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SUPPLEMENTARY INFORMATION 

S1 EXPERIMENTAL SETUP 

Supplementary Fig. 1-3 show the experimental setup used in this research and described in the methods section 

of the main text. 

 
Supplementary Figure 1 | Experimental setup. (a) Experiment control and data acquisition. (b) pH meter. (c) Shielded box. (d) Reaction 

vessel mirror shield. (e) LED drivers. (f) Stepper motor driven pumps. (g) Solution tanks. (H) Arduino controller. 
 

 
Supplementary Figure 2 | Illuminated CSTR. (a) Hydrogel length. (b) Tracking ball. (c) Hotplate/stirrer. (d) LED heatsink. (e) Mirror shielding.  
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Supplementary Figure 3 | Image taken for actuation measurement. 

S2 BATCH REACTOR EXPERIMENTS 

Examining the response of the Landolt system induction time (τ) in a batch reactor (closed mass flow), with 

reference to the starting condition, particularly acid concentration, can yield an understanding of the 

relationship between residence time in the CSTR and the feed acid concentration on the prevailing equilibrium 

state of the CSTR. The results of such a batch experiment are presented in Supplementary Fig. 4. 

 
Supplementary Figure 4 | Batch experiments. Here pH is monitored from the time a solution of sulfuric acid and sodium sulphite (60 mM) is 
added to a small stirred vessel of potassium iodate. Both the influence acid concentration has on the time for the system to go to equilibrium 
(induction time τ) and the effect of the iodate/bisulphite ratio on the equilibrium pH is observed. As previously stated, the largest pH drop occurs 
in the vicinity of the stoichiometric ratio of Reaction 2 and 3. 
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S3 FURTHER PHOTO-ACTIVATION RESULTS 

Supplementary Fig. 5 is another example, as per Fig. 4, of comparing the photo-triggered strain of the Landolt 

(10.25 mM feed acid) and PAG systems. Unlike Fig. 4, the actuation is now of the small porous hydrogel, thus 

the buffering influence of the hydrogel is near non-existent. As a result, we see no significant amplification in 

actuation. 

       
Supplementary Figure 5 | No amplification observed with small porous hydrogel. Unlike the large non-porous hydrogel, the small porous 
hydrogel moves around significantly in the vigorously mixed flow of the CSTR, thus the apparent noise in the strain measurement. Test at 
conditions 6 mM thiosulfate, 60 mM sulphite, 19 mM iodate, residence time 720 sec. Unlike Fig. 4c this is CSTR operation only, with no batch 
condition experiments conducted. 

 

S4 TOWARDS REVERSIBILITY 

As shown in this study, the Landolt system is characterized by large hysteresis in system pH as the 

concentration of acid fed to the CSTR is varied. Described another way, one could say that the pH of the 

reaction system is bistable, were both the high and low pH states are possible for a given range of feed acid 

concentrations (see Supplementary Fig. 6), with the choice of these states dependent on how the feed acid 

concentration is changing (its history). While this is in many regards a desirable feature for driving hydrogel 

actuation, locking the system in the low pH actuation state for an extended period of time, it prevents reverse 

actuation being achieved passively without the addition of further external stimuli. Although this study was 

primarily concerned with demonstrating the amplification of control signals at the molecular-level, initial 

investigation of the requirements for passive reversible actuation from such systems was also examined. To 

this end an approach investigated by Boissonade and De Kepper 1 to systematically design oscillating chemical 

reactions in a CSTR was employed. In reactions such as the autocatalytic Landolt operated in a CSTR the 

addition of increasing quantities of a component able to influence the two branches of bistability differently 

will see a narrowing of the bistable region to a point where it disappears. Further addition of this component, 

contributing more negative feedback, will begin to yield a region of autonomous oscillations (Supplementary 

Fig. 7) such that a cross-shaped phase diagram is revealed with respect to the bistable (feed acid) and feedback 

component concentrations 2. Here the same approach was applied, but rather than aiming for the region of 

oscillations we instead searched for the region of minimal bistability (the cross point in the phase diagram) in 
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an attempt to enable the photoacid to easily jump between the high and low pH regions of the phase diagram, 

resulting in reversibility through operation at parameters outside the bistability band. Such an additional 

component able to provide negative feedback to the Landolt reaction is thiosulfate (S2O3
-) 3,4, with its influence 

on the system described qualitatively by Scheme S1 5. 

