2𝜈𝑚𝜀𝑀𝜀 + 𝜀2𝑀
)

]

,
(8)

Table 1
Geometrical parameters in basic finite element simulation.
𝐿 𝐵 𝐻 𝐻1 𝐻2 𝐿𝐻 𝐿𝑆 𝜃

1.8 mm 8 mm 0.4 mm 0.6 mm 0.6 mm 0.3 mm 0.3 mm 0

Table 2
Constitutive model parameters in basic finite element simulation.
𝑁𝐼𝛺 𝑁𝐼 𝐼𝛺 𝐽0 𝜒 �̄� 𝑇0 �̄�𝑑
0.001 0.0 2.0 0.3 −0.118 283 K 0.0001 K−1

where subscript 𝑚 denotes the membrane. The elastic energy 𝑊𝑟 stored
in the unit representative rib is likewise written as

𝑊𝑟 = ∭ 𝜐𝑟𝑑 𝑉 = 1
2
𝐸𝑟𝐿𝑆𝐵
(1 − 𝜈2𝑟 )

[

𝐻3
1
𝜅2

12
+𝐻1

(

𝜀𝑀 + 𝜅
𝐻1 +𝐻

2

)2
]

, (9)

where 𝑚 denotes the rib. As 𝜀 is fixed, the curvature 𝜅 can be obtained
by minimizing the total elastic energy 𝑊𝑡𝑜𝑡𝑎𝑙 = 𝑊𝑚 +𝑊𝑟 with respect to
𝜅 and 𝜀𝑀 , namely

𝜅 =
6𝐻 𝜙𝐻1

(

𝐻1 +𝐻
)

𝜓−1𝐻4 + 4𝜙𝐻1𝐻3 + 6𝜙𝐻2
1𝐻

2 + 4𝜙𝐻3
1𝐻 + 𝜓 𝜙2𝐻4

1

𝜈 𝜀, (10)

where 𝜙 = 𝐿𝑆∕(𝐿𝐻 + 𝐿𝑆 ) and 𝜓 = 𝐸𝑟∕𝐸𝑚. Both shape memory
hydrogel and rubbery are considered incompressible, so we have 𝜈𝑚 =
𝜈𝑟 = 𝜈. According to Eq. (10), the curvature is linearly increasing with
uniaxial tension strain even if the rib and sheet are of two types of
materials. When 𝜓 = 1, which means that the membrane and rib are
the same materials or two different materials with the same mechanical
properties, Eq. (10) is simplified as the result of [24]

𝜅 =
6𝐻 𝜙𝐻1

(

𝐻1 +𝐻
)

𝐻4 + 4𝜙𝐻1𝐻3 + 6𝜙𝐻2
1𝐻

2 + 4𝜙𝐻3
1𝐻 + 𝜙2𝐻4

1

𝜈 𝜀. (11)

We demonstrate FE simulation of SMHs ribbed sheet under uni-
axial tension. Effects of main geometry and material parameters on
ribbed sheet configuration are clarified, and FE results are compared
with Eq. (10). We first simulate a basic example and then carry out
parameter studies. SMH ribbed sheet is a periodic structure composed
of membrane and rib and herein the number of periodic structures is
three. Geometry parameters and constitutive model parameters utilized
in the basic FE model are listed in Tables 1 and 2, respectively. In
addition, in this basic FE example, we take both membrane and rib
are SMHs, consequently 𝜓 = 1.

Three representative units were chosen and only half of the model
was created due to geometric symmetry along the 𝑍-direction. 𝑋-
direction degree of the left end was fixed, the right end was stretched
along 𝑋 direction, the chemical potential of all locations of ribbed sheet
was �̄� and the temperature was 283 K. 5040 C3D20R elements were
used for discretizing the ribbed sheet. Fig. 3 illustrates snapshots of
SMH ribbed sheet during stretch. The ribbed sheet bends during stretch
and the curvature increases with uniaxial tension strain. The deformed
configurations of membrane along the 𝑋-direction are almost the same
due to boundary conditions, which means that three representative
units are enough to capture SMH ribbed sheet deformation feature.

