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Abstract 25 

Materials (e.g., brick or wood) are generally perceived as unintelligent. Even the highly 26 

researched “smart” materials only have extremely primitive analytical functions (e.g., 27 

simple logical operations). Here, a material is shown to have the ability to perform (i.e., 28 

without a computer) the advanced mathematical operation of calculus: the temporal 29 

derivative. It consists of a stimuli-responsive material coated asymmetrically with an 30 

adaptive impermeable layer. Its ability to analyze the derivative is shown by experiments, 31 

numerical modeling, and theory (i.e., scaling between derivative and response). This novel 32 

class of freestanding stimuli-responsive materials is demonstrated to serve effectively as a 33 

derivative controller for controlled delivery and self-regulation. Its fast response realizes 34 

the same designed function as complex industrial derivative controllers widely used in 35 

manufacturing — hence, materials can control processes with industrial-level functionality 36 

and efficiency. These results illustrate the possibility to associate specifically designed 37 

materials directly with higher concepts of mathematics for the development of 38 

“intelligent” material-based systems. 39 

 40 

41 
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Introduction 42 

Despite the advances of materials through many years of research, the analytical functions 43 

that can be performed by materials are still very primitive, especially when compared to 44 

biological and electronic systems (1, 2). Advanced analytical and mathematical functions 45 

are necessary for a wide range of applications. One important application is a controller 46 

for regulating processes. Control of processes is important in a vast range of 47 

circumstances, including industry for manufacturing processes, laboratories for 48 

experiments, biological systems (e.g., regulating chemicals in and out of a cell), many 49 

types of daily activities (e.g., cooking), and the environment (e.g., conditions of soil). A 50 

large number of process variables (e.g., concentration, temperature, and pressure) usually 51 

need to be controlled. However, achieving good control is challenging because most 52 

practical processes are highly dynamic and unpredictable (3): many common processes 53 

(e.g., the human body) involve a supply of substances that is highly variable and/or 54 

unknown (e.g., sudden intake of a large dose of sugar), uncontrollable external 55 

disturbances, and complex mechanisms that are not well understood. Hence, controllers 56 

need to be carefully designed for responding effectively to these challenging and 57 

unpredictable circumstances. 58 

  For large-scale production in industry, engineers have developed efficient and 59 

sophisticated controllers (3). Importantly, good controllers usually require advanced 60 

analysis and calculation of the process data — calculus is often needed. One of the most 61 

important types of calculus performed by controllers is the temporal derivative (3). The 62 

derivative controller calculates and responds to the rate of change of a process variable 63 

with time (i.e., the temporal gradient). A steeper temporal gradient causes the derivative 64 

controller to produce a larger response, and vice versa (Fig. 1A; responses “1” and “2”). 65 

Its importance can be illustrated by a typical situation in which a process variable is 66 
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rapidly increasing at the current time (i.e., a large temporal gradient) but needs to be 67 

controlled within a threshold limit (e.g., a threshold temperature before a runaway reaction 68 

occurs; Fig. 1B and 1C). If the control involves simply detecting and responding 69 

proportionally to the process variable at the current time point (Fig. 1B), the response from 70 

the controller may be too late: the variable may quickly exceed the limit, thus leading to 71 

potentially undesirable consequences. On the other hand, a sharp temporal gradient — 72 

even when the process variable is still well within the limits — indicates that the variable 73 

will likely exceed the limit in the near future. Through detecting the sharp temporal 74 

gradient, the derivative controller produces a large response and brings the process 75 

variable back to its desired level (i.e., the set point) rapidly (Fig. 1C). A specific example 76 

is the regulation (e.g., releasing of drugs) of the condition of a system (e.g., the human 77 

body) by responding to the changes in the concentration of a chemical in a liquid medium 78 

(e.g., the level of glucose). If a very sharp spike in the concentration occurred (i.e., a large 79 

temporal derivative) even when the concentration is still within reasonable limits, it would 80 

be desirable for the system to regulate with a correspondingly large response to counteract 81 

the increase (e.g., to quickly bring down the glucose levels before unhealthy limits are 82 

exceeded). The derivative controller thus has the ability to pre-emptively rectify a 83 

potentially undesirable situation — it “predicts the future” (3). Because of this unique 84 

feature, the derivative control is one of the most important and common strategies used in 85 

controllers across all types (e.g., petrochemical, chemical, and pharmaceutical) of 86 

industries. One main feature of the derivative control is that it provides a zero response 87 

whenever the variable is constant with time (i.e., no gradient). Importantly, the response is 88 

zero regardless of the absolute magnitude of the variable (Fig. 1A; responses “3” and “4”).  89 

However, controllers are complex: they generally require many components (e.g., 90 

sensors, actuators, converters, and wiring), tethered sources of energy (e.g., electricity or 91 
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air pressure for pneumatic actuation), skilled personnel for operation, difficult installation, 92 

and expensive and bulky equipment. The high level of sophistication and cost of these 93 

controllers have greatly limited their applications to mainly large-scale manufacturing 94 

processes. Most importantly, a computer is currently always needed for determining the 95 

temporal derivative of the process variable. It is thus usually not practical to use 96 

controllers for regulating the diverse range of common processes; examples include batch 97 

processes, non-standardized ad-hoc processes, relatively simple small-scale operations, 98 

and/or regions that are large (e.g., controlling the pH of vast areas of farmland). In 99 

addition, bulky electronic equipment cannot be used in many circumstances, including 100 

environments that are highly inaccessible, harsh (e.g., corrosive), and incompatible (e.g., 101 

not biocompatible for use in the human body).  102 

Hence, it would be ideal if controllers can be fabricated simply based on a 103 

freestanding piece of material with all the necessary features of a controller, including 104 

detection, analysis, and response incorporated — this material can potentially be used in a 105 

much broader range of applications. First, materials (e.g., polymers) can be fabricated to 106 

detect many different types of stimuli from their surrounding medium, including 107 

temperature, pressure, fields, gases, ions, and concentration of many types of chemicals 108 

(e.g., glucose and alcohol) and biomolecules (e.g., enzymes and antigens) (2, 4-6). These 109 

stimuli-responsive materials, also referred to as “smart” materials, have been used in many 110 

applications such as the controlled release of chemicals. However, the functionalities of 111 

stimuli-responsive materials are extremely primitive compared to industrial controllers: 112 

they respond either by providing a burst release (7-10), a pre-programmed release without 113 

active interaction with the surrounding (11), a release only when the stimulus exceeds a 114 

simple threshold, or a release that is proportional to the amount of stimulus detected (12, 115 

13). The most analytically advanced types of stimuli-responsive materials currently 116 
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developed are possibly those that perform simple logical operations (14-18). However, it 117 

is still challenging to perform even the most elementary mathematical operations (e.g., full 118 

addition and subtraction) (1). In addition, the stimuli-responsive systems used for 119 

regulation reported previously include numerous disadvantages such as non-reversible 120 

response, leakage, and sophisticated fabrication of complex systems. Importantly, the need 121 

for highly specific types of stimuli (e.g., chemicals not usually found in typical 122 

environments) and conditions (19-22) highly limited the applicability of these systems. 123 

