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BSTRACT 

In this paper, we designed a hydrostatic electroactive soft actuator (HESA) 

nspired by octopus transverse musculature. We introduced the advantage of laser 

rocessing technology in HESA fabrication compared with existing similar actuators 

nd discussed the effect of laser processing on the outer membrane of the actuator. In 

ddition, a mathematical model was established for the single channel of the actuator, 

nd the geometric parameters of the actuator were optimized by mathematical model 

imulation and experiments. We demonstrated the motion effect of the actuator. Our 

xperiments show that the single piece of the actuator can achieve 32.2% strain in the 

xial direction and 7.8% strain in the radius direction. Furthermore, we stack three 

ctuators together and describe their motion characteristics at different frequencies. The 

tacked actuators could realize axial elongation, radial shrinkage, and bend, which 

overs all the motion modes of the octopus biological transverse musculature. This 

tudy may lay a foundation for implementing the biomimetic soft actuator mimicking 

he octopus’s transverse musculature, which is one less discussed but crucial muscular 

omposition in the octopus-inspired arm research. 
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1.  Introduction 
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Many soft-bodied animals in the natural world exhibit exciting mechanical and 

ocomotor characteristics. The octopus uses their soft tentacles to grab distant objects 

1,2] and complete complex movements. The elephant trunk can remove obstacles and 

uck water [3]. Geckos can use cilia on their palm to crawl on the wall [4]. These 

nimals have evolved flexible physiological structures to adapt to the environment. 

ctopuses have been one of the most famous creatures in soft-bodied animals and 

nspired lots of soft robotics research [5–14]. Octopus has a highly flexible arm, which 

an accomplish highly elongating, bending, variable stiffness, and other behaviors. 

uch high movement flexibility can be attributed to its ingenious muscular hydrostats 

ystem [15].  

A critical component of the octopus arm is the transverse musculature (as shown 

n blue in Fig. 1A), which moves under the constraint of constant volume: when 

ctuated, it shrinkage in the radial direction and elongate in the axial direction at the 

ame time. By actuating part of the transverse musculature, that part will elongate and 

ause a bending motion. When all parts of transverse musculature contract, the arm 

ends to elongate in the axial direction and contracts in the radius direction. A few forms 

f the octopus musculature-inspired robot have been developed before, the actuation 

ncluding shape memory alloy (SMA) actuation [5,10], pneumatic actuation [9,14], and 

able actuation [11,12]. Most of them could not show the radius shrinkage of the 

ctopus arm, because they omit the transverse musculature due to its complex 

ovement mode. Laschi et al. tried to mimic the transverse musculature [5,10,11,13]. 

owever, a bio-inspired transverse musculature, which could achieve axial elongation, 

adial shrinkage, and bend, still lacks descriptions.  

Similar to muscular hydrostats, the soft dielectric actuator is one kind of constant 

olume actuator. Based on dielectric elastomer (DE) actuators [16], Keplinger et al. 

dded a high-voltage insulating oil layer between the elastomers of DE and proposed a 

elf-healing hydraulic dielectric actuator (HASEL) [17]. It comprises three parts: elastic 

hell, high-voltage insulating oil, and flexible electrode. The composition allows the 

ctuator to be equipped with hydraulic properties. The high-voltage insulating oil can 

rotect the actuator to some extent in the case of high-voltage breakdown and improve 

he actuator’s working duration. However, the common fabrication methods of HASEL 

ctuators are relatively complex or tiring [17–19]. Keplinger et al.introduced a method 

f using a 3D printer as a CNC to process HASEL and a screen printing method for 

lectrode fabrication, notably improving the efficiency of HASEL fabrication [20,21]. 

evertheless, the above fabrication methods still need to seal and cut the oil sac 

eparately. 