 

 

 

 
Supplementary Figure 6 | Reduction in bistability from additional of thiosulfate. The width of the bistable region was approximately halved 
by the addition of 6 mM sodium thiosulfate (small porous hydrogel actuator in place, 720 second residence time, 60 mM sulphite, 19 mM iodate). 
Error bars ± 1 standard deviation.  

 

Supplementary Fig. 6 shows the system pH behaviour as a function of feed acid concentration when operated 

with both no thiosulfate feedback and thiosulfate at a feed concentration of 6 mM. While the size of the bistable 

region is halved through the addition of thiosulfate, it is still significant. As a result, high concentration 

photoacid generation is required to jump even this reduced bistability band. As shown by the illumination tests 

presented in Fig. 3, the PAG used in this work is, by some extent, unable to achieve this required high 

concentration, with feed acid concentrations very close to the end of the high pH bistability branch required 

before a photo-triggered jump to the low pH state is possible. While this does then result in actuation, 

reversibility is not achieved due to the system parameters lying within the region of bistability. 

  

(S1) 
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Despite much investigation, the bistable region was unable to be consistently reduced further such that 

reversible actuation may possibly be enabled. While system parameters that yield a region of no bistability 

may theoretically exist, it is likely that finding and operating in it consistently requires precise control of all 

system variables, beyond that which was achieved in this study.  

 

While the level of precision of the presented experiments would seem to have been a limiting factor in the 

ability to reduce the bistability in the system further, it did neatly demonstrate one of the challenges of applying 

such complex non-linear systems to real engineering applications. For future work in such areas a greater use 

of modelling, combined with sensitivity analysis is expected to be hugely valuable in determining the required 

levels of precision, and the resulting practicality, robustness and applicability of systems prior to experimental 

investigation. The key findings from this initial work is the requirement for more robust feedback mechanisms 

in order to facilitate reversibility from these inherently bistable systems. 

 

 
Supplementary Figure 7 | Observed oscillations. Oscillations observed at the standard test condition (small porous hydrogel actuator in place, 
720 second residence time, 60 mM sulphite, 19 mM iodate). (a) Feed thiosulfate 10 mM. (b) Feed thiosulfate 20 mM. 

 

S5 ADDITIONAL PHOTOACTIVE COMPONENTS 

In this work we examined the use of one reversible photoacid, a protonated merocyanine (MEH), and three 

different types of PAGs and accompanying visible light sensitizers for application as the actuation trigger: a 

diphenyliodonium salt (DPI) sensitized with camphorquinone (CQ), a triphenylsulfonium salt (TPS) sensitized 

with benzophenothiazine (BPT) and nitrobenzaldehyde (NBA). 

 

Merocyanine 

Investigations into amplifying photo-generated acid content were originally concerned with application to a 

reversible, yet long lived, photoacid developed by Shi et al., a protonated merocyanine (MEH) 6. While MEH 

produces a significant pH drop from 5.6 to 3.8 when exposed to visible light (419 nm and 570 nm absorption 
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peaks), the water solubility of the system is low, around 0.2 mM, thus the pH change and its actuation potential 

is buffered by all but the smallest pH-responsive hydrogels 7.  

 

 
 

It was found early on in this investigation that the photo response of MEH was inhibited by the Landolt system. 

Specifically, a colour change similar to that observed during photo-activation of MEH occurred on contact 

with small concentrations of the sulfite reducing agent. Although it was envisaged that the reversibility of 

MEH may yield interesting phenomena, the open nature of the CSTR system employed meant that reversibility 

was not a necessary property of the photoacid, leading to the use of commercially available non-reversible 

photoacid generators in subsequent investigations. 

