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Abstract 

Soft robots and actuators are emerging devices providing more capabilities in the field of 

robotics. More flexibility and compliance attributing to soft functional materials used in the 

fabrication of these devices make them ideal for delivering delicate tasks in fragile 

environments, such as food and biomedical sectors. Yet, the intuitive nonlinearity of soft 

functional materials and their anisotropic actuation in compliant mechanisms constitute an 

existent challenge in improving their performance. Topology optimization (TO) along with 

four-dimensional (4D) printing is a powerful digital tool that can be used to obtain optimal 

internal architectures for the efficient performance of porous soft actuators. This paper 

employs TO analysis for achieving high bending deflection of a 3D printed polyelectrolyte 

actuator, which shows bending deformations in response to electrical stimuli in an electrolyte 

solution. The performance of the actuator is studied in terms of maximum bending and 

actuation rate compared with a solid, uniformly 3D printed, and topology optimized actuator. 

The experimental results proved the effectiveness of TO on achieving higher bending 

deformation and actuation rate against a uniformly 3D printed actuator. 
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1. Introduction 

Until recently, production of parts in robotics such as actuators were done by using 

conventional polymer extrusion techniques and machining individual components prior to 

assembly [1, 2].  

The introduction of soft robotics and digital additive manufacturing changed the production 

of robots with capabilities of delivering delicate tasks through their compliant material nature 

and intrigued shapes [3].  
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The rapid advancements in the emerging field of soft robotics are attributed to the 

developments in the stimuli-responsive active materials in conjunction with the 3D printing 

techniques and innovations. These materials are a vital part of the design of soft robots as 

they can function in response to specific external stimuli [4].  

Additive manufacturing, particularly three-dimensional (3D) printing, has drawn soft robotics 

researchers’ attention as it does not require molding and post-processing operations. 

Introducing smart and stimuli-responsive materials to 3D printing of soft robot actuators 

resulted in a different paradigm, known as four-dimensional (4D) printing as an elaborate 

form of the 3D printed soft actuator. In other words, 4D printing literally refers to the 3D 

printed soft robot actuator showing spatial motion over time as its fourth dimension in 

response to external stimuli. In addition to the manufacturing advantages, 4D printing can 

also be used as a powerful tool for complementing the optimal functionality of soft actuators 

and soft robots by facilitating rapid manufacturing [1, 5-9]. 

3D printing builds up material layer by layer, enabling practicality of the geometric 

complexity arising from topology optimization (TO) in soft robotics. Because of the layered 

manufacturing process, it is unnecessary to constrain the design to the solid infill when 

designing mechanical components; instead, the porous infill can be a good alternative, which 

demonstrates key advantages over the solid infill in enhancing the functionalities, such as the 

maximum bending. The majority of 3D printing design of such devices is based on trial and 

error, which can be a satisfactory methodology when dealing with rigid structures showing 

linear response. However, the often-unpredictable non-linear response of soft actuators makes 

the design process more time-consuming and costly. Yet, the finite-element analysis (FEA) 

tools can be employed, combined with TO as a way for predicting the behavior of soft 

actuators prior to fabrication. The optimization engines incorporate FEA for modeling and 

evaluating the current performance of geometric model in terms of pre-defined objectives in 

one run so as to reduce time and labor costs in the design phase.  

In a recent study, hydrogels and shape memory plastics were used to demonstrate the 

mechanical response to targeted radiation [10]. Some of the mechanical properties of 

hydrogels such as the reversible dilatational strain of up to ten times the original volume can 

be utilized in soft robotic applications [11, 12]. Porous hydrogels can be 3D printed into 

structures to mimic natural muscles [13]. Reversible mechanical movement in response to 

electrical input was demonstrated by hydrogels in an electrochemical cell [4, 14]. The 



hydrogel electro-actuation is induced by the osmotic pressure, created by the concentration 

gradient of mobile ions between the gel and the solution [15]. Diffusion of ionic species 

through the membrane is the key for  reversible movement of electroactive polymer actuators 

[16]. 