In this study, we designed a three-channel hydrostatic electroactive soft actuator 

ased on the features of the transverse musculature. This actuator not only can bend but 

s also able to elongate in the longitudinal direction with a radius shrinkage (Fig. 1B). 
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This flexible actuator is filled with dielectric fluid so that it moves under volume 

constraints like muscular hydrostats. Based on the fabrication method of HASEL 
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ctuators, we fabricate HESA with laser processing instead of modifying a 3D printer 

o a CNC heat-sealing machine. The laser processing of HESA is an accurate 

abrication method that combines the oil sac sealing and cut in one process run without 

ny extra learning or modification of the laser processing system.  

To deeper explore the HESA actuator, several geometry parameters are selected 

o optimize the longitudinal elongation capability. Then, the mathematical model was 

roposed, and the simulation was carried out. The performance of the laser sealing is 

ested by adjusting key processing parameters. Finally, we use the diving board to 

ctuate the HESA to validate our designs. 

 

ig. 1. An electroactive soft actuator inspired by the transverse musculature of 

uscular hydrostats. (A) Transverse musculature is a kind of muscular hydrostat that 

longates axially and contracts in the radius direction under constant volume movement 

onstraints. Adapted with permission. Copyright © 2007 Wiley-Liss, Inc. © 2012. 

ublished by The Company of Biologists Ltd. (B) Model and the design of movements 

f biomimetic soft actuator HESA.  
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2. Method 
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.1. The parametric design of HESA 

In the muscular hydrostats system of the octopus, the structure of transverse 

usculature is similar to a four-point star; this kind of musculature arrangement enables 

he octopus arm to bend in 2 degrees of freedom. In our design of the HESA, the 

reedom of the biological octopus arm is guaranteed, and the complexity is reduced by 

implifying the four-point star to a three-channel actuating system. The composition of 

ESA can be divided into three parts: flexible shell, dielectric oil, and flexible 

lectrodes. In the fabrication process, we refer to the flexible shell as the skin of the oil 

ac.  

Based on an initial actuator size, the parameter optimization experiment was 

arried out by varying the opening angle of the sector contour and the electrode size. 

onsidering the high precision of laser processing, we can perform millimeter-level 

eometric parameter adjustments. For the opening angle of the sector contour α, we 

hoose the middle range from 80 degrees to 120 degrees, and the opening angle is set 

o be 80 degrees, 90 degrees, 100 degrees, 110 degrees, and 120 degrees, with an 

ncrement of every 10 degrees, separately. For the electrode size, we choose to increase 

he radius R by 1 mm successively. At the same time, four new electrode shapes need 

o be customized to match the actuator geometry with different opening angle 

haracteristics. Eight new electrode shapes need to be customized, four of which take 

n angle as the variable, and the rest take radius length as the variable (Fig. 2A). 

We took electrode radius as the independent variable and longitudinal elongation 

s the dependent variable. Under different actuating voltages, the three curves showed 

 trend of first increasing and then decreasing; and reached the highest value of 

longation when the electrode radius was 20 mm (Fig. 2B). Therefore, a radius of 20 

m may be close to the inflection point of HESA’s strain performance. According to 

he calculation, when the electrode radius is 20 mm, the maximum longitudinal 

longation is 128.7%. However, the 18 mm radius electrode only has an 83.4% 

longation. Under the conditions of different electrode radii, the following experimental 

esults can be obtained using 3 kV, 4 kV, and 5 kV as independent variables and 

ongitudinal elongation as the dependent variable. For each electrode size, the increased 

pplied voltage did not significantly change in longitudinal elongation (Fig. 2C). 

herefore, it is more appropriate to choose a smaller voltage considering the energy 

onsumption. Indeed, something still needs to be noted here is that, due to the 

haracteristics of the actuator, it is necessary to ensure that the actuating voltage meets 

he activation voltage threshold. When actuated by different voltages, the longitudinal 

longation of actuators with opening angles of 90° and 110° almost remained 

nchanged, while the longitudinal elongation of actuators with other opening angles 

ncreased with the increase of actuating voltage (Fig. 2D).  
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This data indicates that for the latter, the actuating voltage in the range of 3 kV to 