Fig. 4(a) shows configurations of the cross-section perpendicular
to the stretching direction. The configurations with different tension
strains are close to circumference. Fig. 4(b) compares the curvature-
tension strain curves from Eq. (10) and FE simulation. Both theory
results and simulation results show that 𝜅 linearly increases with 𝜀
even at large scale deformation. The simulation result is in agreement
with the theory prediction. We then look into the effect of rib height
on the relationship between strain and curvature. The values of 𝐻1
are 0.1, 0.3, 0.6, 1.0, 1.5, 2.0, and 2.5, respectively and we make
𝐻2 = 𝐻1. Except for 𝐻1 and 𝐻2, other parameters are listed in Tables 1
and 2. In addition, also except for 𝐻1 and 𝐻2, geometry, mesh type
and mechanical and chemical boundary conditions are following in
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Fig. 2. Schematic diagram of shape memory hydrogel ribbed sheet: (a) geometry of SMHs ribbed sheet, representative unit consisted of membrane and a rib, 2, 3, n representative
unit, respectively, (b) vertical view of the rib angle variation, (c) side view of the height of the rib, and (d) the curvature schematic diagram of the ribbed sheet.

Fig. 3. Snapshots of SMHs ribbed sheet during stretch with various strains: (a) 𝜀 = 0, (b) 𝜀 = 0.44, (c) 𝜀 = 0.85, and (d) 𝜀 = 1.39.

the basic FE simulation. Fig. 4(c) shows half of the configurations of
the ribbed sheet at 𝜀 = 0.5. The rib height has strong effects on the
curvature under identical strain. Fig. 4(d) shows quantitative results of
𝜅-𝐻1 from simulation and Eq. (10), which means that the relationship
between curvature and rib height is not monotonic and 𝜅 first increases
and then decreases with 𝐻1.

We now investigate the stretch-trigged bend effect of the sheet with
different rib angles: 𝜃 = 0◦, 5◦, 10◦ and 15◦. Asymmetric ribbed sheets

are created and their geometrical sizes are 21 mm(𝐿) × 8 mm(𝐵) ×
0.4 mm(𝐻), the number of ribs is 30 and other parameters are the
same as in Tables 1 and 2. All movement freedoms of the left end of
the ribbed sheet are fixed. At the right end, except for moving along
the X-direction displacement, all freedoms of movement are restricted.
34980 C3D20R elements are utilized to disperse the geometry. Fig. 5(a)
shows the sheet snapshots and Fig. 5(b) illustrates the configuration
curves of a single rib after stretch. For plotting simplicity, mid-points
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Fig. 4. Results of a sheet during stretch: (a) configurations of the sheet at different strains(finite element snapshots are added), (b) the curvature as a function of strain from
theory and simulation, (c) half of configurations of the sheet with various 𝐻1 at 𝜀 = 0.5, and (d) the curvature as a function of 𝐻1.

of the configuration curves are moved to an identical point (0,0) and
coordinates in X,Z-directions are denoted by �̄� and �̄�, respectively. The
displacement of the rib at 0◦ along X-direction is almost the same and
then its current configuration is a straight line. Current configurations
of rib are curves at 𝜃 = 5◦ and 10◦. Interestingly, the configuration
curve is also close to a straight line at 𝜃 = 15◦ but without paralleling
that at 𝜃 = 0◦. The curvature of sheet as a function of the uniaxial
tension strain can be obtained from simulation results, as illustrated in
Fig. 5(c), which indicates that the curvature linearly increases with the
strain at 𝜃 = 0◦, but linear law is not obeyed as the rib angle increases.
These results match the law of [24].

