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Abstract
Four-dimensional (4D) printing is an advanced form of three-dimensional (3D) printing with controllable and programmable 
shape transformation over time. Actuators are used as a controlling factor with multi-stage shape recovery, with emerging 
opportunities to customize the mechanical properties of bio-inspired structures. The print pattern of shape memory polymer 
(SMP) fibers strongly affects the achievable resolution, and consequently influences several other physical and mechanical 
properties of fabricated actuators. However, the deformations of bio-inspired structures due to actuator layout are more com-
plex because of the presence of the coupling of multi-directional strain. In this study, the initial structure was designed from 
closed-shell behavior and divided into a general unit and actuator unit, the latter responsible for driving the transformation. 
Mutual stress confrontation between the actuator and the general unit was considered in the layout thermodynamic model, in 
order to eliminate the transformation produced by the uncontrolled shape memory behavior of the general unit. Three criti-
cal and effective strategies for the layout design of actuators were proposed and then applied to achieve the desired accurate 
deformation of 3D-printed bilayer structures. Finally, the proposed approach was validated and adopted for fabricating a 
complex shell-like gripper structure.
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Introduction

Traditional manufacturing techniques have become unsuit-
able for the fabrication of special structures in recent years; 
additive manufacturing (AM) is now widely used to fab-
ricate increasingly complex three-dimensional (3D) struc-
tures [1–3]. Recently, a novel four-dimensional (4D) printing 
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method based on AM techniques and the use of smart mate-
rials such as memory polymers and memory alloys were 
reported [4, 5]. During 4D printing, a bio-inspired structure 
is deformed from two-dimensional (2D) to 3D by stimulat-
ing actuators [6, 7]. The 2D structure, which is the so-called 
initial structure, is fabricated by a 3D printer, and the desired 
3D structure is formed upon stimulation [8]. The three fun-
damental stages of 4D printing are the preparation of the 
smart material configuration, the stimulation of the smart 
materials, and the programing of the printing process [9–11].

The transformation of the bio-inspired structure in 4D 
printing is driven by the actuators, which are made from 
smart materials [12–14]. These materials are stimulated 
in various ways such as the variation of temperature, the 
concentration of a specific ion, or magnetic control [15]. 
Fixtures and underwater vehicles designed to mimic bio-
logical movements have become hotspots for research on 
smart materials [16, 17]. Among such materials, shape 
memory polymers (SMPs) used to make temperature-driven 
actuators have a wide range of bio-inspired applications 
[18]. Temperature-driven 4D printing is mainly achieved 
by stimulation near the SMP glass transition temperature 
(Tg) [19]. The application of SMPs in 4D printing is based 
on the combined effect of thermal mismatches and glass 
transitions [20]. When an SMP exhibits a glass state below 
Tg, the strain caused by the mismatch of internal stress is 
insufficient to transform structures. When the temperature 
exceeds Tg, however, the modulus of the SMP is increased, 
resulting in a transition from glass to rubber state, which is 
related to a change in the thermal expansion coefficient [21]. 
In the process of fused deposition modeling (FDM), the first 
squeeze of the printing wire is carried out under heat. Once 
the structure has cooled down, the adhesion between the 
printing wires and the stretching of the printing wire itself 
is stored in the structure [18, 22]. These residual stresses 
are released during the second stimulation. In addition to 
direct heating, Joule heating and light heating are applied to 
temperature-driven actuators, which are more flexible than 
other forms of transformation [23, 24].

The initial structure design was later adjusted to real-
ize bio-inspired structure folding and cutting technologies 
using SMPs [10, 25]. The fabrication of complex bio-
inspired structures requires the simultaneous configura-
tion of SMPs, the stimulation of smart materials, and the 
programming of the printing process [26, 27]. In previous 
studies, many deformation modes for the actuator were 
proposed, and thermodynamic models with high accuracy 
were developed [28]. In particular, forming mechanisms 
have been presented for actuators in the form of bilayer 
structures fabricated by direct formation or FDM [12]. 
However, when the mechanism is applied to the design of 
complex structures, the transformation accuracy decreases 
[11, 29]. This is due to the fact that no unit outside the 

actuator is usually considered involved in the deformation. 
Nonetheless, units other than the actuator are in fact also 
deformed during the 4D printing process using SMPs, due 
to the shape memory effect widely present in the polymer 
[30, 31]. Therefore, the printing pre-program and layout 
pre-division for the fabrication of a complicated structure 
are very important [32, 33].