  

Diphenyliodonium 

Diphenyliodonium or diaryliodonium (DPI) salts, were developed by Crivello and Lam 8 who found them to 

be efficient cationic photoinitiators when they possessed complex metal halide anions 9. In our work we used 

bis(4-tert-butylphenyl)iodonium p-toluenesulfonate, which produces p-toluenesulfonic super-acid upon 

illumination. The identity of the counter ion (MXn
-) influences both the solubility and the strength of the acid 

produced. There are three challenges to the use of DPI in this work. Firstly, although it is commercially 

available the grades that produce the strongest acids (those with complex anions) are only readily available in 

pure grades for electronics manufacturing and thus are rather expensive (around $100/mmol). They also have 

low water solubility of 1 - 2 mM, although solubility near 80 mM is possible for diphenyliodonium chloride 
10. Finally, the absorption maximum is in the deep UV region (210 - 250 nm) 9, incompatible with our near-

UV/blue/green light source, thus the addition of a photosensitizer was required to get a response from the DPI 

in our lighting rig. For this, Camphorquinone (CQ), a yellow dye that can sensitize the photoacid generation 

of DPI to blue light (470 nm absorption peak) 11–14 was used. 

 

 
 

The challenge to also consider was the solubility of the sensitizer CQ, which is also very low in water 15. 

Ultimately an aqueous system with 3 mM CQ and 1.5 mM DPI was investigated, but the acid generation was 

very modest, at fractions of mM quantity. However, the greatest hindrance to the use of DPI was an unforeseen 

interaction with the iodide (I-) intermediary in the Landolt reaction. Upon contact with iodide the DPI forms a 

precipitate. 

 

Triphenylsulfonium 

Triphenylsulfonium or triarylsulfonium salts (TPS) were also developed by Crivello and Lam 16. TPS possess 

the same disadvantages as DPI in terms of cost, solubility and deep UV sensitivity, but it has the advantage 

that it was found not to complex with any components in the Landolt thiosulfate system. However, TPS is 
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harder to sensitize for longer wavelength exposure than DPI, due to higher reduction potentials 17,18. As such, 

it has been reported that CQ is not an effective photosensitiver for TPS 14. Instead, benzophenothiazines (BPT) 

have been shown to sensitize TSS; as a result the use of a BPT (12H-benzo[b]phenothiazine prepared as per 

literature) was investigated 18. 

 

 
 

Unfortunately the BPT exhibited extremely poor solubility (<< 0.1 mM), both in water and 30% (v/v) solutions 

of DMSO. Despite this 3 mM dispersions of BPT with 1.5 mM triphenylsulfonium chloride did show a small 

photoacid generation that was not observed without the BPT. Despite literature to the contrary 14 CQ was 

successfully tested as a TPS photosensitizer (3 mM CQ, 1.5 mM TPS), displaying similar results to the DPI-

CQ system. 
  

Nitrobenzaldehyde 

Ciamician and Silber were the first to demonstrate the photoacid generating capacity of 2-nitrobenzaldehyde 

(NBA), which transforms into nitrosobenzoic acid under UV light 19. However, the exact mechanism is more 

complex 20,21, involving a ketene intermediate 22. 
 

While the onium salts investigated prior, capable of producing super-acids, find commercial use in various 

cationic polymerization and lithographic processes, the moderate acid produced by the illumination of NBA 

has more or less only found use in research. Such investigations include the killing of cancer cells 23, the 

switching of enzyme activity 24 and as the sole source of energy for the actuation of pH responsive hydrogels 
25,26. Compared to the onium salts it is significantly cheaper, around $ 1/mmol, has water solubility of 10 mM 

and, although all accounts only report activation with UV light (absorption maximum at 266 nm 21); photo-

activation with the near UV/blue/green lighting used in this work was found to occur without the use of a 

sensitizer. 