The effect of rib slope on the stretch-trigged bend effect of sheet is
also studied. SMH ribbed sheets are created and their geometrical sizes
are 21 mm(𝐿) × 8 mm(𝐵) × 0.4 mm(𝐻). The number of ribs is 30. The rib
height on one side is fixed as 𝐻1 = 0.6 mm, the heights on the other
side are 𝐻2 = 0, 0.6, 1.5 and 2.5 mm, respectively, and other parameters
are the same as in Tables 1 and 2. The boundary conditions are the
same as the SMH ribbed sheet investigating the rib angle depicted in
Fig. 5(a). 54108 20-node quadratic brick, reduced integration elements
are adopted. Configurations of sheet after stretch are shown in Fig. 6(a).
It can be seen that the symmetry of the configuration is broken due to
the slope of rib and the degree of asymmetry increases as 𝐻2 is far away
from 𝐻1. Fig. 6(b) shows the curvature-strain curves during stretch. All
curves show that a linear relationship is obeyed for four slopes. During
stretching, the curvature of the two halves of the ribbed plate along the
𝑧-direction is different. The curvature does not monotonously increase
as the slope, whether 𝐻2 is greater than or less than 𝐻1 resulting in
the curvature decreasing than the value of case 𝐻1 = 𝐻2. From these
results, we can conclude that the curved configuration of the ribbed
sheet can be designed by changing the rib slope.

Above discussions are focused on one kind of material, namely
𝜓 = 1. The sheet composed of multi-materials shows richer design

parameters and may have more potential applications. Herein, we
investigate the mechanical behaviors of ribbed sheets with various
modulus ratios. The membrane is treated as shape memory hydrogels
and its constitutive model is listed in Eq. (1). The rib is considered the
incompressible neo-Hooken material and its free energy density and the
Cauchy stress are
𝑊 = 𝐶10

(

𝐹𝑖𝑗𝐹𝑖𝑗 − 3) , and
𝝈 = 2𝐶10𝐁 − 𝑝𝐈,

(12)

respectively, where 𝐶10 is the material parameter and 𝑝 is introduced
to match the incompressible condition.

Fig. 7(a) shows the effect of 𝐻1 on 𝜅 with various modulus ratios
𝜓 from Eq. (10). As 𝐻1 increases, 𝜅∕𝑣𝜀 first increases and then de-
creases for all modulus ratio 𝜓 . However, the non-monotonic law can
only be observed in a limit range. For example, within the horizontal
coordinate range of Fig. 7(a), it can be found that 𝜅∕𝑣𝜀 varies nonmono-
tonically with 𝐻1 at 𝜓 = 50 and 𝜅∕𝑣𝜀 increases with 𝐻1 at 𝜓 = 0.001,
which can be used to design 𝜅-𝐻1 relationship through changing 𝜓 .
Fig. 7(b) shows the curves between 𝜓 and 𝜅∕𝑣𝜀. The effect law of 𝜓 on
𝜅 is similar to the non-monotonic law between 𝐻1 and 𝜅. Consequently,
we can conclude that for any 𝐻1, there is a suitable 𝜓 such that 𝜅 will
reach a maximum value or for any 𝜓 , there is a suitable 𝐻1 such that
𝜅 will reach a maximum value.

We now carry out FE simulation of SMHs-rubbery ribbed sheet and
we take 𝜓 as 0.13, 0.63, 2.52 and 5.04, respectively. The boundary condi-
tions, geometry and mesh type are the same as the basic FE simulation
displayed in Fig. 3. The parameters of SMH constitutive model listed
in Table 2 are also utilized. Fig. 7(c) illustrates the configurations
of the ribbed sheet after stretch, which also shows that 𝜓 strongly
affects deformed shapes. Fig. 7(d) shows the curves between 𝜅 and
𝜀 from theory and FE simulation with various 𝜓 . Theory predictions
and FE outputs are in agreement with each other when 𝜓 is close to
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Fig. 5. Simulation results of the ribbed sheet with four rib angles: (a) snapshots of sheet after stretch, (b) configuration curves and (c) 𝜅 as a function of 𝜀.

Fig. 6. FE simulations of the ribbed sheet with various rib slopes: (a) configurations after stretch and (b) curvature obtained from two halves of ribbed sheet along the Z-direction
as a function of strain.

1. However, discrepancy exists as 𝜓 stays away from 1, which may be
caused by the hypothesis that ignoring some strain components. When
𝜓 < 1, the rib is softer than the membrane and would be deformed

along the X-direction, namely 𝜀𝑥𝑥 ≠ 0. This is different from Eq. (6) and
may cause a discrepancy between theory and simulation. When 𝜓 > 1,
the rib is harder than the membrane. Both the rib and the membrane
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Fig. 7. Results of SMHs-rubbery ribbed sheet from theory Eq. (10) and FE simulation: (a) 𝜅∕𝑣𝜀 as a function of 𝐻1 with various 𝜓 , (b) 𝜅∕𝑣𝜀 as a function of 𝜓 , (c) deformed
shapes of the ribbed sheet after tension with various 𝜓 , and (d) comparisons of curves between 𝜅 and 𝜀 from theory and simulation.

could be deformed along the Y-direction, namely 𝜀𝑦𝑦 ≠ 0, which may
cause the resulting discrepancy.