The present study developed a layout design method for 
a bio-inspired structure. A bio-inspired structure is divided 
into a general unit and an actuator unit in FDM 4D printing 
[34]. By considering the thermodynamic interface between 
the two units, the accuracy of 4D printing transformation 
is improved and the molding of the wrapping and vertical 
transformation reduces the defects [35, 36]. Firstly, three 
critical and effective strategies for the layout design of actua-
tors are proposed and then applied to achieve the desired 
accuracy of deformation of bio-inspired structures. The rest 
of this paper is organized as follows: In “Materials and meth-
ods” section, we describe the use of an FDM 3D printer and 
polylactic acid (PLA) to select the basic printing parameters 
for 4D printing, and the transformation modes of the actua-
tor and general unit are analyzed. “Results and discussion” 
section  entails basic strategies for actuator deformation and 
unit layout. Experiments are also performed to investigate 
the effect of the selected actuator aspect ratio transforma-
tion on actuator strain prediction. A detailed actuator layout 
strategy is then devised to ensure that the unit completed the 
deformation. Further verification of the proposed method is 
included in the example of a gripper design. “Conclusions” 
section concludes the paper with a discussion on potential 
further research.

Materials and methods

Materials

A method of 4D printing with homogeneous material using 
internal stress was used to reduce the manufacturing dif-
ficulty and limit the number of external variables [11]. This 
method of 4D printing can take advantage of SMP shape 
memory behavior without applying initial external forces 
[31, 37]. The SMP PLA used in this paper was purchased 
from Ultimaker (‘Tough PLA’) and stored under vacuum to 
prevent degradation and reduce the effects of atmospheric 
humidity. The normal allowable linear thermal expan-
sion coefficient and elastic modulus of the material were 
measured by differential scanning calorimetry (DSC) and 
dynamic thermomechanical analysis (DMA) tests, respec-
tively. Glass transition temperature Tg is 65 °C, the modulus 
at room temperature is 3523 MPa, and melting temperature 
Tm is 183 °C.
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Bio‑inspired structure with programmable 
actuators

The deformation of bio-inspired 4D structures is mainly 
achieved via the actuators. Shell organisms in nature achieve 
the closure of both shell sides by means of the shell-closing 
muscles, as shown in Fig. 1 [38]. Figure 1a illustrates the 
adductor muscle and hinge of the shell organism, where the 
deformation of the hinge is controlled by the contraction of 
the adductor muscle. The designed bio-inspired structure is 
shown in Fig. 1b. Through the combination of adductor mus-
cle and hinge, the actuator has the function of both organs. 
The 4D printing deformation process requires the use of 
actuators, as shown in the red box of Fig. 1b, which deform 
the structure into its programmed shape when stimulated.

The pink area on the right side of Fig. 1b is the general 
unit of bio-inspired structure, which resembles the shell of a 
shell organism. When the adductor muscle performs a clos-
ing action, the shell exerts some inhibition on the action of 
the adductor muscle. Although the deformation of the gen-
eral unit is usually smaller than that of the actuator unit, it is 
multi-directional. The shell gripper is used as an example in 
this paper. It is noteworthy that general units other than the 
actuator also participate in the deformation process, which 
inhibits the deformation of the actuator and makes the pro-
cess inaccurate.

The general unit reduces the deformation error of the 
actuator by preventing interconnections, as shown in Fig. 1. 
In order to better validate the theory, this study adopts 
the general connected design method. The actuator uses 
a bilayer structure, which allows for precise control when 
adopting the 4D printing method described above through 
varying the process conditions while retaining a large value 
of strain [39].

Assessment of impacts on actuator

In order to limit unknown variables in the experiment and 
determine the material parameters, Ultimaker PLA was used 
as the material for FDM printing. A heterogeneous print 
unit effect was created by changing the PLA printing pro-
cess. This allows the 4D printing process to be implemented 
in a simple primary print and secondary stimulation, while 
avoiding the unclear mechanism of bonding between unit 
joints [28, 40]. A digital optical microscope was used to 
observe sectional images of the printed units. A high-preci-
sion water bath was utilized for uniform heat transformation 
within the initial structure.