Notably, more advanced concepts of mathematics — including the temporal derivative — 124 

have never been performed without the use of a computer before, regardless of methods. 125 

  This study showed that a material has the ability to determine the temporal 126 

derivative of a stimulus in a way that is analogous to evaluating the mathematical first 127 

derivative in calculus. Despite performing this advanced mathematical operation, the 128 

material that we fabricated is simple: it consists of only a slab of stimuli-responsive 129 

hydrogel coated asymmetrically on one surface with a layer of impermeable and adaptive 130 

elastomer (the “asymmetric stimuli-responsive material”; Fig. 1D). Operationally, this 131 

asymmetric stimuli-responsive material is first immersed in the medium for the analysis of 132 

the temporal derivative of the concentration of a specific chemical (i.e., the stimulus) in 133 

the medium. When the concentration of the chemical in the medium increases, diffusion of 134 

the chemical into the stimuli-responsive hydrogel causes it to contract. Due to the 135 

impermeable elastomer, however, the chemical diffuses into only one surface of the 136 

hydrogel. This one-sided diffusion causes the hydrogel to contract asymmetrically; hence, 137 

the asymmetric stimuli-responsive material bends. A faster rate of increase in 138 

concentration (i.e., a larger temporal derivative) gives rise to a larger diffusive flux of the 139 

chemical into the hydrogel and a faster rate of bending of the asymmetric stimuli-140 

responsive material. When the concentration stops changing (i.e., zero temporal 141 
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derivative), diffusion causes the concentration of the chemical to homogenize throughout 142 

the hydrogel. It thus contracts uniformly throughout and straightens out. Importantly, the 143 

asymmetric stimuli-responsive material is flat regardless of the magnitude of the 144 

concentration as long as the temporal derivative is zero. We show that the bending 145 

actuation of the asymmetric stimuli-responsive material can be used as a sensor and 146 

controller for controlled delivery of drugs and self-regulation based on the temporal 147 

derivative of the stimulus (Fig. 1E). 148 

Previous studies have reported the bending of stimuli-responsive bilayers (i.e., 149 

materials that consist of a stimuli-responsive layer and a non-responsive layer) and 150 

stimuli-responsive materials with structural gradients (e.g., cross-linking and porosity) 151 

(23-25). Many aspects of the bending have been investigated, such as different methods of 152 

applying the stimulus (e.g., directional or time-dependent application of the stimulus) and 153 

time taken to bend (26, 27). However, the amount of bending of these previously reported 154 

stimuli-responsive materials is always proportional to the magnitude (i.e., not the temporal 155 

derivative) of the stimulus (28-30); a feature that is expected of stimuli-responsive 156 

materials for performing analytically simple functions. A characteristic of these materials 157 

is that they remain in the bent state as long as the stimulus of a specific magnitude is 158 

continuously being applied (i.e., including when there is no change in the stimulus). In our 159 

case, the asymmetric stimuli-responsive material that we prepared has a unique material 160 

property: the coating of elastomer is highly adaptive. Due to the highly adaptive nature of 161 

the layer of elastomer, it does not have any mechanical influence over the bending of the 162 

stimuli-responsive hydrogel; hence, the overall material can be regarded less as a “bilayer” 163 

but more a stimuli-responsive material coated asymmetrically to be impermeable on one 164 

surface. This unique material property gives rise to the important feature of the 165 

asymmetric stimuli-responsive material that it remains in the flat state regardless of the 166 
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magnitude of the stimulus as long as there is no change in stimulus. This important feature 167 

leads to the surprising capability of the material to analyze the temporal derivative (and 168 

consequently, its ability to serve as a derivative controller and self-regulation) despite its 169 

simplicity. Its structure is inspired from intelligent systems commonly found in nature. 170 

One example involves the Helichrysum bracteatum that bends depending on the humidity 171 

(31). The hinges of the flower are made of hygro-responsive tissue coated with 172 

significantly thicker cuticle (i.e., an impermeable waxy layer) on one side (Fig. 1F). In this 173 

way, the moisture penetrates predominantly through the side opposite to the thick cuticle 174 

asymmetrically, thus allowing the hinge to bend. 175 

 176 

Results 177 

Fabrication and performance of the asymmetric stimuli-responsive material 178 

We fabricated the pH-responsive material by first polymerizing the pH-responsive 179 

hydrogel (i.e., based on the monomer N-N-dimethylaminoethylmethacrylate). 180 

Thereafter, we spin-coated a thin layer of the liquid elastomeric monomer onto one surface 181 

of the hydrogel, and then polymerized the elastomer (fig. S1-S2). The elastomer was 182 

found to be bonded with the hydrogel after polymerization. The chemical composition of 183 

the thin slab of asymmetric pH-responsive material (5 mm  3 mm and thickness of 160 184 

m when fully expanded in pH 2 solution) was analyzed (Supplementary Materials, 185 

Section 1, fig. S3, and table S1 for more details on the analysis).  186 

Before the experiment, this asymmetric pH-responsive material was first fully 187 

expanded in an acidic medium. The acidic medium allowed the tertiary amine groups of 188 

the polymeric side chains of the pH-responsive hydrogel to become protonated; the 189 

repulsive forces between the charged groups of similar polarity of the polymeric chains 190 

caused the hydrogel to expand and absorb the aqueous solution from its surrounding 191 
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medium. The asymmetric pH-responsive material was then immersed in deionized water 192 

as the initial condition before use. At equilibrium, it was flat in deionized water (Fig. 2A; 193 

image at t = 0 min). Subsequently, we increased the concentration of OH- ions by 194 

changing the medium to pH 11 rapidly at time t > 0 (i.e., by removing the material from 195 

the deionized water and immediately immersing it in a pH 11 solution). In the basic 196 

medium, the ammonium groups in the expanded pH-responsive hydrogel were 197 

deprotonated by the OH- ions in the solution. Because the polymeric chains were no longer 198 

charged, the hydrogel contracted to its original state. The asymmetric contraction of the 199 

hydrogel due to the one-sided reaction-diffusion of the OH- ions caused the material to 200 

bend toward the uncoated side of the hydrogel. After ~20 min, the bending was so large 201 

that the asymmetric pH-responsive material curled and rolled onto itself. It bent faster 202 

when the increase in pH was larger, as shown by the experiment in which the medium was 203 

changed from deionized water to a pH 12 solution (Fig. 2B).  204 

We further studied the performance of the asymmetric pH-responsive material by 205 

changing the pH gradually. Specifically, the pH of the deionized water was increased at a 206 

gradual linear rate of either 1 pH unit per 30 minutes or 1 pH unit per 10 minutes (see 207 