This research studies porosity optimization of the electrically controllable 3D printed soft 

actuator and its effectiveness on actuation performance, particularly the maximum bending of 

actuator endpoint. TO and FEA are incorporated to explore different possibilities of 

increasing the porosity, and in turn the bending of soft actuator while keeping constant 

volume fraction. This paves the way for the design and development of a large variety of 

optimized soft actuators. 

2. Topology Optimization of 3D Printed Soft Actuator 

The TO methods are developed based on exploring the optimal structure by removing the 

materials from unfavorable areas and placing them in favorable areas of the structure. The 

soft kill option (SKO) method is a representative of this optimization type, where materials 

are applied in places of high stress, and removed from the low-stress areas. This method 

results in a porous structure with different material densities. Notable TO methods, such as 

the solid isotropic material with penalization (SIMP) method [17], the bi-directional 

evolutionary structural optimization (BESO) [18], and the level-set method [19] have been 

principally developed to identify the stiffest structure (through compliance minimization) for 

given mass and volume constraints. For instance, in the soft-kill BESO method, only the 

values of the normalized density of 1 and 𝜌𝑚𝑖𝑛 are permitted, with 𝜌𝑚𝑖𝑛 describing the 

minimum normalized density and thus the minimum material value, so that no singular 

matrices are created [20].  

2.1. Structure of the Optimization Problem 

The 3D printed soft actuator in this study is driven by the osmotic pressure. The bending of 

polyelectrolyte hydrogel actuator is justified by the Donnan effect. This means that the 

motion of counterions initiated by the applied voltage leads to the ionic gradient within the 

hydrogel networks along the direction of the electric field. This results in an osmotic pressure 

difference within the hydrogel structure, and consequently causes the deflection of 3D printed 

actuator toward the counter electrode. Several factors can be considered to characterize the 

behavior of the actuator, such as the effects of the ionic strength of electrolyte solution and 



input voltage on the bending behavior of the 3D printed polyelectrolyte actuator [10]. The 

optimum ionic strength of electrolyte to achieve the maximum bending angle of the 3D 

printed actuator was achieved [3]. It was also reported that different patterns of 3D printed 

actuators showed different bending deflections. Although it was reported that mainly due to 

the porosity made by the 3D printer, the 3D printed actuator of uniform lattice was more 

pliable in comparison with the solid cast actuator [3], there still exist more areas for 

optimizing the 3D printed pattern to attain the utmost bending with the same amount of 

material.  

In this paper, a soft actuator is developed based on TO, in which instead of starting from a 

predefined uniform lattice, the exploration starts from a dense non-porous solid model of 

material. Distributed loading and boundary conditions are defined based on the specifications 

of the actuator as a cantilever beam under distributed force that reflects the osmotic pressure. 

Our main objective here is porosity which is directly correlated to actuator performance. With 

preserving the volume fraction and stiffness while increasing the number of layers in the 3D 

printed actuator, we indeed manipulate porosity with optimizing the arrangement of 3D 

printed strand layers which leads to more bending or more displacement of the actuator 

endpoint.  

The loading and boundary conditions of a 3D printed polyelectrolyte actuator are shown in 

Fig. 1, where the actuator is fixed at one end and subjected to a uniform pressure along its 

length. Therefore, the soft actuator is designed to maximize its bending deformation to reach 

its full bending capacity. Using a stress-based topology optimization results in a large number 

of constraints for the optimization because stress is a local quantity [21]. Therefore, the 

computational complexity increases. In addition, stress can be highly nonlinear with respect 

to the design variable, which can cause additional convergence problems during the 

optimization [21]. We thus use a stiffness-based optimization, although the results could be a 

little bit worse than applying the stress-based concept. 