 

S6 HYDROGEL MECHANICAL CHARACTERISATION 

 
Testing Methods 

 

Buffer Solutions 

Unless otherwise stated the high and low pH states are where the hydrogel has been equilibrated in either a pH 

11 sodium bicarbonate buffer or pH 3 citric acid buffer, corrected to an ionic strength of 0.1 M by the addition 

of sodium chloride. pH 3 buffer solution was composed of 0.0465 M citric acid and 0.035 M trisodium citrate. 

pH 11 buffer solution was composed of 0.025 M sodium bicarbonate and 0.0227 M sodium hydroxide. 
  

Fracture Energy 

Fracture energies were measured using the trouser tear test developed by Rivlin and Thomas 27. The test is 

depicted in Supplementary Fig. 8 and involved a slit being formed in thin samples. The two legs of the sample 

were then pulled apart perpendicular to the plane of the sheet. The average force required to tear the slit open 

further was then determined (Fav) and with the thickness of the sample (h) the fracture energy (Gc) can be 

calculated as 28,29: 
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𝐺𝑐 =
2𝐹𝑎𝑣

ℎ
 

 

Tests were conducted with a 10 N load cell on a Instron 3343 (High Wycombe, UK) which pulled the legs 

apart at 10 mm min-1. To aid testing sand paper was adhered to specimen grips, ensuring minimal force was 

required to secure test specimens, which reduced the occurrence of failure at the grip interfaces. Successful 

testing was only achieved with the low pH equilibrated samples, failure would occur during setup with high 

pH samples preventing a result from being obtained. 

 

 
Supplementary Figure 8 | Trouser tear test for toughness. Trouser tear test for toughness evaluation and calculation of the fracture energy 
(a) schematic of test (b) image of test. 

 

Tensile Mechanical Properties 

Tensile tests were also conducted on rectangular strips (10 N load cell, Instron 3343, sand-paper grips, 10 mm 

min-1 travel), with the strips equilibrated at both high and low pH stretched to failure. From here the stress and 

strain to failure was determined as well as the work of extension, defined as the area under the stress-strain 

curve. The Young's modulus is calculated at 10 % strain. The gauge length was taken as the full length between 

grips. 
 

Actuation Properties 

Actuation was recorded in two ways. Firstly, sample weights were recorded for both pH equilibrium state 

(ms) and when samples were oven dried (md). This yields the swelling ratio Q, defined as: 

 

𝑄 =
𝑚𝑠

𝑚𝑑
 

 

a common measure of hydrogel swelling. Here we are more interested in the differential between the swelling 

ratio in the high and low states and what this means for the linear change in sample dimensions (length l), a 

value we refer to as strain percentage 

 

𝜀 =
𝑙𝑝𝐻 11 − 𝑙𝑝𝐻 3 

𝑙𝑝𝐻 3 
× 100 

 

The actuation performance was also evaluated by placing loads on top of hydrogel cylinders equilibrated at 

pH 3 and adding the pH 11 buffer solution. Images were taken as the hydrogel swells and moves the weight, 

allowing for the development of an actuation force-stroke curve for the sample. Blocking stress, the normalised 

force generated when the sample's expansion is prevented was measured with a 10 N load cell (Instron 3433), 

with a similar method employed to the case of the loaded samples. 
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Results 
 

Fracture Energy 

The fracture energy was found to be 475.72 ± 43.03 J m-2 for hydrogels equilibrated at pH 3. This places their 

performance between that of conventional hydrogels (≈ 1 - 10 J m-2) and double network hydrogels (≈ 103 - 

104 J m-2), representing a compromise between toughness and actuation performance. The underlying force-

displacement data used to determine the fracture energy is displayed in Supplementary Fig. 9. The hydrogels 

had a thickness (h) of 1 mm. 

