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Fig. 5. Schematic images of microscale propulsion systems using an internal power source (chemical). Comparison of conventional macroscale thrust system based 
on chemical fuels (a) vs microscale (b). Images adapted from [25] with permission. (c) An example of a micro/nanomotor under the bubble propulsion mechanism. 
The released oxygen bubble and a Pt catalyst on the inner surface generate the propulsion by the peroxide decomposition. Image adapted from [37] with permission. 
(d) Schematic representation of the diffusiophoresis model. The unevenly concentrated gradient of reaction products generates the propulsion mechanism to move 
the sphere. Image adapted from [39] with permission. (e) Another schematic representation of the diffusiophoresis model. As the propulsion mechanism is generated 
by diffusiophoresis, the motor moves against the catalyst. Image adapted from [37] with permission. 
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4. The vision of 4D Soft robots in biomedical engineering 

Based on the working mechanisms mentioned above, 4D soft robots 
suggest infinite potential in biomedical applications. For example, as 
shown in Figs. 1 and 2f, the 4D printed brain and heart can be extremely 

useful as they were designed to precisely fit the surface curvature of the 
brain and heart under specific stimulation. 4D Soft robots that are 
fabricated with biological conformity possess capabilities for represen
tative biomedical functions and mobility. These characteristics impel 4D 
soft robots to a variety of prospective technical advances in biomedical 

Fig. 6. Images of SMM-incorporated feasible 4D soft robots with 4D potential. (a) A soft robotic grabber to pick up, transport, and release small objects. The initial 
shape of the grabber is preset by the magnetic field, and the motion of the arms is controlled by switching on and off the LED. Image adapted from [50] with 
permission. (b) Different configurations of a thermo-responsive 4D printed construct. Image adapted from [52] with permission. 
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engineering from miniaturized wearable soft robots to biologically 
inspired robots, contributing to numerous applications such as drug/cell 
delivery, sensing, minimally invasive surgery, and detoxification among 
others [4,62]. However, the current stage of transition from 3D to 4D 
soft robotics from a biomedical perspective is somewhat limited for most 
of the specific categories. 

4.1. Current achievement 

In general, 4D soft robots can be engineered for artificial tissue 
constructs [63]. In the study performed by Tasoglu et al., a paramagnetic 

responsive hydrogel was functionalized, and fabricated soft robots were 
self-assembled for functional patterns. They controlled the degree of 
magnetization of hydrogel with vitamin E to eradicate the free radicals 
for cell proliferation [63,64]. Recently, Miao et al. reported that a 4D 
printed substrate could influence cell behaviors and induce differentia
tion of stem cells [19]. Their 4D fabrication process involved a combi
nation of printing and imprinting to provide neural stem cells with the 
particular differentiation microenvironments. In another study pub
lished lately, a 4D cardiac patch for the treatment of myocardial 
infarction printed by beam-scanning SLA was demonstrated [65]. 
Considering the physiological adaptability and biocompatible properties 

Fig. 7. (a) An illustration of SMH embedded self-healing SMA spring; (a1-a4) pulling apart SMH to fracture and joule heating SMA coil; (a5-a6) heated and bent 
sample. Image adapted from [40] with permission. (b) The sequential process of grabbing a screw by a 4D printed multi-material gripper. Image adapted from [59] 
with permission. 

Table 1 
Representative studies of 4D soft robotics at the current stage in summary.  

Classification Material composition Fabrication 
technique 

Actuation 
mechanism 

Noticeable results Limitations Researchers 

Shape memory 
materials 

A crystalline shape 
memory polymer 

A plasticity-based 
origami technique 

Photothermal 
responsive 

Programmability of spatial 
selective actuation 

Absence of 3D printing 
technique 

Jin et al. 
(2018) [49] Slow response to stimuli 

Capability to isolate 3D shape 
and actuation 
Multiple stimuli responsive 
Outstanding flexibility 

A one-way shape memory 
polymer with magnetic 
microparticles 

A simple thin 
composite film 

Photothermal / 
magnetic 
responsive 

Multiple stimuli-responsive To obtain a reconfigurable 
behavior of the system, 
multiple stimuli need to be 
present simultaneously 

Liu et al. 
(2019) [50] 

Quick transformation 

Potentially 3D printable 

A naturally-derived novel 
liquid resin 

Stereolithography 3D 
printing 

Thermo- 
responsive 

Directly 4D printable 

Lack of physical strength 
Miao et al. 
(2016) [51] 

Highly biocompatible 
Quick transformation 
Transformation occurs at the 
human body temperature 

A shape memory polymer 
Inkjet and 
stereolithography 3D 
printing 

Thermo- 
responsive 

Directly 4D printable 
Pre-programming steps are 
required to actuate 

Ding et al. 
(2017) [52] 

Various types of structures can 
be obtained 
Decent resolution Slow response to stimuli 

Combination of 
smart and 
conventional 
materials 

A shape memory polymer 
and a photopolymerizable 
hydrogel 

Stereolithography 3D 
printing 

Thermo- 
responsive 

Actuation speed can be 
controlled by varying blending 
ratio of the ink 

Relatively slow response to 
stimuli and recovery 

Ge et al. 
(2016) [59] 

High resolution 
Programming and recovery 
occur around the human body 
temperature 

A shape memory polymer 
and three types of 
hyperelastic polymers 

Simple arrangement 
of bi-layered strips 

Thermo- 
responsive 

Various types of shape 
transformations can be 
obtained, such as rolled, spiral, 
wrinkled, and wave-like 
construct 

Not multiple stimuli- 
responsive 

Janbaz et al. 
(2016) [60] 

More optimization process 
is required to obtain other 
complex shape 
transformations 

Simple steps to fabricate 
Potentially 3D printable 

Carbon black liquid crystal 
elastomer and polyimide 

Adhesion of thin 
layered films 

Thermo- 
responsive 

Instant actuation and recovery Due to the presence of 
heater, fabrication with 3D 
printing is questionable 

Wang et al. 
(2018) [61] 

Complex shape programming 
is possible with independent 
add-on heaters Complex design  
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