Materials and Methods for more details on the method of changing the pH linearly with 208 

time and fig. S4). Similarly, results showed that the asymmetric pH-responsive material 209 

bent in both cases, and a faster change in pH produced a faster rate of bending (Fig. 2C-210 

D). On the other hand, changes in the condition of the liquid medium may involve a linear 211 

change in the concentration of the chemical species (e.g., H+ or OH- ions) instead of the 212 

linear change in pH in many practical circumstances. Hence, we further performed 213 

experiments in which a basic solution (i.e., at pH 12) was injected into the deionized water 214 

at a constant flowrate of 0.15 mL/min or 0.25 mL/min (Fig. 2E-F). Similar trends of the 215 

bending were observed. In general, all these results showed that a larger increase in the 216 
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concentration of the base in the medium led to a faster rate of bending, regardless of the 217 

way the concentration was increased (e.g., stepwise or gradual; see fig. S5 for a clear 218 

comparison of the bending with different conditions at the same time points).  219 

For all our experiments, we observed that the asymmetric pH-responsive material 220 

straightened and became flat again after we stopped the change in pH of the medium 221 

(rightmost images of Fig. 2A and 2B). The time taken to become flat was relatively long; 222 

the reason was possibly because the transport of the OH- ions into the pH-responsive 223 

hydrogel was highly limited after the material rolled onto itself compactly with the coated 224 

impermeable elastomer on the outside. As long as the pH did not change with time, the 225 

asymmetric pH-responsive material was always flat at equilibrium regardless of the 226 

magnitude of the pH, including pH 2 (i.e., the fully expanded state), pH 7, pH 10, pH 11, 227 

or pH 12 (i.e., the fully contracted state; Fig. 2G).  228 

 229 

Smart and adaptive asymmetric stimuli-responsive material 230 

We examined the properties of the asymmetric pH-responsive material (Fig. 3A). It was 231 

able to change its size significantly at different pH (Fig. 3B). We found that it expanded in 232 

an acidic medium (pH 2) and contracted in a basic medium (pH 12) reversibly for more 233 

than 15 cycles while maintaining the same sizes (fig. S6). Stimuli-responsive hydrogels 234 

can generally change their sizes reversibly for many cycles without any decrease in 235 

performance (32).  236 

The coating of elastomer was highly adaptive. First, the elastomer was highly 237 

stretchable: it had a much smaller elastic modulus (i.e., 50 kPa; Fig. 3C) compared to the 238 

pH-responsive hydrogel (i.e., 800 kPa), and can stretch up to 980% of its original length 239 

without breaking (33). We found from Scanning Electron Microscopy (SEM) that the 240 

thickness of the coating of elastomer was < 1 µm (Fig. 3D). Notably, we observed that the 241 
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asymmetric pH-responsive material remained flat even when its length expanded by 242 

around two times at pH 2 from its unhydrated state. If the tension from stretching the layer 243 

of elastomer were significant, it would have bent toward the side with the coating when 244 

expanded. The coating of elastomer thus had negligible mechanical influence over the 245 

material — the bending or flattening depended only on the stimuli-responsive hydrogel.  246 

The coating of elastomer was impermeable. We observed that dye molecules were 247 

not able to diffuse through the asymmetric pH-responsive material coated with the 248 

elastomer even when it was expanded (Fig. 3E). However, the dye passed readily through 249 

the pH-responsive hydrogel when it was not coated with the layer of elastomer. We 250 

determined that the surface of the pH-responsive hydrogel coated with the elastomer was 251 

hydrophobic whether was it contracted or expanded (i.e., via measuring the contact angle 252 

of water in both these states; Fig. 3F). We analyzed both the surfaces of the slab of 253 

asymmetric pH-responsive material for both the expanded and contracted states (i.e., via 254 

freeze-drying) by SEM (Fig. 3G). For the surface coated with the elastomer, no pores were 255 

observed for both the expanded and contracted states. In general, the surfaces coated with 256 

the elastomer of both the expanded and contracted states were similar from the images; 257 

hence, the coated layer seems adaptive and retains its properties at different states. 258 

 259 

Asymmetric glucose-responsive material 260 

This approach is general because stimuli-responsive hydrogels can readily be fabricated to 261 

respond to many different types of stimuli. To demonstrate the generality of our method, 262 

we fabricated an asymmetric glucose-responsive material that consisted of a glucose-263 

responsive hydrogel similarly coated asymmetrically with a layer of elastomer. Glucose 264 

monitoring and regulation in the human body are important for minimizing the adverse 265 

effects of the extreme levels of glucose (34). However, it is challenging to control the 266 
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concentration of glucose because it can fluctuate unpredictably depending on many 267 

factors, including the habits of consumption (e.g., sweet foods), type of lifestyle, and many 268 

biological factors (35). Hence, there is a need to detect any rapid increase in the 269 

concentration of glucose (i.e., the temporal derivative) and control it pre-emptively before 270 

unhealthy levels are reached. We first determined that the glucose-responsive hydrogel 271 

changed its size continuously in the range of 0 mg/dL to 500 mg/dL of glucose (i.e., the 272 

common range covered by devices for diabetic patients) (36). Similarly, we observed that 273 

the asymmetric glucose-responsive material bent when a solution containing glucose (500 274 

mg/dL) was injected into the medium at a constant flowrate of 0.1 mL/min (Fig. 2H). 275 

When the glucose solution was injected at a higher rate of 0.3 mL/min, the asymmetric 276 

glucose-responsive material bent faster.  277 

 278 

Modeling the mechanism of analyzing the derivative 279 

For understanding the fundamental mechanism of the process, we modeled the bending 280 

actuation of the asymmetric pH-responsive material due to the temporal derivative of the 281 

stimulus. The overall process involves the diffusion of the OH- ions from the medium into 282 

the pH-responsive hydrogel, reaction of the OH- ions with the protonated amine groups 283 

within the hydrogel, and nonhomogeneous contraction of the hydrogel (Fig. 4A). Because 284 

the length of the hydrogel (5 mm) is much larger than its thickness (~160 µm), we assume 285 

that the reaction-diffusion process is only one dimensional through the thickness of the 286 

hydrogel, x. The system of unsteady-state reaction-diffusion equations with respect to 287 

time, t, is shown in Equations (1) and (2) (Supplementary Materials, Section 2).  288 

2

02

( , ) ( , )
( ( , )) ( , ) ( , )

c x t c x t
D k s s x t k s x t c x t

t x  

 
   

 
                             (1) 289 

0

( , )
( ( , )) ( , ) ( , )

s x t
k s s x t k s x t c x t

t  


  