5 kV is not enough to make the two electrodes fit closely, and the actuating efficiency 
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eeds to be improved. In subsequent experiments, the actuating voltage should be 

ncreased at equal intervals until the plot flattens out, indicating that the maximum 

ctuating efficiency has been reached, and further increasing the actuating voltage will 

nly waste energy. We took the opening angle as the independent variable and the 

ongitudinal elongation as the dependent variable, and the relevant experimental results 

an be seen. It can be seen that, despite some fluctuations, there is an overall increasing 

rend. Based on the analysis of this result, this paper believes that the opening angle 

ill change the oil distribution in the actuator unit. The larger the opening angle, the 

ore uniform the corresponding distribution will be, and the smaller the distance gap 

etween the farthest and nearest electrode plates will be, which means that the actuator 

s more likely to have a “zipping” effect [22] and better actuating performance. 
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ig. 1. The elongation performance of the HESA. (A) Design HESA with different 

imensions by adjusting open angle α and soft electrodes radius R. (B) The influence 

f voltage input on the longitudinal elongation, including the radius of electrodes. (C) 

he influence of the radius of electrodes on the longitudinal elongation, including the 

ctuation voltage. (D) The influence of voltage input on the longitudinal elongation, 

ncluding the opening angle of the electrodes. 

.3 Using the laser to process HESA soft actuator 

In order to produce HESA actuators in batches and in a standardized manner, we 

ropose a scheme (Fig. 3) to use a laser cutting machine for skin processing. Laser 

utting uses a focused high-frequency pulse and high-energy laser beam to interact with 

atter. High power density laser as energy source bombarding the membrane material, 
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material molecules absorb light energy and convert it into heat energy, rapidly heating 

local material. The TPU film material is a thermoplastic material that can melt at high 
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emperatures. After cooling, the effect is similar to welding [23,24]. By setting different 

aser powers for different processing trajectories, the laser cutting machine can 

imultaneously heat seal (lower power) and cut (higher power) the oil sac skin. 

Here, we use the heat generated by the laser to weld the membrane material. The 

se of laser welding has the following advantages: 1) The weld trace is narrow and has 

ood potential for fine machining (the weld trace size is about 0.2 mm in the case of 

ocus); 2) No contact force will be applied to membrane material during welding, 

esulting in no residual stress and consequent undesired deformation; 3) Various 

achining parameters and machining paths can be set to complete the heat sealing and 

utting of the actuators at the same time in one run;4) The laser beam is maneuverable, 

hich can realize the inertial-free emergency stop and fast steering; 5) Consistent with 

he conventional laser cutting method, no additional operation learning is required. 

When processing with a laser cutting machine, the TPU film is first cut to the 

ppropriate size and cleaned, then the two layers are stacked together, flattened, and 

ixed on the laser cutting working plane. Then focus the laser head by placing the 

atching focus tool on the membrane and adjusting the operating platform to the 

ppropriate height. Then open the air pump of the laser operating platform, and use the 

irflow suction to fit the film on the processing platform. Finally, the file is imported, 

nd the appropriate processing parameters are set in the processing settings to process 

he oil sac skin.  

 

ig. 2. The fabrication process of the HESA based on laser processing. Firstly, use 

 laser etching system to seal and cut the oil sac skin by adjusting the power of the laser. 
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If some skin has poor sealing, it is optional to use a hot press and the copper mold for 

secondary sealing. Secondly, add an appropriate amount of high-voltage insulating oil 
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nto the skin using a syringe. Thirdly, print electrodes on the prepared oil sac by screen 

rinting. Fourthly, weld enameled wires to the small copper tape discs and stick them 

n the flexible electrodes. 