3.2. Shape memory effect of the ribbed sheet

Combining the shape memory effect and stretch-trigged bend ef-
fect of the SMH ribbed sheet, a simple initial configuration can be
transformed into a complex shape and then be fixed. Herein, we
investigate the shape memory behaviors of SMHs ribbed sheet through
FE simulation.

Similar to the basic simulation shown in Fig. 5, half of the model
with three representative ribs was created and 5040 C3D20R elements
were used. X-direction degree of the left end was fixed, the right
end was stretched along the X-direction, and the chemical potential
of the ribbed sheet was �̄�. Four steps were set up, corresponding
to stretch at low temperature, maintaining displacement meanwhile
heating, removing displacement constraint and cooling. Temperature
varied between 283 K and 343 K and the amount of the right-end strain
was 50%. In Eq. (4), the function 𝑓 (𝑇 ) was defined as

𝑓 (𝑇 ) = 1

1 + exp
(

− 𝑇−�̄�
𝛥

) , (13)

where �̄� = 313𝐾 and 𝛥 = 5𝐾. Fig. 8 illustrates the snapshots of SMHs at
the end of each step, which shows that SMH ribbed sheet bend during
stretch and bent configuration can be fixed. After a temperature cycle,
the sheet can recover to its initial shape. To clarify the effect law of
the modulus ratio of two networks, we take 𝑅𝐸 = 3, 10, 30 and 50 in
Eq. (4).

Fig. 9(a) shows the curves of 𝑓 (𝑇 ) as a function of 𝑇 with various
𝑅𝐸 . In the first step, the chains of the transient network are not
cross-linked, namely 𝑓 (𝑇 ) is almost zero. In the second step, 𝑓 (𝑇 )

increases due to heating and its amplitude is determined by 𝑅𝐸 . 𝑓 (𝑇 )
maintains a constant in the third step. In the last step, 𝑅𝐸 closes 0
due to cooling-induced dynamic cross-linking broken. Fig. 9(b) shows
the curvature-temperature curves during the shape memory cycle. The
modulus ratio 𝑅𝐸 affects shape fixed ratio and deformation curve. Both
the shape fixed ratio at the end of step 3 and the curvature during
step 4 increase with 𝑅𝐸 . These results mean that the SMHs ribbed
sheet performs stretch-trigged bend and the programmed shape can
be maintained at various temperatures, which endows the ribbed sheet
with plentiful design parameters.

4. Deformation law of the rib

In Section 3, we investigate the mechanics of shape memory hy-
drogel ribbed sheet through swelling, uniaxial tension with various
geometry and material parameters, and shape memory cycle. We focus
on the membrane deformation law in Section 3 and in this section, we
reveal the rib deformation law. These discussions may give guidance
for microscopic configuration fabrication.

4.1. Trapezium rib

As illustrated in Fig. 10, a representative volume unit section is
composed of a membrane and a trapezium rib. The deformation law
is explored through theory and FE simulation.

We consider that the strain conditions of the trapezium rib are the
same as that of the rectangle rib. Combining Eqs. (6) and (7), the elastic
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Fig. 8. Snapshots of SMHs ribbed sheet during shape memory cycle: (a)–(d) at the end of steps 1–4, respectively.

Fig. 9. Finite element simulation results of SMH ribbed sheet: (a) 𝑓 (𝑇 ) as a function of step time with various 𝑅𝐸 and (b) 𝜅 as a function of 𝑇 .