                                                  (2) 290 
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c and s represent the concentrations of the OH- ions and the protonated amine groups 291 

respectively. s0 is the concentration of the protonated amine groups in the hydrogel 292 

initially in deionized water. D is the diffusion coefficient of the OH- ions in the pH-293 

responsive hydrogel. k+ and k- represent the forward and backward rate constants of the 294 

reaction respectively. For this model, we applied two types of changes in concentration to 295 

the medium: pH 12 solution injected at a constant flowrate of 0.15 mL/min or 0.25 296 

mL/min. 297 

The contractile strain, ε, can be modeled according to the logistic function298 

1
max( ) (1 / )c K c    , where max is the maximum contractile strain and K is the mid-299 

strain concentration. These two parameters were obtained by fitting the logistic function 300 

with the experimentally determined sizes of the asymmetric pH-responsive material at 301 

different pH at equilibrium (Supplementary Materials, Section 2, and fig. S7) (37). Based 302 

on this expression, the curvature, κ, of the bending of the asymmetric pH-responsive 303 

material with time can be obtained by integrating the moment of the strain across its 304 

thickness, h, according to Equation (3).  305 

 
/2

max
3

/2

12
( )

1 /

h

h

x
t dx

h K c




          (3) 306 

After solving the equations numerically, the bending of the asymmetric pH-responsive 307 

material with time, κ(t), derived from the model is found to be in good agreement with the 308 

experimental results for both rates of injection (Fig. 4B-C). This agreement suggests that 309 

the fundamental mechanism by which the asymmetric pH-responsive material bends is due 310 

to the one-sided reaction-diffusion process of OH- ions into the pH-responsive hydrogel 311 

coupled with the asymmetric contraction of the hydrogel.   312 

We further examined the equations theoretically (Supplementary Materials, 313 

Section 3). First, we note that the deprotonation of the amine groups by the OH- ions is an 314 
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extremely fast reaction. This one-dimensional diffusion-limited reaction of OH- ions is 315 

characterized by a distinct reaction front. The penetration depth, δ, of the reaction front, 316 

within which the reaction is completed, is an indicator of the amount of bending. 317 

Specifically, a larger δ produces more bending for δ < h/2. Based on our theoretical 318 

analysis of the equations, we found that the velocity of the penetration depth into the bulk 319 

of the hydrogel, dδ/dt, scales with the temporal derviative of the concentration of OH- ions 320 

in the medium, dcS/dt, according to / ~ /sd dt dc dt  (Supplementary Materials, Section 321 

3). Numerical solution of the system of the unsteady-state reaction-diffusion equations 322 

validated this scaling relationship (Fig. 4D). For the bending actuation, we plotted the 323 

change in curvature, κ, with time for different temporal derivative, dcS/dt (Fig. 4E; see fig. 324 

S8 for plot of curvature against the rate of change of concentration). κ initially increases as 325 

δ increases with time. The curvature reaches a maximum value of κmax = 3εmax/2h when δ 326 

reaches half the thickness of the hydrogel (i.e., δ = h/2). For δ > h/2, κ decreases and the 327 

asymmetric pH-responsive material straightens out. For the case when the penetration 328 

depth is small (i.e., δ << h/2), we found from our theoretical analysis that the rate of 329 

change of curvature scales directly with the temporal derivative according to330 

/ /sd dt dc dt  . This theoretical relationship is again verified by the numerical 331 

solution of the model (Fig. 4F).  332 

In calculus, the temporal derivative is defined as the difference between the current 333 

and past levels of the stimulus with time. The unsteady-state reaction-diffusion of 334 

molecules allows the asymmetric stimuli-responsive material to analyze the stimulus in a 335 

similar way. First, we note that the bending actuation is caused by the spatial difference in 336 

the concentration of the ions across the thickness of the pH-responsive hydrogel. On the 337 

other hand, the spatial concentration in the hydrogel is strongly related to the temporal 338 

change in concentration in the medium: there is a general tendency of the concentration in 339 
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the hydrogel close to the uncoated surface to be influenced by the recent concentrations of 340 

the medium, whereas the concentration deep into the bulk of the hydrogel tends to be 341 

influenced by the concentration of the medium at earlier times. Because of this 342 

relationship between the spatial concentration in the hydrogel and the temporal 343 

concentration in the medium, the bending of the asymmetric stimuli-responsive material 344 

thus involves the analysis of the differences between the current and past levels of the 345 

concentration in the medium continuously — in a way that is analogous to the calculation 346 

of the temporal derivative in calculus. A thin stimuli-responsive hydrogel corresponds to 347 

allowing the derivative to be determined over a small difference in time (i.e., an operation 348 

that corresponds to taking the limit with time). 349 

 350 

Controlled delivery based on derivative 351 

In addition to being a sensor, we showed that the bending actuation of the asymmetric 352 

stimuli-responsive material can be used for controlled delivery of drugs or chemicals — 353 

importantly, the control is based on the temporal derivative of concentration of the 354 

medium. We fabricated a freestanding smart tablet (~mm) that consisted of a reservoir of 355 

dye (rhodamine B) and the asymmetric pH-responsive material (Fig. 5A). The slab of 356 

asymmetric pH-responsive material was adhered onto the tablet such that the surface of 357 

the elastomer covered the opening of the reservoir; thus, the impermeable elastomer 358 

served the additional function of preventing the dye from releasing from the reservoir. 359 

Only one end of the asymmetric pH-responsive material was adhered onto the tablet while 360 

the other end was free to bend.   361 

After fabrication, we first showed that the release of molecules from the reservoir 362 

could be switched on and off reversibly for flexible controlled release based on the 363 

condition (i.e., stimulus) of the surrounding medium. The smart tablet was initially (i.e., at 364 
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t = 0 min) immersed in a pH 2 medium; without a change in pH, no release of dye was 365 

observed (Fig. 5B). At time t = 7 min, we changed the medium rapidly to pH 12. This 366 

sudden change in pH caused a large amount of dye to be released. At t = 15 min, we 367 

changed the medium back to pH 2. This change caused the asymmetric pH-responsive 368 

material to flatten out and block the release of the dye. At t = 24 min, we changed the 369 

medium back to pH 12 and observed that the dye was released again.    370 

We determined that the smart tablet responded to the temporal derivative of the pH 371 

of the medium. Experimentally, we changed the pH of the medium from pH 7 to pH 11 at 372 

different rates. The fluorescent intensities of samples of the medium taken at regular time 373 

intervals showed that the dye molecules released whenever the pH changed (Fig. 5C). We 374 

found that a larger temporal derivative (i.e., due to a higher flowrate) corresponded to a 375 

faster rate of release of the dye. The responsiveness of the smart tablet was general and not 376 

restricted only to the change from pH 7 to pH 11. As a demonstration, we repeated the 377 

experiment except that we changed the pH from 10 to 11.48 at different rates instead. 378 