The setting of laser parameters has a significant influence on fabrication. Power 

nd speed affect thermal sealing. Too high power or too slow speed will lead to the 

urning through of the film, while too low power or too fast speed will lead to poor heat 

ealing (Fig. 4A). The pulse frequency of the laser also affects the density of heat-

ealing points. The influence of laser parameters (power, speed, and pulses per inch 

PPI)) on the processing effect will be analyzed in detail in the Results and Analysis 

hapter. In general, the influence of power and speed on the heat-sealing effect is 

oughly an inverted U-shaped curve: with the increase of power or speed, the heat-

ealing result will get better and then get worse. 

 

Another drawback of the heat seal is the bubbles produced by the material when 

eated, which can also easily cause seal failure (Fig. 4B). In addition, the cleanliness 

f the membrane surface (Fig. 4C) also has a great influence on the processing effect. 

he invisible dust and hair in the air will cause great damage to the effect of heat sealing. 

n practice, the two layers of the film do not require a high degree of close fit. A smaller 

niform gap does not affect hot working because the processing platform’s airflow 

uction and the laser’s microkinetic energy can help the working point to fit well. 

owever, if the space between two layers of the film is larger, or there is any fold on 

he film, it will also cause the consequence that the upper membrane has been cut off, 

ut no sealing between the upper and lower membrane because the heat has not been 

ransferred to the lower membrane sufficiently. 

 

By adding a high-power processing route at the lateral of the model, it can directly 

ut off the sealed oil sac completely. The solution of using laser processing of oil sac 

kins allows simpler iterations of the geometry design; and the high volume, 

tandardized production of oil sac without the worry that subsequent cutting will 

estroy the sealing performance of the oil sac. However, at the same time, laser 

rocessing also faces some challenges. The test of the parameters is needed for different 

ealing geometries because the interpolation algorithm of the positioning of the laser 

ead movement speed is not the same between different types of paths. For example, 

he linear velocity is not the same in the same speed setting in a straight line and arc 

ealing. Therefore, adjusting different speeds and pulse numbers for the different paths 

s necessary to prevent some sections from being burned through before other sections 

re heat-sealed (Fig. 4D). 
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ig. 3. Causes of failure under different fabrication parameters. (A) Heat sealing 

ailure. (B) A large number of bubbles. (C) Unclean TPU surface. (D) Laser burn-

hrough 
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2.4 Mathematical modeling and simulation of the actuator 
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he influence of geometric parameters on the actuator’s performance can only be 

xplored through repeated experiments in the above description. In order to reliably 

redict the performance of the actuator systematically, we established the outline of the 

eometric physical model of the actuator (Fig. 5A and Fig. 5B) according to the 

xperimental results of the actuator and the abstract description of its shape change. 

e assume that the oil of the actuator is wrapped by a fan-shaped cylindrical film, in 

hich the radius of the sector is R1 and the opening angle is α. The total internal oil 

uantity is V. Considering that the average radial shrinkage rate in the parametric 

xperiment is less than 10%, the value of R1 is assumed to remain unchanged. The 

adius of the flexible sector electrode is R2, and the distance between the upper and 

ower plates is evenly distributed. In this case, the thickness of the film is h0. When high 

oltage U is applied to the electrode, the plate spacing g decreases, the volume on the 

ight side of the oil sac increases, and the film thickness becomes h1. Ideally, we assume 

hat oil is incompressible. The following figure shows how the parameters are changed 

nd the effect before and after deformation. 

e assume that the film does not deform in the initial state; that is, there is no pressure 

etween the film and the oil, so the initial pressure Pin = 0. After applying high voltage, 

he electrode plate attracts each other under the electrostatic pressure. The oil is 

queezed to the outside of the film so that the film is forced and deformed. Furthermore, 

he internal pressure increases at the same time. As each electrode plate continues to be 

ubjected to electrostatic pressure, the distance decreases, and the internal pressure 

ncreases continuously until the system reaches dynamic equilibrium. 

he following equation can calculate the deformations in the above process. First, the 

olume expressions before and after the deformation can be coupled with the iso-

olume property of the oil: 