In 4D printing, the thermal expansion coefficient of each 
material layer is controlled by changing the process param-
eters [41]. The process flow of FDM 4D printing based on 
process parameters is as follows: Firstly, the thermo-mechan-
ical mechanism of the bilayer structure actuator is analyzed, 
and the deformation behaviors of the SMP are modeled. A 
computer aided design (CAD) model of the structure is then 
sliced into 2D images for 3D printing. In the meantime, SMP 
materials are fabricated into 3D printing consumables. Next, 
the surrogate model with main deformation programming 
parameters, including line width, print height, print tem-
perature, filled form, and stimulation temperature, are fitted 
by the orthogonal experiment and response surface method. 
The permanent deformation of the bilayer structure actuator 
results from the programmed parameters and time evolution 
of the 3D printed structure upon heating. The most relevant 
parameters of the linear thermal expansion coefficient are 
printing temperature, printing line height, printing line width 
and printed filling pattern. The basic transformation princi-
ple for a bilayer actuator arises from the anisotropy of stress 
between the two layers, which is provided by thermal expan-
sion or memory behavior [40]. The linear thermal expansion 
coefficient under unit temperature change can be expressed 
as strain. Different PLA material strains derived from sin-
gle variable experiments are shown in Fig. 2. Figure 2a 
demonstrates that the linear thermal expansion coefficient 
decreases with printing temperature rising within a certain 
range in which the SMP is viscous: 192–242 °C. As shown 
in Fig. 2b, in the 40–220 μm print height range, the higher 
the print line height, the lower the linear thermal expansion 
coefficient. As observed in Fig. 2c, when the print width is in 
the range of 0.15–0.80 mm, the greater the print line width, 
the higher the linear thermal expansion coefficient.

The control of 3D printing parameters in 4D printing 
deformation appears to be a composite process; the effect of 
a single parameter on deformation is one-sided. In addition, 
it is the printed pattern that controls the direction of strain in 
the 3D coordinate plane during the second stimulation. The 
strain is essentially the same in both directions, except for 
the partial pattern. In order to achieve the maximum strain in 

Fig. 1   Bio-inspired structure with actuators: (a) adductor muscle and 
hinge of shell; (b) bio-inspired structure with programmable actuator
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the bilayer structure, in this paper, the upper and lower fill-
ing patterns in the bilayer actuator were horizontal and verti-
cal stripes, respectively. The horizontal and vertical stripes 
in the actuator consisted the same printing parameter, and 
the printing direction was vertical, with a horizontal direc-
tion strain of 3.5 and longitudinal strain of 1.1. The grid 
patterns used for the general unit were similar (the transverse 
and longitudinal strain was 0.125).

Actuator layout that considers ‘coupling’

Due to the actuator strain being multi-directional, it is dif-
ficult to arrange all the actuators on the center of the initial 
structure to avail the transformation of complex structures. 
The areas of the general unit and the actuator unit must 
match each other. In Fig. 3, the yellow and pink areas are the 
actuator unit and the general unit of an initial foldable struc-
ture, respectively. Within the general units, there are also 
parts such as the red dotted line, which are not directly acted 
upon by the actuators, but function more independently. The 
strain is predominant but is driven by the strain of the blue 
dashed line. The deformations of the bilayer actuator pos-
sess anisotropic characteristics, and need to be matched to 
the general unit. However, the models are different in each 

connected region, thus it proves difficult to lay out the units 
in the initial structure.

In order to verify the accuracy of the model, this study 
used the conventional unit-connected design method, which 
must take into account the stresses on the red axis. A certain 
gap is reserved in the actuator unit to allow the actuator to 
complete the deformation.

Fabrication of bio‑inspired structures

The fabrication of the initial structure was achieved by 
pre-editing before 4D printing. An initial 3D model of the 
complex structure was first designed, and the deformation 
shape of the bilayer actuator was preset by programming the 
printing process. Next, the configuration of printing units 
was set out, and a reasonable printing pattern was selected 
to determine the deformation direction of the stress–strain. 
Finally, the matching printing temperature and stimulation 
temperature were determined by the thermodynamic cycle 
relationship, and printing was completed in the 3D printer. 
The details are shown in Fig. 4, and the instruments used in 
the experiment are listed in Table 1.