Qualitatively similar results were obtained (Fig. 5D). These results demonstrated that the 379 

controller was able to produce generally similar trends of the response even when the 380 

starting pH values were very different; hence, the response of the controller was only 381 

dependent on the rate of change but not the absolute magnitude of the stimulus applied. In 382 

addition, we performed the control experiments in which the smart tablet was placed in the 383 

medium with different magnitudes of pH but without any change of pH with time (i.e., 384 

zero temporal derivative). Specifically, we immersed the smart tablet into a medium that 385 

was either at pH 10, 11, or 12, and injected a solution of the same pH (i.e., at 0.2 mL/min) 386 

into the medium (i.e., for a fair comparison with the experiment in which the pH was 387 

changed by injecting a solution with a different pH). Results showed that there was no 388 
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release of the dye regardless of the magnitude of the pH as long as it remained constant 389 

with time (Fig. 5E).  390 

Because the detection and analysis were based on the temporal derivative, the 391 

smart tablet was able to provide a fast response under the influence of the stimulus. In 392 

most cases that involve stimuli-responsive hydrogel as the drug carrier for controlled 393 

release as reported in literature, the amount of release is usually directly proportional to 394 

the size of the hydrogel (i.e., not the derivative). Specifically, a common example from 395 

previous studies involves a stimuli-responsive hydrogel with a drug loaded in its bulk 396 

matrix in its expanded state. When the hydrogel contracts under the influence of the 397 

stimulus, the drug is squeezed out of the matrix and released to the surrounding medium. 398 

For comparing the speed of response, we fabricated the same pH-responsive hydrogel with 399 

exactly the same volume as that used in our asymmetric pH-responsive material; however, 400 

it was cubic (i.e., not the flat thin piece of hydrogel used in the asymmetric pH-responsive 401 

material) and not coated with the elastomer. After fabrication, we repeated the same 402 

experiment as discussed in Fig. 2F for the asymmetric pH-responsive material: the cubic 403 

piece of hydrogel was initially immersed in deionized water (80 mL), and then a pH 12 404 

solution was added gradually at a flowrate of 0.25 mL/min until the medium reached pH 405 

11. Its size was monitored with respect to time. Our result showed that the cubic piece of 406 

pH-responsive hydrogel took a long time to fully contract: 240 min. For the first 4 min, the 407 

percentage of contraction of the hydrogel was completely negligible (blue triangles in Fig. 408 

5F). In comparison, a significant amount of bending was observed for the asymmetric pH-409 

responsive material within the first 4 min. This rapid bending allowed the reservoir to be 410 

mostly opened for releasing the molecules within 1 min, and fully opened at around the 411 

first 3 min (black squares in Fig. 5F). On the other hand, we found that the overall 412 

percentage of contraction of the asymmetric pH-responsive material was relatively small 413 
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(red circles in Fig. 5F). These results showed that the fast response of the asymmetric pH-414 

responsive material was due to the very slight contraction on the side of the pH-responsive 415 

hydrogel that was exposed to the medium that, nevertheless, gave rise to a large amount of 416 

bending and release.  417 

 418 

Self-regulation based on derivative 419 

Besides controlled delivery, we showed that the device can be used as a controller for self-420 

regulation of the concentration of a chemical in the medium. The controller consisted of 421 

the asymmetric pH-responsive material and a reservoir of concentrated acid mixed with a 422 

red dye for visualization (part (i) of Fig. 6A). The controller was initially immersed in an 423 

aqueous medium of around pH 4. To investigate the self-regulating performance of the 424 

controller, we introduced a large disturbance to the medium by injecting a highly basic 425 

solution of pH 12.2 at a constant flowrate of 0.15 mL/min continuously for 60 min (part 426 

(ii) of Fig. 6A). The disturbance caused the asymmetric pH-responsive material to bend 427 

and allowed the concentrated acid to be released from the reservoir (part (iii) of Fig. 6A). 428 

The rapid drop in pH of the surrounding medium due to the release of the concentrated 429 

acid allowed the asymmetric pH-responsive material to flatten back again and block 430 

further release of the acid (part (iv) of Fig. 6A). Our experimental results showed that this 431 

dynamic feedback mechanism between the bending of the asymmetric pH-responsive 432 

material and the medium allowed the pH of the medium to be controlled (red line of Fig. 433 

6B). We performed two control experiments. The first control experiment involved a 434 

controller in which the reservoir did not contain any concentrated acid. In this case, the 435 

disturbance produced a large change in the pH of the medium as expected (blue line of 436 

Fig. 6B). The second control experiment involved the controller that contained the 437 
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concentrated acid but no basic solution was added to the medium as the disturbance. The 438 

leakage from the controller was observed to be negligible (black line of Fig. 6B).  439 

A more detailed examination of the changes in pH with time showed that the self-440 

regulation of pH (i.e., red line of Fig. 6B) involved repeated cycles of small amounts of 441 

increasing and decreasing pH of the medium (Fig. 6C). This oscillatory trend of the pH of 442 

the medium suggested that there were intermittent release and no release of the acid from 443 

the reservoir. A close observation of the asymmetric pH-responsive material showed that it 444 

did undergo repeated cycles of small extents of bending and flattening for controlling the 445 

release of the acid from the reservoir (Fig. 6D). These dynamic responses from the 446 

asymmetric pH-responsive material allowed the pH of the medium to be regulated at an 447 

approximately constant pH with minimal fluctuations throughout the duration of the 448 

disturbance; thus, it achieved its function as a controller for self-regulation of the medium. 449 

The controller can be pre-programmed to control the pH of the medium at other desired set 450 

points via modifications such as changing the type of pH-responsive hydrogel used, the 451 

properties of the hydrogel (e.g., amount of cross-linking), and the concentration of the 452 

solution in the reservoir. 453 

 454 

Discussion 455 

Materials are generally perceived as “dumb” (e.g., a brick or wood). Even the class of 456 

“smart” materials (i.e., materials that are capable of interacting with their surroundings and 457 

providing a response) can only perform extremely primitive types of analytical operations 458 

(e.g., limited to simple logical operations such as half adders and half subtractors) despite 459 

recent rapid advances of the field (38, 39). The ultimate vision in current research is to 460 

create materials with highly developed analytical capabilities that one day can be 461 

considered “intelligent” (e.g., the capabilities of biological systems such as human beings 462 
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and animals). These “intelligent” materials would be extremely useful due to their 463 

potential capability and versatility to perform complex tasks autonomously for a wide 464 

range of applications (1). This manuscript describes a material that can perform the 465 

advanced mathematical operation of calculus — the temporal derivative — based on the 466 

signal that it receives from its surrounding. Notably, this approach illustrates that the 467 

temporal derivative can determined without the use of a computer. This capability thus 468 

represents a very substantial advancement from the extremely limited analytical functions 469 

of currently developed smart materials. Despite its advanced analytical ability, the material 470 

has an extremely simple structure: it consists of a piece of stimuli-responsive hydrogel 471 

coated asymmetrically with an adaptive and impermeable layer. This simple modification 472 

of the stimuli-responsive material is all that is needed to dramatically change its ability to 473 

analyze the derivative unlike the elementary functions demonstrated by previously 474 

reported stimuli-responsive materials.  475 

This study illustrates the fundamental possibility that materials can be tightly and 476 

directly associated with concepts of mathematics. First, the combination of the smart 477 

material and the physical-chemical process (i.e., the asymmetric unsteady-state reaction-478 

diffusion process) interestingly allows for the operation of the transformation of variables: 479 