Fig. 10. Geometry of representative volume unit section of a trapezium ribbed sheet.

energy of trapezium rib is

𝑊𝑟 = ∭
𝐸

2(1 − 𝜈2) 𝜀
2
𝑧𝑧𝑑 𝑉 = 𝐸 𝐵

2(1 − 𝜈2) ∬ 𝜀2𝑧𝑧𝑑 𝑆

= 𝐸 𝐵
2(1 − 𝜈2) ∫

𝐻∕2+𝐻1

𝐻∕2

(

∫

𝑥2(𝑦)

𝑥1(𝑦)
𝑑 𝑥

)

𝜀2𝑧𝑧𝑑 𝑦

= 𝐸 𝐵
2(1 − 𝜈2) ∫

𝐻∕2+𝐻1

𝐻∕2
𝜀2𝑧𝑧

(

𝑥2(𝑦) − 𝑥1(𝑦)
)

𝑑 𝑦,

(14)

where

𝑥1(𝑦) =
𝐿𝑆 − �̄�𝑆
2𝐻1

𝑦 −
𝐿𝑆 − �̄�𝑆
4𝐻1

𝐻 , and

𝑥2(𝑦) = −𝐿𝑆 − �̄�𝑆
2𝐻1

𝑦 +
𝐿𝑆 − �̄�𝑆
4𝐻1

𝐻 + 𝐿𝑆 .

(15)

Substituting Eqs. (6) and (15) into Eq. (14) and integrating, the
expression of 𝑊𝑟 is written as
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Fig. 11. Results of ribbed sheet with trapezium rib from theoretical predications and finite element simulation : (a)𝜅∕𝑣𝜀 as a function of �̄�𝑆 from Eq. (17) and (b) comparisons
of 𝜅-𝜀 curves from theoretical predictions and simulation outputs.

Fig. 12. Schematic geometry of four representative volume unit sections. Type-I is a rectangle, Type-II is a triangle, Type-III is a semicircle and Type-IV is a quadrant.

𝑊𝑟 =
𝐸𝑟𝐵 𝐿𝑆

48
(

1 − 𝜈2𝑟
)

[

2𝐻3
1𝜅

2 − 4𝐻2
1𝜅

(

𝜅 𝐻 − 2𝜀𝑀
)

− 6𝐻 (

𝜅 𝐻 + 2𝜀𝑀
)2

− 3𝐻1
(

3𝜅2𝐻2 + 4𝜅 𝐻 𝜀𝑀 − 4𝜀2𝑀
)]

+
𝐸𝑟𝐵�̄�𝑆

48
(

1 − 𝜈2𝑟
)

[

6𝐻3
1𝜅

2 + 16𝐻2
1𝜅

(

𝜅 𝐻 + 𝜀𝑀
)

+ 6𝐻 (

𝜅 𝐻 + 2𝜀𝑀
)2

+3𝐻1
(

5𝜅2𝐻2 + 12𝜅 𝐻 𝜀𝑀 + 4𝜀2𝑀
)]

.

(16)

Using Eqs. (8) and (16) and minimizing 𝑊𝑚 +𝑊𝑟, the curvature 𝜅
is obtained as

𝜅 =
6
[

2
(

2�̄�𝑆 + 𝐿𝑆
)

𝐻2
1 + 3 (3�̄�𝑆 − 𝐿𝑆

)

𝐻1𝐻 + 6 (�̄�𝑆 − 𝐿𝑆
)

𝐻2] (𝐿𝐻 + 𝐿𝑆
)

𝐻

𝐶0 + 𝐶1𝐻 + 𝐶2𝐻2 + 𝐶3𝐻3 + 𝐶4𝐻4
𝜈 𝜀,

𝐶0 =
(

�̄�2
𝑆 + 4�̄�𝑆𝐿𝑆 + 𝐿2

𝑆
)

𝐻4
1 ,

𝐶1 =
(

6�̄�2
𝑆 + 18�̄�𝑆𝐿𝐻 + 18�̄�𝑆𝐿𝑆 + 6𝐿𝐻𝐿𝑆

)

𝐻3
1 ,

𝐶2 =
(

6�̄�2
𝑆 + 48�̄�𝑆𝐿𝐻 + 36�̄�𝑆𝐿𝑆 − 12𝐿𝐻𝐿𝑆 − 6𝐿2

𝑆
)

𝐻2
1 ,

𝐶3 =
(

48�̄�𝑆𝐿𝐻 + 48�̄�𝑆𝐿𝑆 − 24𝐿𝐻𝐿𝑆 − 24𝐿2
𝑆
)

𝐻1,

𝐶4 = 24�̄�𝑆𝐿𝐻 + 6𝐿2
𝐻 + 24�̄�𝑆𝐿𝑆 − 12𝐿𝐻𝐿𝑆 − 18𝐿2

𝑆 .