The process parameters were: 195 °C printing tempera-
ture, 50 μm printing line height, 90 °C stimulation tempera-
ture, and 0.4 mm printing line width. In the 80 mm × 40 mm 

Fig. 2   Effects of process parameters on strain: (a) the strain change of PLA with the print height set as 0.20 μm; (b) the strain change of PLA 
with the print width set as 0.20 mm; (c) the strain change of PLA with the print temperature set as 195 °C

Fig. 3   Initial structure with 
general unit and actuator unit 
(a) and deformed structure with 
general unit and actuator unit 
(b)
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printing plane, the usable area was about 1060–2120 mm2. 
The total shape size of the initial foldable structure was set 
as 80 mm × 40 mm × 2 mm. In addition, the actuator unit and 
general unit were printed in each print layer using 3D editing 
software. The upper and lower actuators had a height ratio of 
1/1 and 1/3 layout in the actuator unit, as required.

Deformation structure characterization

Stimulation for the printed initial structure was performed in 
a 90 °C water bath heater unit. The product was allowed to 
cool down and was removed after complete deformation to 
reduce any error caused by the operation. The deformation 
was measured by the Olympus DSX system mainly in terms 
of curvature. As shown in Fig. 5, the deformation structure 
was measured in two main forms: the curvature lines of the 
two units intersected in one, and they did not intersect in 
the other. The average curvature of the deformed unit was 
obtained from five isometric measurements; the yellow and 

green dashed lines in the figure are schematic diagrams of 
separate single measurements.

Results and discussion

Influence of actuator design parameters

Design strategy 1 Actuator deformation was made to pro-
duce the desired deformation by pre-programming the actua-
tor printing parameters.

In the initial structure folding, the actuator unit needs 
to vertically and horizontally move upward. According 
to analysis with Timchenko beam, the bilayer structure 

Fig. 4   Illustration of proposed approach for fabricating 3D complex structures: (a) 3D initial structure design; (b) bilayer actuator design; (c) 
printing parameters programming; (d) print pattern design; (e) stimulation temperature programming; (f) fabrication

Table 1   Experimental equipment

Name Elastomer

3D Printer Ultimaker2 Extend + 
Microscope Olympus DSX110 

3.5 × objective lens
Water bath Lichen HH-8

Fig. 5   a Curvature measurement of the non-intersecting curvature 
lines of the general unit and the actuator unit. b Curvature measure-
ment of the intersecting curvature lines of the general unit and the 
actuator unit
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expands in the vertical direction in the 2D plane and 
shrinks in the horizontal direction [42], while the general 
unit shrinks in both directions. The upper and lower edges 
of the bilayer actuator are connected to the general unit, 
and the radial force of the general unit is applied to both 
ends of the bilayer actuator. As shown in the literature 
[39], according to the equilibrium relationship, the linear 
thermal expansion coefficient can be expressed in terms of 
curvature. The bilayer actuator has an anisotropic relation-
ship on the connection x-axis in the direction shown by the 
dashed blue line in Fig. 3a, as follows:

where α2 and α1 are the thermal expansion coefficient of the 
two layers, htotal represents the total thickness of the struc-
ture, E1 and E2 are the elastic modulus of the two layers, I1 
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and I2 represent the bending coefficient of the two layers, 
and a1, a2 are the thickness of each layer of bilayer actuator.

For a given design space, the transformation of all units 
needs to be programed. The linear thermal expansion coeffi-
cient can be expressed in terms of curvature. In order to fully 
fold the initial structure, the total area of the actuator unit 
was set to 40 mm × 20 mm to 40 mm × 30 mm. The thickness 
ratio was set to 1:1 to better control the transformation. The 
x-axis length was fixed at 40 mm, and the effect of the aspect 
ratio was verified by changing the y-axis length. As shown 
in Fig. 6a, when the actuator was positioned, increasing the 
length of the x-axis changed the direction of the strain on the 
z-axis due to the induction of y-axis strain.

For a single actuator, the longitudinal axis can be ana-
lyzed based on Eq. (1). In the 4D printed bilayer actua-
tor, however, the applied stress is not only in one direc-
tion. In the horizontal and vertical configuration of the 
bilayer structure, both the transverse and longitudinal 
tensile stresses of the bilayer structure actuator form a 
stress gradient difference after stimulation, as shown in 
Fig. 3a. Thus, the underlying yellow layer expands in the 
x-axis direction and contracts in the y-axis direction for the 

