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ABSTRACT 

While volume changing hydrogel is well studied for a 
sensing application, its mechanical actuation can also be 
implemented for a reversible actuation. In this paper, we 
present an electrolytically controllable soft actuator that 
utilizes a chemo-mechanical volume changing property of 
hydrogel. By incorporating micropatterning and 
electrolysis electrodes on a hydrogel surface, 
environmental stimuli (i.e., pH) can be localized, resulting 
in a precisely controlled, large displacement, reversible 
actuation. Patterned and non-patterned pH-sensitive 
poly(methacrylic acid-co-acrylamide) hydrogel is studied 
using a DC voltage (5 V). The hydrogel with a dimension 
of 5 mm by 5 mm by 0.5 mm with line patterns (t = 40 µm) 
via a laser machining demonstrated 2 mm in maximum 
actuation displacement, which is a three-fold improvement 
in the range of motion compared to a non-patterned 
hydrogel. It is anticipated that the presented actuator design 
and mechanism can be applied to an underwater walker or 
gripper. 
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INTRODUCTION 
 Soft actuators or soft robotics are a subfield of robotics 
that uses highly compliant materials, such as silicone, 
mimicking those found in a living organism. Due to this 
compliance, flexibility, and adaptability, soft robotics has 
caused considerable interest in the robotics community. 
Compared to its counterparts, soft actuators boast a broad 
array of mechanical actuation capabilities from simple 
material deformations to complex bending or twisting. The 
principle of such actuation utilizes various modalities, 
including pneumatic [1], shape-memory alloy [2], and 
magnetic [3]. When it is coupled with the 
microelectromechanical systems (MEMS), the resulting 
combination of properties is ideal for creating novel 
biomedical and environmental applications [4]. However, 
such soft robotics could move only submillimeter range 
due to a limitation in actuation modalities. Magnetic force 
mediated actuation has been one of the popular modalities 
for controlled motion at the milli- and micrometer scales 
for the past two decades [5]. However, its reliability has 
been demonstrated only at a short distance. Other 
modalities, such as thermal, electrical, or piezoelectric 
properties, are also available; however, most actuators 
require high voltage and several structural layers. 
Altogether, MEMS-based actuators have complicated 
fabrication processes [6]. 
 In this paper, we present hydrogel-based soft robotics 
that actuates the out-of-plane manner by low-voltage 
mediated electrolysis. The actuation principle is based on 
the unique property of hydrogel that presents a reversible 

volume phase response to a pH stimulus. The surface of the 
hydrogel is engineered to include electrolysis electrodes 
and microgroove patterns. By applying DC voltage across 
the electrodes, electrolysis occurs on the surface of 
hydrogel, inducing localized pH change and thus swelling 
near the cathode and shrinking near the anode.  
 
OPERATION PRINCIPLE 

Electrolysis of water is a process widely used in 
industry, biology, and medicine; by applying direct current 
(DC) through a substance, a controlled chemical change is 
induced [7]. The electrolysis of water produces hydrogen 
and oxygen gases by the following reactions.  

 
anode:    2H2O « O2(g) + 4H+(aq) + 4e- 
cathode: 4H+(aq) + 4e- « 2H2(g) 
net:         2H2O(l) « O2(g) +2H2(g) 
  
Since this reaction generates gases from liquid, this 

direct conversion of electrical energy to pressure-volume 
change has been utilized as the basis for various actuator 
applications, including dispensing systems, dosing 
systems, switches, microvalves. For example, Lee et al. 
reported the fabrication of electrolysis-driven microvalve 
for microfluidics [8]. However, this actuation scheme 
requires entrapment of the produced gas in a chamber.  

 

 
Figure 1: Electrolysis driven actuation of hydrogel: 
surface pattern (bottom right) enhances the actuation. 