𝑉 =
𝛼𝜋𝑅2

2𝑔

360
+

𝛼ℎ1𝜋(𝑅1 − 𝑅2) ×
1
2 (𝑅1 + 𝑅2)

360
(1) 

e can get film thickness ℎ1: 

ℎ1 =

360
2𝜋 𝑉 − 𝑅2

2𝑔

𝑅1
2 − 𝑅2

2
(2) 

e use the equation for the shear elastic deformation of TPU films to relate the pressure 

nd the change of area: 

𝐸𝑠ℎ𝑒𝑎𝑟 =
𝐹

𝐴⁄

∆𝐴
𝐴⁄

(3) 

n which  

∆𝐴 = 𝐴𝑎𝑓𝑡𝑒𝑟 − 𝐴𝑏𝑒𝑓𝑜𝑟𝑒 (4) 
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𝐴𝑏𝑒𝑓𝑜𝑟𝑒 =
𝛼

360
× 2𝜋 × (𝑅1

2 − 𝑅2
2) + ℎ0 × [

𝛼

360
× 2𝜋𝑅1 + 2(𝑅1 + 𝑅2)] (5) 
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𝐴𝑎𝑓𝑡𝑒𝑟 = (2ℎ1 − 𝑔)
𝛼

360
× 2𝜋𝑅2 + 2(𝑅1 − 𝑅2)b +

𝛼

360
× 2𝜋 × (𝑅1

2 − 𝑅2
2) (6) 

o the internal pressure can be calculated as follows: 

𝑃𝑖𝑛 =
𝐹

𝐴
= 𝐸

∆𝐴

𝐴
(7) 

ccording to the formula of electrostatic pressure of flexible electrodes in Edouard 

eroy’s paper [25]: 

𝑃𝑒𝑙𝑒𝑐 =
𝜀0𝜀𝑒𝑞𝑈2

2(𝑡𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐+𝑔)2
(8)

here 𝑈 is the voltage, 𝑔 is the distance between the top membrane and the bottom 

ubstrate and 𝑡𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐  is the dielectric thickness. 𝜀𝑒𝑞  is an equivalent dielectric 

onstant taking into account the fluid thickness and permittivity: 

𝜀𝑒𝑞 =
𝜀𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑡𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 + 𝜀𝑓𝑙𝑢𝑖𝑑𝑔

𝑡𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 + 𝑔
(9) 

here 𝜀𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 and 𝜀𝑓𝑙𝑢𝑖𝑑 are the relative permittivity of the dielectric material and 

he fluid. For all models we presented here, 𝜀𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 40 , 𝜀𝑓𝑙𝑢𝑖𝑑 = 3  and 

𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 20 𝜇𝑚. 

inally, we can calculate the parameters 𝑔, ℎ1, 𝑃𝑖𝑛 when the HESA reaches a steady 

tate by combining the equation for the internal pressure and the electrode pressure. 

𝑃𝑒𝑙𝑒𝑐 =
𝐹

𝐴
= 𝐸

∆𝐴

𝐴
= 𝑃𝑖𝑛 (10) 

e can solve for g and h1 for different parameters by combining the above equations 

ith numerical approximation. As a result, we could simulate the longitudinal 

longation and the gap of the electrodes. Taking HESA with parameters R2 is 18 mm, 

 is 1.5 ml, and α is 90° as an example, we have made the following three figures 

hrough the above model, which correspond to the experimental elongation results. The 

ctuator elongation increases with the increase of electrode radius. When R2 is between 