Fig. 6   a 3D printing x- and y-axis strain for bilayer actuator. b Curva-
ture of x- and y-axis transformation of actuators of different lengths. 
c 40 mm x-axis length, 11 mm y-axis length transformation on both 
sections of the actuator. d 40 mm x-axis length, 20 mm y-axis length 

transformation on both sections of the actuator. e 40  mm x-axis 
length, 25 mm y-axis length deformation on both sections of the actu-
ator
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selected FDM print pattern. The top pink layer expands in 
the y-axis and contracts in the x-axis. The linear thermal 
expansion coefficients of the horizontal and vertical lines 
for the same printing strategy are the same in each verti-
cal direction. In the horizontal and vertical configuration 
of the bilayer actuator, the lateral and longitudinal tensile 
stresses of the bilayer structure actuator are stimulated to 
form a stress gradient difference. The mismatch of lateral 
and longitudinal stresses results in combined strain along 
the z-axis in the positive direction. However, viewing the 
structure in the x-axis direction produces strain in the neg-
ative z-axis direction, since the two layers are printed from 
the same pattern perpendicular to each other.

In Fig. 6b, the curvature of the structure at two differ-
ent cross sections is given for a constant x-axis direction 
length of 40 mm and a y-axis direction length of 11–25 mm. 
For the first type (Fig. 6c), the actuator had a 40 mm x-axis 
length and 11 mm y-axis length. The strain in the x-axis 
decreased due to a combination of x- and y-axis stresses, 
while the ratio exceeded 1:2. Due to the curvature induced 
by the x-axis, the direction of the integrated stress was rep-
resented by the positive z-axis, and increasing the length of 
the y-axis would offset this curvature. For the second type 
(Fig. 6d), the actuator had 40 mm x-axis length and 20 mm 
y-axis length. When the structure reached 20 mm in size, 
due to the stress action in the y-axis direction being reduced 
to a similar phase, the transverse and longitudinal curvature 
of the structure increased, the strain became close to the 
maximum, and the curvature peaked at around 20 mm. For 
the second type (Fig. 6e), the actuator had 40 mm x-axis 
length and 25 mm y-axis length. When the length-to-width 
ratio exceeded 1.82, the structure tended to twist and the 
transformation could be not easily controlled.

In order to precisely control the transformation, even if 
there is a peak at about 1/2, the actuator should be selected 
with an aspect ratio as low as 1/2. The influence of actuator 
on the overall initial structure was adjusted by varying the 
number of lateral layouts within the internal structure. In this 
study, actuators with a width of 20 mm or less of two types 
were selected: two-bar layout and three-bar layout.

Layout design and fabrication of bio‑inspired 
structure

Design strategy 2 The layouts of the actuator and general 
unit are designed by means of the thermodynamic model, 
while considering the coupling interaction between the two 
units.

On the basis of Eq. (1), the layout between units and the 
layout of the actuator in the actuator unit are considered and 
combined with the general unit.

Let

where α3 and E3 are the linear thermal expansion coefficient/
elastic modulus and bending coefficient of the general unit, 
respectively.

The contraction of the general unit is not considered 
in Eq. (1), and the general unit contracts in both layers, 
producing facilitation and inhibition, respectively. Subse-
quently, Eq. (1) becomes

According to Eq.  (2), the strain of the general unit 
affects the strain of the actuator unit, and it is difficult to 
control the strain of the general unit with precise stimula-
tion in the temperature-driven strategy. In order to make 
the strain of the actuator unit approach the expected value, 
a3 and e3 need to be as low as possible. As a result, the 
strain of the general unit will be lower. As shown in Fig. 7 
the curvature increases with Δ�g . Through the decrease in 
Δ�g , the cover problem of the initial structure is reduced. 
However, there is significant deviation from the distance 
expectation [43]. As shown in Fig. 3a, the general unit 
curvatures in the blue axial direction are expressed as

Thus, the general unit curvature in the red axis can be 
expressed as
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Fig. 7   Effect of strain on initial transformation
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Design strategy 3 Design the layout blanking ratio in 
the actuator unit and adjust the size of the actuator so that 
the initial structure deforms as expected.