The TO problem for a soft actuator is modeled based on the SIMP method, with the design 

goal being set as the minimum strain energy or maximum stiffness of the actuator. So only 

the necessary areas should be provided with material. A volume constraint is also introduced 

to regulate the stiffness of the soft actuator and guarantee general convergence of the 

optimization problem [22]. 



 

 

 

 

  

 

 

 

Fig. 1. Uniformly 3D printed lattice actuator (a) boundary constraint; (b) applied forces 

2.2. Determination of Sensitivity 

Several objectives can be used to determine the sensitivity. Depending on the application, 

direct objectives such as stress, strain and displacement can be used [23, 24]. The most 

common objective in TO is the change in strain compliance П𝑆𝑡𝑟𝑎𝑖𝑛 =
1

2
 𝒖𝑇𝑲𝒖 of the original 

model with respect to the improved variant. With each iteration step, two system responses 

are calculated from a model with solid material and distributed material, whose combination 

is used for the statement of sensitivity [25]. The element’s strain energy can be used when the 

size of element has no influence on the local strain energy. By normalizing the density with 

respect to the local element volume, the strain energy density П𝑜𝑏�̂� for each element 𝑒 can be 

used as a suitable objective function for the optimization of unevenly structured meshes as: 

П𝑜𝑏𝑗,�̂� =
𝜕П𝑆𝑡𝑟𝑎𝑖𝑛

𝜕Ω
=

1

2

𝜕𝒖𝑇𝑲𝒖

𝜕Ω
          (1) 

where 𝒖 is the node displacement vector, and 𝑲 is the stiffness matrices over the design field 

of Ω. The design domain Ω is discretized into 𝑁 elements, the elementwise density 𝜌𝑒 is taken 

as a design variable continuously defined between 0 and 1. For a single element, its Young’s 

modulus 𝐸𝑒 is described by a power-law interpolation of the solid material phase 𝐸 and the 

void phase 𝐸𝑚𝑖𝑛, which is given by [26]: 

(a) (b) 



𝐸𝑒(𝜌𝑒) = 𝐸𝑚𝑖𝑛 + (𝐸0 − 𝐸𝑚𝑖𝑛)𝜌𝑒
𝑝, 𝑒 = 1,2, … , 𝑁       (2) 

The elementwise stiffness matrix 𝑲𝑒 is then obtained from the following formula as: 

𝑲𝑒 = 𝑲0,𝑒 𝐸𝑒(𝜌𝑒) = 𝑲0,𝑒(𝐸𝑚𝑖𝑛 + (𝐸0 − 𝐸𝑚𝑖𝑛)𝜌𝑒
𝑝) , 𝑒 = 1,2, … , 𝑁     (3) 

where 𝑲0,𝑒  is the elementwise stiffness matrix with a unit Young’s modulus for solid 

material. 

The energy density in a discrete finite element, with volume 𝑉𝑒 and node displacement 𝒖𝑒 for 

each element, can be calculated as: 

П𝑜𝑏𝑗,�̂� =
1

2

𝒖𝑒
𝑇𝑲𝑒𝒖𝑒

𝑉𝑒
            (4) 

The system’s energy density can thus be directly used to describe the local system properties 

while incorporating different element types. By differentiating the element energy with 

respect to the design variable 𝜌𝑒, the normalized element density of the material, the suitable 

sensitivity for a single element 𝑒 can be obtained as [25, 27, 28]: 

𝜕П𝑜𝑏𝑗,𝑒̂

𝜕𝜌𝑒
=

1

2 𝑉𝑒
(

𝜕𝒖𝑒
𝑇

𝜕𝜌𝑒
𝑲𝑒𝒖𝑒 + 𝒖𝑒

𝑇 𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒 + 𝒖𝑒

𝑇𝑲𝑒
𝜕𝒖𝑒

𝜕𝜌𝑒
)                    (5) 