the continuous range of information in the temporal space (i.e., the temporal derivative of 480 

concentration) can be transformed directly to the spatial coordinates (i.e., spatial 481 

distribution of concentration within the stimuli-responsive hydrogel) for achieving the 482 

practically useful response (i.e., the bending actuation). This transformation of variables 483 

underlies the reason why it is physically possible for materials to analyze the derivative — 484 

a quantity in the temporal space. This unique capability of the transformation of the 485 

variable for analyzing the derivative is verified mechanistically by our model that agreed 486 

well with our experimental data. Our theoretical analysis further established the tight 487 
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association of the material with mathematics: the rate of bending of the material scales 488 

with the square root of the temporal derivative. In addition, the mechanism established by 489 

the model indicates that as the thickness of the stimuli-responsive hydrogel tends to 490 

infinitesimally small theoretically, the response from the asymmetric stimuli-responsive 491 

material is analogous to taking the limit of the change in concentration with time (i.e., 492 

refer to the section on modeling the mechanism of analyzing the derivative for a more 493 

detailed discussion) — hence, this operation in the realms of materials science corresponds 494 

to the mathematical definition of the first temporal derivative. Many previous works have 495 

sought to perform mathematical functions from materials indirectly via the construction of 496 

logic gates (40, 41); however, a large number of elementary logic gates are typically 497 

needed for performing even simple mathematical operations. On the other hand, the 498 

association of materials directly with higher concepts of mathematics (e.g., the 499 

transformation of variables and analysis of the temporal derivative) as illustrated in this 500 

study is a powerful (i.e., effective and simple) approach that can potentially lead to the 501 

development of synthetic systems that can be considered “intelligent” in the future.   502 

This ability to analyze and respond to the temporal derivative enables this novel 503 

class of asymmetric stimuli-responsive materials to serve as a derivative controller of 504 

processes. The derivative controller is a well-established device in the discipline of 505 

chemical engineering; it is currently being widely used in many industries (e.g., 506 

petrochemical and chemical) for the efficient regulation of manufacturing processes due to 507 

its ability to predict the future trend and provide fast corrective responses. However, these 508 

conventional controllers are complex (i.e., consist of many components including a 509 

computer), bulky, expensive, and difficult to operate. Hence, they cannot be used in many 510 

circumstances (e.g., for controlled drug delivery in a human body). We showed 511 

experimentally that this class of asymmetric stimuli-responsive material served effectively 512 
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as a derivative controller for controlled delivery and self-regulation. Importantly, we 513 

showed that the material provided a fast response based on its analysis of the derivative 514 

(e.g., when compared to the response rates by stimuli-responsive materials reported 515 

previously); hence, it realizes the same designed function of the industrial derivative 516 

controllers by engineers for the rapid stabilization of manufacturing processes. This novel 517 

class of material-based controllers has a number of important features. In particular, the 518 

structurally simple freestanding piece of asymmetric stimuli-responsive material simply 519 

integrates all the necessary elements of a controller within itself: the detection, analysis of 520 

the derivative, and response (i.e., bending actuation for controlled release). The operation 521 

is simple (i.e., the smart tablet only needs to be immersed in the medium for control), and 522 

the approach is general for different types of stimuli (e.g., pH and glucose). It does not 523 

require any additional energy input, equipment, or tethering to other components. Hence, 524 

these desirable features potentially allow this novel class of material-based controllers to 525 

be made widely accessible for a diverse range of applications, such as environmental and 526 

biomedical applications (e.g., drug delivery based on monitoring of glucose levels). 527 

Further studies will be needed to investigate its capabilities, optimize its performance, and 528 

combine this derivative controller with other types of controller in more details. In general, 529 

this study demonstrates the approach and possibility to construct material-based systems 530 

(e.g., delivery systems or particles) that can control processes with similar functionality 531 

and efficiency as complex industrial controllers. Besides controlling processes, this 532 

asymmetric stimuli-responsive material can potentially also be used in any applications 533 

that require the analysis of the temporal derivative (e.g., sensors).  534 

In addition, the result of this study highlights the general fundamental phenomenon 535 

that the bending actuation of stimuli-responsive materials generated by the analysis of the 536 

temporal derivative is capable of producing a fast response. Mechanistically, the reason 537 
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why bending produces a fast response is because only a very slight contraction of one 538 

surface of the stimuli-responsive material is required to cause the large amount of bending. 539 

This result is useful for the design of synthetic machines (e.g., soft robots and actuators).  540 

Coupled with the sheer simplicity of its structure, the asymmetric stimuli-541 

responsive material can potentially be regarded as a basic materials module that can be 542 

incorporated easily into synthetic systems. This feature is well illustrated by biological 543 

systems: basic structures that are similar to the asymmetric stimuli-responsive material are 544 

commonly found in nature for giving rise to mechanistically analogous operations. 545 

Examples from nature include the responsive materials that are coated to be impermeable 546 

on one side (e.g., the Helichrysum bracteatum that consists of hygro-responsive tissue 547 

coated with thicker waxy layer on one side as shown in Fig. 1F) or responsive materials 548 

that have sensors only on one side (e.g., Drosera capensis that consists of stress sensors on 549 

one side) (31, 42). Hence, as more synthetic systems with advanced functionalities are 550 

being developed, this class of asymmetric stimuli-responsive materials may also similarly 551 

be widely incorporated as a basic component within the synthetic systems for performing 552 

its unique advanced functions. 553 

 554 

Materials and Methods 555 

Materials  556 

2-(N,N-Dimethylamino)ethyl methacrylate (DMAEMA), 2-hydroxyethyl methacrylate 557 

(HEMA), ethylene glycol dimethacrylate (EGDMA), 2,2-dimethoxy-2-558 

phenylacetophenone (DMPA), methacrylic acid (MAA), rhodamine B, sulfuric acid, and 559 

sodium hydroxide pellets were purchased from Sigma Aldrich Chemical Co., and were 560 

used as received. Acrylonitrile butadiene styrene (ABS) filaments and the 3D printer (UP! 561 

PLUS 2) were purchased from Axpert Global Pte Ltd. (Singapore). The ABS filaments 562 
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were the materials used in the 3D printer. Sylgard 184 silicone elastomer kit was 563 

purchased from Dow Corning Co. (USA), and was used to make poly(dimethylsiloxane) 564 

(PDMS). Smooth-On Silc Pig® blue colored pigment was used to color the PDMS when 565 

required. Ultrapure water with a resistivity of 18 MΩ cm was used in all experiments. 566 

 567 

Fabricating the PDMS mold for preparing the stimuli-responsive hydrogels 568 

The fabrication of the PDMS mold used to prepare the stimuli-responsive hydrogels 569 

involved several steps as illustrated in fig. S1. The first step involved mixing the liquid 570 

monomer and cross-linker of PDMS in a 10:1 ratio with a small amount of the Silc Pig® 571 

blue pigment. The mixture was mixed vigorously, poured into a Petri dish, degassed for 572 

about 40 min, and baked in an oven for 1 h at 75 °C until it solidified. A strip of blue 573 