In an actual transformation process, the blank of actua-
tors in the cross section of the actuator unit also deter-
mines whether it can complete the expected function. 
Even if the actuators do not touch each other in the initial 
structure, they may touch during the transformation due 
to radial stress. This is due to the fact that the vertical 
stress is not considered during the layout process. How-
ever, considering the strain caused by these stresses in a 
thermodynamic formula would make the design process 
highly complicated, and the final results too difficult to 
obtain. The contact of these structures during the heating 
process can be avoided to a certain extent. Therefore, a 
clearance in the unit arrangement is required to allow for 
close to expected transformation. The layouts with two-bar 
actuators and three-bar actuators are shown in Fig. 8a and 
8b, respectively. The lower part of Fig. 8 shows the feasi-
ble deformation relationship between the area of the two 
units and actuator blank area for the two-bar and three-bar 
actuators.
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Figure 8c presents the relationship between the blank 

in the actuator and the actuator unit cross-sectional area 
in the form of a blank percentage. When the ratio of the 
actuator and blank is too low, the initial structural trans-
formation will be infeasible and cannot follow the z-axis, 
as shown in the sample of red area in Fig. 8c. The rela-
tionship between the actuator unit and general unit cross-
sectional areas is presented in Fig. 8d. With a low actua-
tor unit volume, the actuator strain is insufficient to drive 
the general unit. As a result, the structure is infeasible as 
shown in the sample of yellow area in Fig. 8d. When the 
actuator unit is oversized, the actuator is infeasible due 
to the actuators pressing against each other, as shown in 
the sample of red area in Fig. 8d. Figure 8e demonstrates 
the relationship between the general unit and blank cross-
sectional areas when the actuator unit is fixed. If the gen-
eral unit is too small, the collision between the actuators 
and the collision between the actuator unit and general 
unit make the transformation infeasible, as shown in the 
sample of yellow area in Fig. 8e. Due to the incomplete 
transformation of the collapsible structure, the structure 
will be infeasible if the general unit is too large, as shown 
in the sample of red area in Fig. 8e. Considering the mold-
ing limits in the configuration of two-bar and three-bar 
actuators, reserved spaces of 8–40% and 10–40%, respec-
tively, are chosen.

The experimental variables are mainly controlled by 
placing the blank between the actuator unit and the general 

Fig. 8   Two-bar (a) and three-bar (b) actuator initial structures. c Actuator unit and blank cross-sectional areas. d General unit and actuator unit 
cross-sectional areas. e General unit and blank cross-sectional areas
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unit. The strain in the x-axis direction (folding direction) is 
programmed as described in "Influence of actuator design 
parameters" section. However, the y-axis perpendicular to 
the folding direction is highly unfavorable for planning. 
Therefore, when the actuator to be used is acting alone, 
there should be a blank on both sides in the y-axis direc-
tion. Resulting transformations in the x-axis direction are 
basically deformations under a small, complete-suppression 
condition.

Since material conservation and strain in the x- and y-axis 
cause the vertical strain to decline, there is error in the y-axis 
direction. However, the trend of x- and y-axis strain does not 

change. If the blank actuator unit has a total reserved space 
of 10–40% with order (printing with a uniform distribution), 
the expected transformation can be solved by Eq. (4). The 
actual and predicted actuator curvature and the actual and 
predicted general unit curvature are given for a blank per-
centage at 10–40%, respectively, in Fig. 9. For a stimula-
tion unit consisting of two-bar actuators, when the actuators 
do not directly contact one another on the y-axis, the strain 
in the x-axis direction reaches 8%. Therefore, the actuator 
needs to be set to a blank percentage of 10% or more to 
achieve the set curvature. Moreover, the blank of the layout 
cannot exceed 30% under such planning. Performing the 

Fig. 9   Transformation curvature experiments with different bars and blank percentages
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same analysis steps for the reserve space for single- and tri-
ple-actuator layouts indicates that the reserve space required 
for three actuators is an approximately 12% increase in the 
z-axis transformation rate, and one actuator is difficult to 
adapt to the transformation space to achieve transformation. 
Therefore, predictions for the actuator unit and general unit 
are more accurate in the 12–30% range.

In the uniaxial process, due to the conservation of mate-
rial mass, the error is within a certain margin. Within a 
particular blank range for a two-bar suppressor or three-bar 
suppressor actuator, accurate strain prediction of the initial 
structure can be made. When the blank range is too small, 
the internal stress in the y-axis direction will be too large to 
achieve the expected transformation of the structure. When 
the blank range is too large, the actuator itself will be inher-
ently less deformed and more suppressed by general units, 
making predictions inaccurate. However, the total curva-
ture precision of the two structures is similar for the same 
expected transformation in the exact range.