2 mm and 23 mm, it reaches a peak value (Fig. 5C). This result is within a reasonable 

ange compared with the value of 20 mm in the actual experiment. The effect of voltage 

eduction on elongation also shows a trend of increasing from fast to slow, which is 

onsistent with the theory of saturation voltage mentioned above. When the voltage is 

reater than 15 kV, the growth rate of longitudinal elongation decreases significantly 

s the increase of voltage (Fig. 5D). Similarly, from the perspective of the variation of 

he electrode gap with the applied voltage, it is more and more challenging to reduce 

he electrode spacing when it is greater than 10 kV (Fig. 5E). Therefore, in future design, 

n appropriate actuating voltage should be selected from the perspective of energy 

onversion efficiency.  
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ig. 4. Single channel modeling of the HESA. (A) Section view. (B) Axonometric 

iew. (B) The influence of the electrode radius on the longitudinal expansion. (C) The 

nfluence of the actuation voltage on the longitudinal expansion. (D) The influence of 

he actuation voltage on the gap between a pair of soft electrodes. 

. Results and analysis 

After implementing the manufacturing process of HESA with a new method, the 

elationship between the machining effect and laser parameters in laser processing is 

tudied deeply. In addition, we also carried out experiments to explore the motion 

erformance of the single piece and multi pieces of actuators. Real-time capacitance 
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sensing data acquisition is also attempted for each actuator channel. 
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.1 Influence of laser processing parameter setting on machining effect 

Different laser processing parameters have a significant influence on welding. In 

he actual processing process, we control and adjust the laser parameters to experiment 

ith the morphology change of the weld trace under single factor variables, including 

ower, laser moving speed, laser pulse number, and defocus. A study of the weld trace 

hrough a 20x optical magnification reveals that the sealing will fail with too fast speed 

r too low power. Under the above situation, the processed film cannot receive enough 

nergy to heat up to the required sealing temperature. On the contrary, too slow speed 

r too high power will absorb excess energy and cause a high temperature to cut off the 

ilm. 

 

High speed and high power will make laser sealing unevenly on the film, leading 

o a discontinuous weld trace. The welding trace at the first part of the processing 

bsorbs more energy, so the welding trace is wider than desired. And the later part of 

he processing, the welding trace gradually becomes less visible. If the power continues 

o increase, discontinuous comet-like burning holes will appear (Fig. 6A). In addition, 

t is possible to produce bubbles in the weld under any machining parameters. 

ccording to the current experiments, this does not affect the welding strength and 

ealing effect. Based on the results of several experiments, we can make the following 

ummary: too high power and too slow speed will lead to burn through, too low power 

nd too fast speed will lead to welding failure, and PPI affects the uniformity of welding. 

We comprehensively scored the weld strength obtained by manual pull failure, the 

achining defects observed by microscope, and the sealing effect obtained by the oil 

njection test. We plotted the distribution of welding defects and the welding effect 

core in the graph with the moving speed of the laser head and laser power as the 

orizontal and vertical coordinates to obtain the following chart (Fig. 6B). The main 

efect forms under this machining parameter are classified by color, and the numbers 

ndicate the welding effect. The higher the score value is, the better the damage 

olerance and sealing performance are, and the fewer the machining defects are. 

xperiments show that some defects observed by microscope have no causal 

elationship with welding strength and sealing performance, such as a small number of 

ubbles in the weld or a small number of burning holes having little effect on sealing 

erformance. 
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ig. 5. Welding results due to different processing parameters. (A) Welding traces 

hrough different laser speeds, power, and PPI. (B) Defect distribution and evaluation 

f welding results. 

.1 Movements of single HESA actuator 

The electrodes are printed on the oil sac of the soft actuator by screen printing and 

onnected to the driver board by copper tape and enameled wire. At an excitation 

oltage of 5 kV, the soft actuator provides greater strain and faster response. We 

easured the deformation of the actuator using a grid plate (Fig. 7). A single soft 

ctuator, driven by a voltage of 5 V, can simultaneously realize shrinkage in the radius 

irection and elongation along the axis direction. The strain in the radius direction can 

each 7.8%, and the strain along the axis direction can reach 32.2%. 