PDMS was cut and was adhered onto the bottom of a Petri dish using double-sided tape as 574 

shown in fig. S1a. Copper foils (5 mm × 6 mm × 100 µm) were inserted vertically into the 575 

strip of blue-colored PDMS, which served as the support for the copper foils. 576 

Subsequently, another volume of liquid monomer and crosslinker of PDMS were mixed in 577 

a 10:1 ratio, degassed, and poured into the Petri dish until the copper foils were fully 578 

submerged in the liquid. The Petri dish that contained the liquid mixture, the copper foils, 579 

and the blue-colored strip of PDMS was then placed in an oven operated at 75 °C for 2 h. 580 

After polymerizing the PDMS, the strip of blue-colored PDMS and the copper foils were 581 

extracted. The open slits created by removing the copper foils on one surface of the PDMS 582 

were the molds for preparing the stimuli-responsive hydrogels.  583 

 584 

Preparing the pH-responsive hydrogel 585 

77.89 mol% HEMA, 19.53 mol% DMAEMA, 1.6 mol% DMPA as the photo-initiator, and 586 

0.98 mol% EGDMA as the cross-linker were mixed in a 5 mL Eppendorf tube thoroughly 587 
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using a vortex mixer. 1 mL of the mixture was then carefully injected into the open slits of 588 

the PDMS mold prepared as described in the previous paragraph. The PDMS mold 589 

containing the liquid mixture was subsequently placed under a 365 nm UV lamp 590 

(OmniCure® S2000) for 15 min. After polymerization, the mold was cut open and the thin 591 

slabs of pH-responsive hydrogel were extracted. This hydrogel was measured to have a 592 

thickness of 80 µm by a Vernier caliper after polymerization.  593 

 594 

Preparing the glucose-responsive hydrogel 595 

79.8 mol% HEMA, 17.2 mol% MAA, 1.7 mol% EGDMA, 1.3 mol% DMPA were mixed 596 

in a 5 mL Eppendorf tube using a vortex mixer. A 100 µL solution of this mixture was 597 

added into a tube containing 4 mg of glucose oxidase. 3 µL of catalase was also added to 598 

this mixture. The mixture was sonicated using an ultrasonicator (Elmasonic S 50 R, Elma 599 

Schmidbauer GmbH) to disperse the enzyme powder uniformly. The mixture was then 600 

injected into the open slits of the PDMS mold, and cured under UV for 30 min. The slabs 601 

of glucose-responsive hydrogel were extracted from the PDMS mold and stored in a fridge 602 

at -18 °C before use. This glucose-responsive hydrogel changed its size continuously in 603 

the range of 0 mg/dL to 500 mg/dL of glucose (i.e., the common range covered by the 604 

devices for people with diabetes). 605 

 606 

Fabricating the asymmetric stimuli-responsive material 607 

After preparing the stimuli-responsive hydrogel as described in the previous paragraphs, it 608 

was coated with a layer of elastomer (i.e., EcoflexTM). The procedure involved first 609 

adhering the slabs of stimuli-responsive hydrogels (directly after polymerization) onto the 610 

bottom of a Petri dish using two strips of double-sided tape as illustrated in fig. S2. Parts 611 

A and B of EcoflexTM 00-50 were mixed in a 1:1 proportion and spin-coated onto the 612 
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surface of the stimuli-responsive hydrogel at 5000 rpm for 1 min. The elastomer was 613 

cured for 4 h. After curing, the stimuli-responsive hydrogel coated with the elastomer was 614 

extracted (i.e., cut out from the extra portions of the elastomer that spread after spin-615 

coating). The elastomer bonded onto the stimuli-responsive hydrogel tightly after curing. 616 

The liquid monomer of the elastomer probably penetrated into the porous surface of the 617 

stimuli-responsive hydrogel; after polymerizing the elastomer, the entanglement of the 618 

polymeric chains of the elastomer and hydrogel probably produced the tight bonding. 619 

Only the top surface of the stimuli-responsive hydrogel was coated with the elastomer; 620 

any elastomer at the bottom surface of the stimuli-responsive hydrogel (e.g., due to the 621 

flow of the liquid monomers of the elastomer into the void spaces created by the gap 622 

between the pieces of double-sided tape) was carefully scraped and removed using a pair 623 

of tweezers. This asymmetric pH-responsive material was then immersed in a pH 2 624 

solution. After it fully expanded, asymmetric pH-responsive material was cut to lateral 625 

dimensions of 3 mm × 5 mm. 626 

 Importantly, the layer of elastomer has negligible mechanical influence toward the 627 

bending or straightening of the asymmetric pH-responsive material. For example, after 628 

fabricating the asymmetric stimuli-responsive material, it was initially flat. We then 629 

placed it in a pH 2 solution. It expanded in the acidic solution, and bent initially; 630 

subsequently, it became flat again. In this case, the elastomer was stretched readily and did 631 

not result in any permanent bending of the material even when it was fully expanded. 632 

When placed in a solution of pH 10 or more, the asymmetric pH-responsive material 633 

contracted. Again, we found that it was flat at steady state.  634 

 635 

 636 

 637 
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Preparing the pH solutions 638 

In this study, typical pH solutions of pH 2 (0.5  10-2 M H2SO4 solution), pH 10 (1  10-4 639 

M NaOH solution), pH 11 (1  10-3 M NaOH solution), pH 12 (1  10-2 M NaOH 640 

solution), and pH 12.2 (1.6  10-2 M NaOH solution) were prepared by adding either 641 

acidic or alkaline (i.e., H2SO4 or NaOH) solution dropwise into a bottle of deionized water 642 

until the pH of the solution was adjusted to the required value. A pH probe (Mettler 643 

Toledo, SevenCompactTM S220) was placed in the bottle to read the pH value. The bottle 644 

was placed on a magnetic stirrer (Wiggens hotplate stirrer WH220 plus, Germany) and 645 

stirred continuously during the process of adding the acid or alkaline solution dropwise. 646 

Once the measurement of the pH stabilized, the bottle was capped and sealed using a 647 

parafilm before use.  648 

 649 

Measuring the contraction ratio of the asymmetric stimuli-responsive material 650 

For measuring the amount of contraction at equilibrium at different pH, the piece of 651 

asymmetric pH-responsive material was first placed in a Petri dish containing a pH 2 652 

solution and allowed to expand. The length, Lexpanded, of the expanded asymmetric pH-653 

responsive material was measured using a stereomicroscope (Leica DMS 1000). It was 654 

then washed thoroughly using deionized water to remove the acid in the material and 655 

placed in a dish containing the solution of a specific pH. After placing the material in the 656 

solution, the Petri dish was sealed using parafilm (to prevent any disturbance on the pH 657 

from the surrounding). The length of the asymmetric pH-responsive material at 658 

equilibrium, L, was measured after immersing it in the solution of a specific pH for 6 h 659 