 

 
Supplementary Figure 9 | Trouser tear test output. Trouser tear test output for four samples, the loads used to calculate the average fracture 
force Fav are the repeated peaks before large falls. 
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Tensile Mechanical Properties 

Four tensile stress-strain curves for hydrogels equilibrated at pH 3 and pH 11 are shown in Supplementary Fig. 

10, with the summary of the mechanical properties included in Supplementary Table 1. 

 

 
 
Supplementary Figure 10 | Tensile stress-strain curves. Tensile test output for four samples equilibrated at both pH 3 and pH 11. Inset showing 
detail to 35 % strain. The area under these curves gives the work of extension values. 
 
 
 

Supplementary Table 1 | Mechanical performance of hydrogel. 
 

 pH 3 pH 11 

Young’s Modulus (kPa) 222.38 ± 9.85 49.12 ± 4.73 

Strain to Failure (%) 291.16 ± 59.80 19.47 ± 8.37 

Tensile Strength (kPa) 233.04 ± 14.64 9.32 ± 4.08 

Fracture Energy (J m-2) 475.72 ± 43.03 - 

Work of Extension (kJ m-3) 398.46 ± 116.71 1.05 ± 0.99 

Swelling Ratio (-) 2.42 ± 0.08 27.66 ± 0.58 
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Actuation Properties 

As reported in Supplementary Table 1 the swelling ratio Q changes from 2.42 ± 0.08 to 27.66 ± 0.58 upon 

switching the pH from 3 to 11. The corresponding volume ratios for these samples is 2.60 ± 0.23 to 39.55 ± 

1.68, with an actuation strain of 147.67 ± 20.66 %. In Supplementary Fig. 11 the actuation strain of a single 

sample as a function of loading, normalised to stress based on hydrogel unswollen cross-section is shown, 

defining the hydrogel actuator's operating window. The blocking stress from these results was found to be 287 

kPa. 

 

 
 

Supplementary Figure 11 | Actuation stress-strain curve. Actuation stress-strain curve, a normalised version of a force-stroke curve. Here the 
data points represent the bounds of actuation performance. 
 

Supplementary Fig. 12 compares the toughness and actuation performance for the semi-IPN hydrogel used 

here to a number of other results from literature. Here work of extension is used as a proxy for the material 

toughness as fracture energy results in literature are limited, particularly for actuating hydrogels. Similarly, 

swelling ratio is used to asses actuating performance as it is a commonly recorded property of hydrogels. Two 

regions are defined is this chart for the typical performance of conventional and double network hydrogels, to 

which a series of connected data points are included for specific hydrogel actuators. It can be seen that the 

developed hydrogel's performance (d) sits in the area between these two regions, with moderate toughness and 

respectable actuation performance.  

 



Light-Triggered Soft Artificial Muscles: Supplementary Information – Nature Scientific Reports                                                          Page 13 of 15 
 

 
 

Supplementary Figure 12 | Comparisons of hydrogel work of extension and swelling ratio. Comparisons of hydrogel work of extension 
(representative of toughness) and swelling ratio (representative of actuation performance). Data linked by arrows are results from actuating 
hydrogels (a) Thermally-responsive ionic covalent entanglement gel of Bakarich et al. 30. (b) pH-responsive double network of Naficy et al. 31. (c) 
pH-responsive semi-IPN of Naficy et al. 32. (d) pH-responsive hydrogel developed in this work. It can be seen from the length of the arrows that 
actuation performance diminishes with increasing toughness. The hydrogel developed, as with the ionic covalent entanglement hydrogel of 
Bakarich et al., spans the region between the weak but highly swollen conventional hydrogels and the robust but poorly swollen double network 
hydrogels, representing the ideal compromise of properties for actuation applications. 

 
 

S7 MOVIES 
 

Supplementary Movie 1 | Light-triggered muscle. Micro-porous pH-responsive hydrogel artificial muscle. 
Strain results shown in Fig. 3c. Feed acid concentration 10.25 mM. 

 
Supplementary Movie 2 | Strain amplification. Comparing PAG batch and CSTR batch as per Fig. 4c. 
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