Considering the derivative of the system equation 𝑲𝒖 = 𝒇 with respect to the design variable, 

the following applies to a single element: 

𝑲𝑒
𝜕𝒖𝑒

𝜕𝜌𝑒
+

𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒 =

𝜕𝒇𝑒

𝜕𝜌𝑒
          (6) 

Since the external load is independent of the density, Eq. (6) yields: 

𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒 + 𝑲𝑒

𝜕𝒖𝑒

𝜕𝜌𝑒
= 0                       (7) 

Accordingly, Eq. (7) can be rearranged to: 

 𝑲𝑒
𝜕𝒖𝑒

𝜕𝜌𝑒
= −

𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒                       (8) 

Transposing Eq. (8) leads to:  

 (𝑲𝑒
𝜕𝒖𝑒

𝜕𝜌𝑒
)

𝑇

= (−
𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒)

𝑇

                     (9) 



Through the symmetric stiffness matrix, we can rewrite Eq. (9) as: 

 
𝜕𝒖𝑒

𝑇

𝜕𝜌𝑒
𝑲𝑒 =  −𝒖𝑒

𝑇 𝜕𝑲𝑒

𝜕𝜌𝑒
                    (10) 

By substituting Eqs. (8) and (10) into Eq. (5), the sensitivity of the strain energy density can 

be obtained as: 

𝜕П𝑜𝑏𝑗,𝑒̂

𝜕𝜌𝑒
=

1

2 𝑉𝑒
(−𝒖𝑒

𝑇 𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒 + 𝒖𝑒

𝑇 𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒 − 𝒖𝑒

𝑇 𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒)                 (11) 

which is simplified as 

П𝑂𝑏𝑗,𝑒̂

𝜕𝜌𝑒
= −

1

2 𝑉𝑒
𝒖𝑒

𝑇 𝜕𝑲𝑒

𝜕𝜌𝑒
𝒖𝑒                    (12) 

The differentiation of the modified stiffness matrix in Eq. (3) leads to: 

𝜕𝑲𝑒

𝜕𝜌𝑒
= 𝑲0,𝑒 (𝐸0 − 𝐸𝑚𝑖𝑛)𝑝𝜌𝑒

𝑝−1
                        (13) 

Then, the sensitivity can be directly determined by substituting Eq. (13) into Eq. (12) as: 

П𝑂𝑏𝑗,𝑒̂

𝜕𝜌𝑒
= −

1

2 𝑉𝑒
 (𝐸0 − 𝐸𝑚𝑖𝑛)𝑝𝜌𝑒

𝑝−1
𝒖𝑒

𝑇𝑲0,𝑒𝒖𝑒                          (14) 

where 𝑢𝑒 results from solving the system of equations with a distributed density and material 

characteristic values [23, 25]. Using the sensitivity of Eq. (14), the influence of every single 

change in the element itself can be investigated [4, 7].  

2.3. Sensitivity Filtering 

In practice, it has been shown that a direct use of the selected sensitivities leads to a 

checkerboard structure [24]. A compensation for this effect can be achieved with higher-

order elements, i.e. quadratic or cubic elements, which usually take much longer to calculate 

[24]. The necessity of filtering is shown in Fig. 2. The marked area shows a pixel-like 

solution structure with no filtering  ( 𝑟𝑚𝑖𝑛 = 1). To prevent this, the filter limit has been 

increased to the boundary of 𝑟𝑚𝑖𝑛 = 3 or 𝑟𝑚𝑖𝑛 = 5 to remove the checkerboard-like structure 

and smoother contours.  