 
Another reaction result due to electrolysis would be the 

localized pH changes due to hydrogel at the cathode 
(increasing pH; alkalic) and hydroxy group (OH-) at the 
anode (decreasing pH; acidic) as seen in Figure 1(a). Such 
electrolysis-driven pH change can be utilized for 
poly(mAA-co-AAm) hydrogel, whose swelling/shrinking 



behaviors are well studied in our previous investigation [9], 
[10]. Hydrogel, a type of crosslinked polymer network, 
naturally absorbs a large amount of fluid. When the fluid 
carries a variety of chemical stimuli such as pH ion, 
antigens, temperature, or glucose, hydrogels mediates by 
the ionization of the functional groups. In our poly(mAA-
co-AAm) hydrogel, phenylboronic acid (PBA) moieties 
exhibit gradual osmotic swelling forces in response to the 
pH [11]. When such hydrogel is stimulated by a pair of 
surface integrated electrodes and small DC voltage (~ 5V), 
via electrolysis, the anode side shrinks, and the cathode side 
swells due to two localized pH changes. The resultant 
behavior of the hydrogel, however, is not sufficient to be 
called actuation as its shape became a trapezoid. However, 
changing the surface tension by adding slits is sufficient to 
induce actuation, as seen in Figure 1(b). As such, the 
hydrogel is featured with micro-patterning to facilitate a 
greater range of motion, as shown in Figure 1(c).  
 
DESIGN AND FABRICATION 
 

 
Figure 2: Actuator fabrication process: (a) hydrogel is cast 
in a mold, then (b) patterned with the laser machine. (c) a 
mask is applied and (d) electrode is evaporated on, (e-f) 
wires are attached using epoxy 
 

The fabrication process for the electrolytic hydrogel 
actuator involved hydrogel preparation and device 
assembly. This provides a streamlined process for creating 
our actuator.  Hydrogel preparation was based on our 
previous works [9], [10]. The pre-gel solutions for hydrogel 
were prepared. Part A is prepared by dissolving 277 mg of 
acrylamide, 84 µl of methacrylic acid, 83 µl of N,N,N′,N′ - 
tetramethylethylenediamine accelerator and 13.6 mg of 
N,N'-methylenebisacrylamide (cross-linker) into 1 ml of 
DI water and part B was prepared by adding 80 mg/ml 
ammonium persulfate to DI water. Then, part A and part B 
solution were mixed in a 5.9:1 ratio, respectively. The 
mixture was then synthesized to a thin film in polyester 
(PET) film mold (5 ´ 5 ´ 0.5 mm3), Figure 2(a). After 
casting the hydrogel thin film, it was placed in a laser 
machine (Universal Laser Systems), where micro-grooves 
were ablated (40 µm apart). As the micro-grooves dictate 
the actuation direction, we patterned it as a line, Figure 

2(b). The hydrogel is then completely dehydrated at room 
temperature for 24 hr. To prevent wrinkles during the 
dehydration, the hydrogel was laminated between PET 
with a small weight on top (100 g). Keeping the hydrogel 
dehydrated and wrinkle-free allowed the metal to adhere 
better during metal deposition. Using a shadow masking 
technique [12] that would avoid deterioration of hydrogel 
during metal deposition, Figure 2(c), the electrodes (Cr/Ag, 
20/200 nm) were substantially deposited on the opposite 
side of the patterned surface (Eco-Vap, MBraun), Figure 
2(d). Lastly, wires were attached to electrodes using silver 
epoxy, Figure 2(e-f). Figure 3 shows a picture of a final 
prototype. The resulting thickness of the actuator was 400 
µm.  
 

 
Figure 3: Fabricated prototype: (a) electrode on hydrogel, 
(b) with wires. (c) cross-sectional view, and (d) on a US 
penny 
 
EXPERIMENTAL RESULTS  

The soft hydrogel actuators were placed on a flat 
surface platform for testing. The actuation motion of each 
sample was video recorded and analyzed by each frame (60 
fps). To study the effect of micro-groove, a hydrogel 
actuator without patterning was also prepared. Because the 
hydrogel was completely dried after the fabrication, it was 
required to rehydrate prior to the experiment. For this 
procedure, we applied fine mist using a humidifier for 10 
min. Note that a droplet of water or submerging hydrogel 
in water may cause rapid water absorption, which could 
lead to uncontrolled actuation and electrode degradation. 
After the rehydration, a droplet of pH-indicator dye 
(phenolphthalein) was carefully applied to a wire-hydrogel 
junction to visually confirm the pH change during the 
electrolysis reaction. Lastly, all actuators were positioned 
at the same initial position along the edge of the platform. 
The DC voltage (5V) was applied across the electrodes for 
10 min, then removed to determine if the actuator could 
return to its original shape. As electrolysis was initiated, we 
observed a pink color change in the phenolphthalein around 
the cathode (basic) and a yellow around the anode (acidic). 
This color change grew more visible with time and showed 
the pH change becoming more drastic. This color change 
was also used to assess the durability of the electrodes; the 



electrode degradation due to electrolysis was identified by 
the visible outline of the affected areas, which were minor 
during the testing.  
 

