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Four-dimensional (4D) printed laminated structures, created by combining three-dimensional (3D) print-
ing technology with shape memory polymer, have tremendous potential for applying in functional
devices and sequentially controlled actuators. This work is aimed to study the tunable shape recovery
behavior and recovery force of 4D printed laminated strips based on the microstructural design of raster
angle and infill percentage. The effects of raster angle and infill percentage on the shape recovery prop-
erties of the printed specimens were investigated. The recovery force of the printed specimens was mea-
sured using dynamic mechanical analysis (DMA). The microstructural parameters had a significant
influence on the shape recovery behavior and recovery force. Finally, the sequential shape-morphing
behavior of 4D printed laminated strips using a single material was demonstrated.

� 2020 Published by Elsevier B.V.
1. Introduction

Four-dimensional (4D) printing technology, first introduced in
2013 [1], combines 3D printing methods with stimuli-responsive
materials for the development of advanced shape-shifting and
function-changing devices. 4D printed devices have been verified
tremendous potential in many engineering applications, including
robotics [2], origami based actuators [3,4], metamaterials [5] and
bioprinting [6]. A range of stimuli-responsive materials for 4D
printing has been developed, such as shape memory alloy [7],
shape memory polymer (SMP) [8], liquid crystal elastomer [9],
composite hydrogel [10], etc. SMP has been extensively used
because they can be readily processed and modified.

The development of 4D printed SMP-based devices with tun-
able shape memory properties has attracted much interest among
researchers. For example, Liao et al. [11] developed the tunable
multi-stable mechanical metamaterials based on the design of 4D
printed SMP unit cells. Qi et al. [12,13] and Teoh et al. [14] reported
the tunable shape memory properties for sequential shape-
morphing via changing the multi-material composition ratios.
They indicate that the multi-stage sequential shape-morphing usu-
ally requires multiple materials. However, there are few studies
focused on tuning shape memory properties and realizing the
multi-stage sequential shape-morphing using a single material.
This work is aimed to study the tunable shape memory properties
of the 4D printed single SMP material based on the microstructural
design of raster angles and infill percentages. Furthermore, the
multi-stage sequential shape-morphing behavior of 4D printed
laminated strip using a single material is demonstrated. The spec-
imens were fabricated via the fused deposition modeling (FDM)
method. The shape recovery behavior and recovery force of the
printed specimens subjected to a bending load were characterized.
The microstructural parameters of specimens were investigated in
terms of their effects on shape recovery.
2. Materials and methods

2.1. Specimen fabrication

The angle-ply laminated strips were printed by fused deposition
modeling (FDM) using polylactic acid (PLA) based SMP filaments.
PLA filaments with a diameter of 1.75 mm were prepared by the
Harbin Institute of Technology. The glass transition temperature
(Tg) of the shape memory PLA was ~64 �C [4]. The specimen print-
ing was conducted on a QIDI 3D printer (Qidi Technology Co.,
China). Based on the findings of our previous work characterizing
the filament thermal properties [4], the printer nozzle temperature
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was set at 200 �C and the printing speed at 50 mm/s. The specimen
microstructural designs with raster angles of 90�, 90�/0� and ±45�
and infill percentages of 33%, 55% and 77% are illustrated in
Fig. 1a and b. The angle-ply laminated specimen was composed
of 19 layers with mid-plane symmetry. The enlarged optical image
of the top view of the 90�/0� printed specimen was given in Fig. S1.
All specimens were 60 mm (length) � 12 mm (width) � 5 mm
(thickness).

2.2. Characterization of shape recovery behavior and recovery force

During a typical shape memory cycle in this work, the specimen
was first heated at 90 �C (higher than Tg) in an oven and deformed
into an intermediate L-shape under a bending load. The intermedi-
ate L-shape was maintained when the specimen was cooled down
to room temperature and unloaded. Upon reheating to 90 �C, the
specimen recovered its original shape. The shape recovery evolu-
tion was recorded with a Sony video camera. The shape recovery
ratio (Rt) of the specimen at recovery time t can be calculated with
the following equation: Rt(%) = (ht � hi)/(ho � hi) � 100. Here, hi, ht
and ho denote the bending angles of the specimen shape at the
intermediate state, the recovery time t and the original state,
respectively. The bending angle ht was defined by the specimen
top surface, and the measurement method was the same as that
in our previous work [15]. The bending angles ho and hi were
around 180� and 90�, respectively.