 

 

 

 

   

 

 

Fig. 2. Checkerboard pattern filtering 

The principle of filtering is inspired by the methods from digital image processing. This 

results in averaging of the sensitivities and densities of the solution structure, and leads to 

blurred solution contours without checkerboard patterns. To be able to use these filter 

strategies, the conditions of the pixel structure of a digital image must be adapted for the 

finite element mesh. This allows the results and methods developed in image processing to be 

transferred directly to TO. A filtering of the signal (
П𝑂𝑏𝑗,𝑒̂

𝜕𝜌𝑒
 or 𝜌𝑒) of the element 𝑒 takes place 

via a so called filter mask  �̂�𝑒. Figure 3 shows a simple example of density filtering in some 

area elements. The adjacent elements in the filter area, 𝛀𝐹, are sorted into a matrix. The 

matrix elements are then multiplied separately, and their summation results in a new filtered 

value [29, 30].  

 

 

 

 

Fig. 3. Example of the filter strategy 
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The TO algorithm used in this study is illustrated in Fig. 4. The SIMP method is adopted to 

solve the TO problem, where densities of the discretized elements are taken as design 

variables [31]. The SIMP method and a Euclidian distance filter matrix are used for 

smoothing the sensitivity result and avoiding checkboard results [32, 33]. The loading and 

boundary conditions of the 3D printed soft actuator are modeled as constraints of the 

optimization model. Thereafter, the optimization problem is solved iteratively with the 

guidance of sensitivity information. To ensure the minimum structural stiffness and 

convergence of the optimization problem, volume constraint is also introduced [34]. In 

addition, a standard method of moving asymptotes (MMA) is used to comply with the 

volume restriction in the TO problem. By doing so, we improve the optimal performance of 

3D printed actuator, which is the maximum bending angle in this study, through the 

optimization of printed strands on top of each layer.  

The optimization results in terms of objective function and volume fraction over iteration 

history are provided in Fig. 5. The figure illustrates that the objective function decreases 

gradually and reaches its minimum as the volume fraction is satisfied, with around 39 

iterations. The corresponding optimal solutions for different layers of soft actuator are shown 

in Fig. 6, where the optimized layers are developed with the same amount of materials as the 

uniformly distributed 3D printed soft actuator. 

3. 3D Printing of the Soft Actuator 

The key issue in fabrication of soft actuator using 3D printer is solidification of hydrogel 

strand upon extrusion from the printer nozzle. The preparation of hydrogels used for printing 

which can retain their structural integrity after extrusion has been studied through several 

approaches based on the types of hydrogel materials and their subsequent applications [35-

37]. One primary way is to use the solvents of high molecular weight, which result in 

polymer inks with high viscosity. Cross-linkers (e.g., ultraviolet (UV) or forced air drying) 

can also be utilized in the solidification of hydrogels after printing or adjusting the print 

platform temperature to accelerate the solidification process. Solvent casting is another 

method that works based on the solidification of printed filament through solvent evaporation 

[38]. The wet-spinning method based on solvent exchange in a bath of cross-linker has also 

been used for 3D printing of hydrogels (e.g. EtOH) [39].  



In this study, the chitosan hydrogel was 3D printed by the liquid hardening method [40] with 

an EnvisionTEC GmbH bioplotter. The computer-aided design (CAD) model of the actuator 

was created in Solidworks and subsequently loaded into the bioplotter. 1.6 g of chitosan of 

medium molecular weight (SigmaAlrich, Australia) was added into 0.8 ml of 1.0% v/v acetic 

acid solution and stirred for 2 h, followed by centrifugation. The resulting extrudate was 

poured into the syringe of the bioplotter. Solidification of the extrudate took place in a 0.25 

M sodium hydroxide solution. The topology-optimized actuators were printed in uniform 

layers (Figs. 6 and 7). The 3D printer settings and experimental details for printing chitosan 

are provided in an earlier publication of the authors [3]. 