The one-sided analysis process with Timoshenko beam 
simplifies the design process through calculations, and the 
transformation trends and forces become correct and accu-
rate. However, due to its uniaxial nature, stresses in both the 
x- and y-axis directions of the general unit are transmitted to 
the actuator, which is the main cause of errors in prediction 
within a controlled range. The y-axis stress of the general 
unit also affects the structure. This is another major cause 
of inaccurate predictions, i.e., when the gaps are too large 
and this is one of the causes of error in the accuracy interval. 
Moreover, the conservation of mass of the material itself 
is not considered in complex structures, resulting in large 
errors.

Application example

In order to fully verify the clamping weight performance, 
as well as the clamping flexibility of the shell fixture, 
two fixtures were designed for clamping three different 

objects. The proposed design and fabrication method was 
employed to build two kinds of shell gripper for Structure1 
(size: 150 mm × 80 mm × 3.5 mm) and Structure2 (size: 
80 mm × 40 mm × 2 mm), which grasped an egg / irregu-
larly surfaced model, and grasped a T-piece, respectively. 
Shell grippers were lowered and raised at a uniform speed 
of 5 mm/s using tin wire traction, the grabbing process was 
timed from 2 s after submerging into the water, and the 
object was fully dragged 2 s after the end of the timing. 
The weights of Structure1 and Structure2 were 38 g and 
17 g, respectively. In the three experiments, the egg in the 
first experiment weighed 43 g, the handle in the second 
experiment weighed 52 g, and the T-shaped workpiece in 
the third experiment weighed 18 g.

The grasping process for the two different structure 
sizes is given in Fig. 10. Structure1 grasped the egg and 
irregularly surfaced model, and Structure2 grasped the 
T-piece, respectively. Since the sizes of grasped objects 
were greater than the expected external curvature, all 
grasps were successful. As shown in Fig. 10a, Structure1 
required 40 s to complete the egg grasping; as shown in 
Fig. 10b, Structure1 required 32 s to complete the irregu-
larly surfaced model grasping. Meanwhile, the T-piece 
gripping using Structure2 required 15  s, as shown in 
Fig. 10c. Both gripping results for Structure1 were sat-
isfactory, and it is concluded that the same configuration 
of the shell gripper can be adapted to different gripping 
requirements. The proposed gripper is flexible to ensure 
that the object is not damaged when the outer curvature is 
smaller than the size of the gripped object. This strategy 
achieves heterogeneous unit performance by program-
ming the z-axis strain of each unit, as well as the layout of 
the units within each print plane, with particularly good 
results for different print planning processes for the same 
material.

Fig. 10   Actions of shell grip-
per of egg over time (a), shell 
gripper of irregularly surfaced 
model over time (b) and shell 
gripper of T-shaped structure 
over time (c)
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Conclusions

In this study, efficient bio-inspired 4D printing layout strat-
egies were developed by designing the area delineation 
and shape memory properties of SMP materials, and a 
bio-inspired structure was fabricated by imitating a shell in 
order to test the proposed layout design. Four-dimensional 
printing using FDM was realized by dividing the initial 
structure of 4D printing into a stimulation unit and general 
unit with the SMP material PLA. Using a desktop-level 3D 
printer, the process parameters were programmed so that 
different heterogeneous units were made from the same 
material. The exposure of the units to the same stimu-
lus subjected them to different strains. The stress–strain 
equations for each unit were derived by analyzing their 
individual thermodynamic behaviors. The actuator unit 
takes advantage of the anisotropy of the bilayer structure, 
to enable the structure to collapse by the strain on the axis 
occurring from the stresses on the x- and y-axis.

The relationship between the strain direction of the 
actuator within the actuator unit and the size of the struc-
ture was verified, and the initial structural strain was 
brought further near to that expected by reserving free 
space in the stimulation unit. The adoption of the new 
model under the steady-state model brought the transfor-
mation of the initial structure closer to the expectations. 
At the same time, the permissible range for the model was 
analyzed and the probability of various molding defects 
was reduced by regulating the voids inside the actuator 
unit. Two kinds of shell gripper were designed using this 
strategy, which can successfully grip eggs with complex 
T-shaped structures and fragile shells. These grippers are 
useful for flexible grasping in complex environments. The 
proposed strategies consider less general unit transforma-
tion in other 4D units, which greatly improves manufactur-
ing accuracy and simplifies the design process, especially 
in 4D printing via FDM. To improve the usefulness of 4D 
printing, future work could reconstruct the proposed ther-
modynamic model and use the strategy to create robotic 
grippers or hydrodynamic surfaces in more complex struc-
tures. The strategy could also be used with primary stimu-
lation in the form of geomatics or light-cured 4D printing.
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