The characterization of recovery force was as follows. The spec-
imen was uniformly heated at 90 �C in an oven and deformed to an
intermediate shape with a curvature radius of 25 mm as subjected
to a bending load. The intermediate shape was maintained when it
was cooled down to room temperature. The characterization of
recovery force of the deformed specimen was conducted using a
RSA-G2 DMA (TA Instruments) with bending oscillatory tempera-
ture ramp from 25 �C to 90 �C. The temperature ramp rate was
5 �C/min, and a pre-load force of about 0.01 N was applied. The
recorded axial force was regarded as the recovery force.
Fig. 1. Microstructural design and shape recovery property of 4D printed laminated speci
models of the printed specimens with different raster angles (90�, 90�/0� and ±45�) and d
printed specimen at 90 �C. Shape recovery ratio vs. time curves of the printed specimen
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3. Results and discussion

3.1. Shape recovery behavior

Snapshots of the shape recovery process of the 90� printed spec-
imen are shown in Fig. 1c. The specimen starts to recover at 21 s
and has almost recovered its original shape at 81 s. Fig. 1d shows
the shape recovery ratio vs. time curves of the printed specimens
with different raster angles and all at an infill percentage of 33%.
These curves show the typical S-shaped recovery, namely a slow
recovery rate at the initial and final stages and a fast recovery rate
at the middle stage. The average shape recovery rate Ra was
defined using the following equation: Ra(�/s) = (hf � hi)/tf. Here, hf
is the final recovery angle, and tf is the final recovery time. The
90� printed specimen has the largest average recovery rate (1.1�/
s) among three printed specimens with different raster angles.
The straight and large holes in the 90� printed specimen (Fig. 1b)
contribute to faster heat transfer, hence, quicker response. Besides,
the 90� printed specimen has a smaller resistance for shape recov-
ery due to its filament orientation being perpendicular to the spec-
imen longitudinal direction (Fig. 1b). The shape recovery ratio vs.
time curves of the ±45� printed specimens with different infill per-
centages are shown in Fig. 1e. The ±45� printed specimen with
infill percentage of 77% takes the longest time to recover its origi-
nal shape; this effect can be attributed to the slow heat conduction
rate. The final shape recovery ratios of the printed specimens with
infill percentages of 33%, 55% and 77% are 97.5%, 97.1% and 97.6%,
respectively. The average shape recovery rates of the ±45� printed
specimens decrease in the order of the infill percentages of 33%,
55% and 77%.
3.2. Recovery force

To understand the effect of raster angle and infill percentage on
the shape recovery capability, the recovery forces of the 4D printed
mens. (a) Illustration of raster angles of the 90�/0� printed laminates. (b) Top-viewed
ifferent infill percentages (33%, 55% and 77%). (c) Shape recovery process of the 90�
s with (d) different raster angles and (e) different infill percentages.



Fig. 3. Demonstration of the sequentially unfolding behavior of 4D printed laminated strip. (a) 3D model of the programmed ‘‘locker” with five components. (b) Snapshots of
sequentially unfolding behavior of the programmed ‘‘locker”.
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specimens were characterized and discussed. Fig. 2a shows the
recovery force vs. temperature curves of the printed laminates
with different raster angles (90�, 90�/0� and ±45�), all at an infill
percentage of 33%. As seen in Fig. 2a, when the temperature varies
from 25 �C to 43 �C, the recovery force of the ±45� printed speci-
men first increases to 0.79 N owing to the PLA thermal expansion.
Then, up to 57.9 �C, the recovery force of the ±45� printed specimen
decreases due to the glass transition zone of PLA. As the tempera-
ture increases from 57.9 �C to 90 �C, the recovery force increases
due to shape recovery and then decreases owing to temperature-
induced softening. The storage modulus rapidly decreases to
around 3 MPa during glass transition region and Tan(delta) reaches
the peak value at 65 �C (Fig. S2). Due to the contribution of the fil-
ament orientation along the longitudinal direction, the recovery
force of the printed specimens with raster angles of 90�/0� is larger
than that of the specimens of raster angles of 90� and ±45�. Fig. 2b
shows the recovery force vs. temperature curves of the ±45�
printed specimens with different infill percentages (33%, 55% and
77%). The recovery force of the printed specimen with an infill per-
centage of 77% shows the largest value among those of the speci-
mens with the three different infill percentages. This can be
Fig. 2. Recovery force vs. temperature curves of the printed specimens with (a) different
77%).
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attributed to the fact that there are more filaments in the 77% spec-
imens contributing to the recovery force.
3.3. Application

Based on the effect of the microstructural design on shape
recovery, the sequentially unfolding behavior can be seen in
Fig. 3. A straight active device with five components (C1–C5) was
printed. The infill percentages of the components C1, C2, C3, C4
and C5 are 16%, 33%, 55%, 77% and 100%, respectively. The straight
active device is first programmed as a ‘‘locker”, with the model
shown in Fig. 3a. Upon heating at 90 �C, the programmed ‘‘locker”
can sequentially unfold and recover according to the increasing
infill percentages (Fig. 3b).
4. Conclusion

The tunable shape recovery behavior and recovery force of 4D
printed laminated strips based on the microstructural design of
raster angle and infill percentage were investigated. The raster
raster angles (90�, 90�/0� and ±45�) and (b) different infill percentages (33%, 55% and
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angle has an effect on the shape recovery behavior while its effect
is less than that of the infill percentage. The effects of raster angle
and infill percentage on the recovery force can be attributed to the
filament orientations and material content, respectively. Further-
more, sequential shape-morphing behavior was successfully
demonstrated based on various infill percentages of a single SMP.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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