Journal Pre-proof

F

r

 

3

 

t

c

f

t

A

a

O

r

o

c

s

f

8

r

r

r

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
Jo
ur

na
l P

re
-p

ro
of

 

ig. 6. The actuation of the single piece of the HESA. (A) The top view shows 7.8% 

adius shrinkage. (B) The front view shows 32.2% axial elongation. 

.2 Movements of stacked HESA actuators 

The transverse musculature of the octopus muscle is not a thin layer, so we stacked 

hree actuators on top of each other and activated them at 5 kV. We first connected all 

hannels of the HESA in parallel with 5 kV voltage. When energized, the three pairs of 

lexible electrodes in the three channels attract each other, forcing dielectric oil into the 

hree cavities, which causes the entire actuator elongates accordingly (Fig. 8A). 

ccording to the same principle, frequencies of 1 Hz, 5 Hz, and 10 Hz were used for 

ctuation. The elongation length curve with time was obtained (Fig. 8B to Fig. 8D). 

verall, the actuator elongation decreases with increasing frequency. The elongation 

ange was shifting slightly at 5 Hz actuation (Fig. 8C). Then, to test the bending ability 

f the biomimetic octopus transverse musculature, we electrically actuated two of these 

hannels. As the actuated two cavities expand and only one cavity remains the same 

hape, the actuator produces a bending motion (Fig. 8E). Based on the same principle, 

requencies of 1 Hz, 5 Hz, and 10 Hz were applied for actuation, and the curve in Fig. 

F to Fig. 8H was obtained. We can see that the actuation works fairly steadily. The 

ange of motion at 1 Hz is the largest, while the range of motion at 5 Hz and 10 Hz is 

elatively consistent. Interestingly, the actuator exhibits two fixed cycle posture 

ecovery positions during the bending motion at 10 Hz. 
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ig. 7. The actuation at 5 kV of a stack of HESA pieces. (A) l mm elongation through 

he actuation of three channels of the HESA pieces. (B) Elongation length with time at 

n actuation of 1 Hz. (C) Elongation length with time at an actuation of 5 Hz. (D) 

longation length with time at an actuation of 10 Hz (E) θ degree bending through the 

ctuation of two channels. (F) Bending angle with time at an actuation of 1 Hz. (G) 

ending angle with time at an actuation of 5 Hz. (H) Bending angle with time at an 

ctuation of 10 Hz. 
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4. Discussion and conclusion 
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This paper designed a hydrostatic electroactive soft actuator inspired by the 

ransverse musculature of octopus. We explored the application of a typical laser cutting 

achine to seal and cut the actuator’s oil sac in one run, which is more convenient than 

he current fabrication methods of HASEL actuators [17–21]. 

We did laser processing experiments to evaluate the strength of the welding. The 

nfluence of different parameters on the welding effect was discussed. In general, within 

 specific range, under the same power, with the increase of laser moving speed, the 

elding result first increases and then decreases; at the same moving speed, the welding 

esult increases with the increase of laser power first and then decreases. 

The maximum longitudinal elongation values under different geometry parameters 

ere tested by changing the element’s opening angle, the flexible electrode’s radius, 

nd the actuation voltage. The elongation curves relative to electrode shape and voltage 

ere obtained, and the relationship and trend of these curves were discussed. We also 

odeled the geometric shape of one channel of the HESA mathematically. Furthermore, 

hrough the mathematical model simulation, we obtained the optimal size parameters 

lose to the experiment results. 

Based on well-behaved design parameters, we performed measurements of the 

ingle piece of HESA actuator. We verified that the actuator achieves contraction in the 

adius direction while having a large axial elongation, similar to the octopus’s 

ransverse musculature movement. In addition, we placed three actuators on top of each 

ther, and by applying a voltage to either two or three channels, we showed the 

longation and bending motions of a stack of actuators at different frequencies. The 

otion modes of the octopus transverse musculature are achieved. In the future, the 

enefit of the constant volume actuation of the transverse musculature will be explored 

ased on this kind of actuator. 
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