 

Fig. 4. Flowchart of the TO algorithm used in this study 
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Fig. 5.  TO results versus iterations with 𝑝 = 2 (a) 𝑣 = 0.4; (b) 𝑣 = 0.6; and (c) 𝑣 = 0.8 

 

Fig. 6. The topology-optimized 3D printed actuator layers (the odd and even layers are 

printed in the X and Y directions, respectively) 

 

Fig. 7. 3D printed soft actuators: (a) with uniform lattice; and (b) topology-optimized 3D 

printed actuators 



 

4. Experimental Results and Discussions 

To assess and show the effectiveness of the proposed TO design in fabrication of 3D printed 

soft actuator, a range of experiments were conducted to measure the free bending trajectories 

of the actuators’ endpoints. The 3D printed soft actuator is fixed on the supportive end using 

a paper clipper, leaving the endpoint deform freely in the horizontal plane. An osmotic 

pressure is exerted on the surface of the 3D printed soft actuator through the input voltage 

signal applied on two steel mesh electrodes.  

First, the actuators were tested with three different input signals of 3 V, 5 V, and 7 V. All the 

experiments results are repeated three times and the averaged results are depicted in the 

following figures. The experiments results shown in Figs. 8 and 9 prove that the topology-

optimized 3D printed soft actuator underwent larger endpoint displacement compared with 

the 3D printed actuator with uniform lattice. Also, it can be found from the details of the 

actuators’ bending in Fig. 8 that not only the bending performance of the topology-optimized 

3D printed actuator outperformed the 3D printed actuator with uniform lattice when the input 

signal is on, up to 50 s in the graphs, but also the free bending relaxation of the topology-

optimized 3D printed actuator occurred at a higher rate when the input signal was off, after 

50 s in the graphs. That could be the main reason to justify the overlap of the endpoint 

locations for both the 3D printed actuator with uniform lattice and the TO 3D printed soft 

actuator at the end of the actuation cycle, while the maximum bending was achieved by the 

TO 3D printed soft actuator during the actuation. 

 

 

 

 

 

 

 



 

   

 

 

 

 

 

 

   

 

 

 

 

Fig. 8.  3D printed actuators’ end-point displacements over time (a) 3D printed lattice 

actuator; (b) topology-optimized 3D printed actuator 

Additionally, hysteretic tests were conducted on limited on-off cycles of input signal. The 

results of hysteretic experiments in response to the input signal of 5 V, depicted in Fig. 10, 

reveal that the functionality of actuator gradually plunges with repeating the cycles in free 

bending trajectory. The hysteretic deviation from the maximum endpoint displacements is 

indicated by peak envelop lines in Fig. 10. Also, when comparing between different cycles, 

large deviation up to 30% is observed for the topology-optimized 3D printed soft actuator. 

(a) 

(b) 



 

 

 

Fig. 9. Free-bending trajectory of 3D printed soft actuators under different input signals; (a) 7 

V; (b) 5 V; (c) 3 V 

(a) 

(b) 

(c) 



 

 

Fig. 10. (a) Hysteretic test results of 3D printed soft actuators under (b) three on-off cycles of 

input signal of 5 V 

5. Conclusion 

In this study, 4D printing is incorporated with topology optimization to enhance the full 

potential of the soft actuator’s functionality. The soft actuator is designed by topology 

optimization to achieve its maximal free bending deformation, evaluated by endpoint 

displacement. First, a polyelectrolyte soft actuator is 3D printed using a bioprinter and a 

polyelectrolyte hydrogel. The topology-optimized 3D printed soft actuator is then searched 

according to the stiffness requirements by engineering the material arrangement within the 

considered volume. The experiments showed that, due to porosity rearrangement within the 

constant volume of 3D printed material, the topology-optimized 3D printed soft actuator 

(a) 

(b) 



achieved more functionality compared with the 3D printed actuator with uniform lattice. The 

results imply the power of topology-optimization-based design approach for leveraging full 

potential of the design space of high-performance 3D printed soft robots and actuators. For 

further investigations, a stress-based concept for topology optimization can be used to 

increase the deflection of actuator regarding a maximum-stiffness-based design that is not 

always equivalent to a minimum-stress-based design. 
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