 
Figure 4: Key picture frames traced during actuation: (a) 
hydrogel actuator with micropattern, (b) hydrogel actuator 
without pattern. Scale bar represent 1 mm 

 
Figure 5: Displacement vs. time: hydrogel with 
micropattern exhibited the maximum displacement of 2 mm 
(Black), whereas non-patterned hydrogel (red) showed the 
maximum displacement of 0.6 mm comparison between 
points at each minute. 

 Figure 4 shows time-lapse pictures of hydrogel during 
electrolysis for 10 min and another 15 min after electrolysis 
is off. This process was done to both the case of the 
patterned, Figure 4(a), and non-patterned hydrogel, Figure 
4(b). Overall, both hydrogel actuators exhibited 
asymmetric shapes (i.e., trapezoid) after electrolysis. The 
average measured thickness near cathode (pH > 8) was 480 
µm (swelling behavior), and anode (pH < 5) was 310 µm 
(shrinking behavior). Therefore, the resulting actuation was 
twisting and folding motions with the cathode being the 
axis of rotation. The speed of actuation was 0.02 mm/s. 
Both actuators show a maximum vertical displacement 
between 2 mm and 2.5 mm. At the cathode side (thickness 
= 480 µm during actuation), a ratio of displacement to 
thickness was measured to be 4.17. As seen in Figure 6, the 
addition of the micropatterns indeed improved the 
actuation significantly (330% improvement compared to 
non-patterned hydrogel). The captured images were point 
tracked on the cathode corner to characterize the actuation 
of the hydrogel. Figure 5 shows the maximum 
displacement of the patterned hydrogel, which was 2 mm. 
The non-patterned hydrogel actuated by 0.6 mm 
displacement. 

Figure 6a shows the temporal displacements of the 
cathode corner of the micropatterned actuator. Subsets 
show the picture of the actuator with guidelines at its initial, 
final, and maximum displacement positions. Positions 
shown in green were when electrolysis was active, and ones 
in a red mark that electrolysis is inactive. Figure 6b shows 
the temporal displacement for the non-micropatterned 
actuator using the same conventions. The results show that 
both pattern and non-pattern hydrogel had similar trends of 
curving downward and then returning near its starting 
location. However, the micropatterned hydrogel shows a 
more controlled negative trend, whereas the non-
micropatterned actuator showed both positive and negative 
displacement from its initial position. Although patterned 
hydrogel showed better actuation, non-patterned hydrogel 
had better hysteresis (Dd = 1.358 mm for patterned and 
0.697 mm for non-patterned).  
 

 
Figure 6: Cathode points tracking seen at XZ plane: (a) 
micropatterned hydrogel actuator and (b) non-patterned 
hydrogel actuator green dots indicate when electrolysis 
was applied, and red dots are when electrolysis was 
removed. Subsets display the actuators at its initial, max, 
and final position.  
 
CONCLUSIONS 
 The hydrogel-based actuator exhibits promising 
results, making it a feasible candidate in future robotic and 
biomedical applications. The characterization verifies that 
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the actuator executes movement under electrolysis while 
maintaining low-cost, flexible, and pH-sensitive 
hydrogel discussed previously as indispensable elements of 
the actuator. Although it only displays a simple one-way 
curve, using different metal patterns can manipulate the 
hydrogel to implement more dynamic motions. With the 
addition of the micro-patterning, we can show a further 
range of motion. As we pair more intricate patterning with 
varying electrode shapes, we can expect the dynamic 
motion to increase further. This design also allows for 
modular expansion, where we can design different sections 
to do simple tasks in order to perform more complex 
motions. This will allow our system to perform precision 
tasks when working together. Optimization of the depth 
and spacing of the micropatterning will improve the range 
of motion for the actuator as well as improve the hysteresis 
of the device.  
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