(17)

It can be found that Eq. (17) can be simplified as Eq. (10) when �̄�𝑆 =
𝐿𝑆 and 𝜓 = 1. Fig. 11(a) shows the curves of 𝜅∕(𝜈 𝜀) as a function of
�̄�𝑆 with various of 𝐻1. It can be found that 𝜅∕(𝜈 𝜀) decreases with �̄�𝑆 .

FE simulations are demonstrated with various �̄�𝑆 = 0.1, 0.2, 0.3 mm
and material parameters are the same as the basic FE simulation.

The ribbed sheet containing three ribs was created and 3720 C3D20R
elements were adopted to disperse it. In this simulation, membrane
sizes were 1.8 mm × 4 mm × 0.4 mm and we took 𝐻1 = 1.5 mm, 𝐿𝑆 =
0.3 mm and 𝐿𝐻 = 0.3 mm. The displacement along the X-direction at the
left end is restricted and that of the right end is stretched. Fig. 11(b)
shows 𝜅 − 𝜀 curves with various �̄�𝑆 from FE simulation and theory.
They agree with each other. However, we found that the discrepancy
will increase as �̄�𝑆 decreases, especially �̄�𝑆 is closed to 0, which may be
caused by the difference in strain energy of rib caused by the hypothesis
that the mid-surface of membrane is treated as XZ-plane.

4.2. Various ribs

In addition to stretch-trigged bend, the rib deformation law of
the shape memory hydrogels ribbed sheet is engaging. During the
shape memory cycle, regular rib shapes can be deformed to complex
configurations and then be fixed by the shape memory effect. As
shown in Fig. 12, four regular ribs are formulated, which are rectangle,
triangle, semicircle and quadrant, respectively. In these FE simulations,
parameters, mesh types, step and boundary conditions are the same as
in Section 3.2.

Fig. 13(a)–(d) present snapshots of four ribbed sheets at the end of
step1, which show that regular rib configurations have deformed into
complex shapes. Fig. 14(a) illustrates ribbed sheet deformed snapshots
of four type sections at the end of step 1 and Fig. 14(b) presents the 𝜅-
𝑇 relationship during the shape memory cycle. These results show the
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Fig. 13. Snapshots of the ribbed sheets at the end of step1: (a)–(d) are Type-I, II, II and IV, respectively.

Fig. 14. (a) Section configurations of four type ribs. The left ends of all curves are moved to an identical point. In order to distinguish the current coordinates in ABAQUS,
notations �̄� and �̄� are used. (b) 𝜅-𝑇 relationship with various rib shapes during shape memory effect.

membranes bend due to stretching and the rib sections are evolving
at the same time. The membrane curvature and rib configuration are
affected by each other, which gives design freedoms for microshape
fabrication.

5. Conclusions

In summary, through theoretical analysis and finite element sim-
ulation, we investigate the mechanical behaviors of shape memory
hydrogel(SMH) ribbed sheet, which presents stretch-trigged bend effect
and shape memory effect. The SMH ribbed sheet will bend under
uniaxial tension and we derive the curvature-strain relationship for
two materials, which shows that at the same strain, the curvature is
non-monotonic changing with both rib height and modulus ratio of rib
and membrane. The curvature-strain relationship for the trapezium rib
is also obtained and the bend curvature decreases as the trapezium
rib surface. Shape memory cycle simulations of SMH ribbed sheets
indicate that ribbed sheets can fix temporary bent shape and recover
its initial shape. In addition, the basic rib shapes, such as rectangle,
triangle, semicircle and quadrant, can also be transformed into complex
configurations and fixed by shape memory effect. We develop the
theory of SMH basic structure and these results reveal the deformation
law of SMH ribbed sheet, which provides a useful tool and guidance to
design SMH complex functional structures.
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