(Fig. 3A). The contraction ratio of the asymmetric pH-responsive material at the specific 660 

pH is defined as L/Lexpanded. 661 

 662 
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Characterization of the bending of the asymmetric pH-responsive material 663 

The asymmetric pH-responsive material was first soaked in deionized water (~ pH 5.4). It 664 

remained flat (i.e., no bending was observed) after soaking in deionized water at 665 

equilibrium. For performing the first set of experiments (i.e., observing the bending of the 666 

material), we changed the pH of the solution rapidly by removing the asymmetric pH-667 

responsive material from the deionized water and immersing it in either a pH 11 or pH 12 668 

solution. It was immersed by clamping it vertically with a pair of tweezers. Time-lapse 669 

images of the asymmetric pH-responsive material were captured at 30 seconds time 670 

intervals.  671 

To investigate the bending of the asymmetric pH-responsive material with the 672 

linear changes of pH at different rates, the asymmetric pH-responsive material was 673 

immersed in a glass beaker filled with 50 mL of water at pH 7. Four basic solutions were 674 

prepared with different pH separately: 5 mL of pH 9 solution, 5.5 mL of pH 10 solution, 675 

6.05 mL of pH 11 solution, and 6.655 mL of pH 12 solutions. These solutions were stored 676 

in 10 mL syringes separately. They were injected into the glass beaker with syringe 677 

pumps (KD Scientific Legato 210) via 20 cm long polystyrene tubes with an inner 678 

diameter of 1 mm. One end of the tube was connected to the needle of the syringe, while 679 

the other end was submerged in the glass beaker filled with the aqueous medium. The tube 680 

was pre-filled with the basic solution with the same pH as the solution in the syringe. The 681 

total amount of solution in the syringe and the tube was the volume stated above for each 682 

solution. The syringe pump was pre-programmed to inject the basic solution so that there 683 

was a linear change in pH in the medium in the glass beaker; that is, the programming 684 

took into account of the logarithmic relationship between the concentration of the OH- 685 

ions and pH. Specifically, the program consisted of pumping out many (i.e., 30) short but 686 

constant injections of varying flowrates. The flowrates specified in the program were 687 
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determined by the logarithmic relationship between the concentration of the OH- ions and 688 

pH. The four basic solutions were pumped (with these pre-programmed flowrates) 689 

sequentially, starting from the solution with lowest pH to the solution with the highest pH. 690 

The injection of the solution from each syringe was used to increase the pH of the solution 691 

by 1 pH unit; hence, the four solutions in the syringes increased the pH of the solution by 692 

4 units from pH 7 to pH 11. To prevent any disruptions between the pumping of the 693 

solutions from one syringe to another, two syringe pumps were used; they were 694 

coordinated so that when the injection of one pump stopped, the other began immediately. 695 

The polystyrene tubes were needed: without the use of the tubes, droplets (due to surface 696 

tension) usually formed at the tip of the needles and did not drop into the solution until 697 

they were sufficiently large, thus causing the pH of the medium to spike abruptly when the 698 

droplet did fall into the medium. The medium in the glass beaker was stirred continuously 699 

throughout the experiment to ensure homogeneous mixing. The whole experiment was 700 

done in a N2-protected environment to minimize the fluctuations of pH due to the 701 

surrounding atmosphere (e.g., by dissolved CO2). Time-lapse images of the bending of the 702 

material were captured every 30 seconds. 703 

 In another experiment, the pH of the solution was changed gradually instead of the 704 

stepwise manner. In this case, the asymmetric pH-responsive material was clamped 705 

vertically and initially immersed in 80 mL of deionized water. pH 12 solution was added 706 

gradually at a flowrate of 0.15 mL/min or 0.25 mL/min using a syringe pump (KD 707 

Scientific, Legato® 100) until the pH of the solution finally reached pH 11. The solution 708 

was stirred gently (at 150 rpm) so that the convective currents due to the stirring did not 709 

disturb the asymmetric pH-responsive material. Time-lapse images of the bending of the 710 

material were captured every 30 seconds. 711 

 712 
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Characterization of the bending of the asymmetric glucose-responsive material 713 

The asymmetric glucose-responsive material (that consisted of the glucose-responsive 714 

hydrogel coated with a layer of elastomer on one surface) was first expanded in pH 12 and 715 

cut to the lateral dimensions of 3 mm × 5 mm. It was then clamped vertically by a pair of 716 

tweezers and immersed in a beaker containing 80 mL of deionized water at 37 °C. The 717 

temperature was maintained at 37 °C throughout the experiment. The solution in the 718 

beaker was stirred at 150 rpm. Subsequently, 30 mL of 500 mg/dL glucose solution was 719 

injected into the beaker at a rate of 0.1 mL/min or 0.3 mL/min using a syringe pump. 720 

Time-lapse images of the asymmetric glucose-responsive material were captured every 30 721 

seconds.  722 

 723 

Analysis by Scanning Electron Microscopy 724 

Scanning Electron Microscopy (SEM; JSM-5600LV, JEOL, Japan) was used to observe 725 

the morphology of the asymmetric pH-responsive material. The material was first either 726 

expanded in pH 2 or contracted in pH 12. It was then cooled overnight in a -21°C freezer 727 

and freeze-dried (FreeZone® 4.5 Plus, LABCONCO, USA) for 6 h. Both the hydrogel side 728 

and the elastomer side of the asymmetric pH-responsive material were observed using 729 

SEM for the expanded and contracted states. Platinum was sputter-coated onto the freeze-730 

dried hydrogels using a platinum sputter coater (Cressington 208HR, Cressington 731 

Scientific Instruments, UK). The coating was performed at 5 × 10-2 bar vacuum and 20 732 

mA current for 90 s. The materials were then fixed to a double-sided carbon tape attached 733 

to an aluminum stub and imaged at 15 kV potential. The cross-section of the asymmetric 734 

pH-responsive material was imaged by placing it on a cross-section stub. 735 

 736 

 737 
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Wettability of the surface of the asymmetric pH-responsive material 738 

The contact angle of water was measured for the elastomer side of the asymmetric pH-739 

responsive material. The material was first either expanded in pH 2 or contracted in pH 740 

12. A droplet of deionized water (4 µL) was then placed on the surface of the material 741 

coated with the layer of elastomer. An image of the droplet was taken using a Nikon 742 

D5300 camera fitted with an AF-S MICRO NIKKOR 105 mm lens (Nikon, Japan). The 743 

contact angle of water was measured from the image using Photoshop (Adobe).  744 

 745 

Elastic moduli of the elastomer and stimuli-responsive hydrogel 746 

The stress-vs-strain curve was recorded using an Instron 5542 Single Testing Column 747 

System. The elastic moduli were calculated by taking the gradient at the linear region of 748 

the curve (i.e., at the beginning of the curve) at which Hooke’s Law is obeyed (~10%-30% 749 

tensile strain).  750 

 751 

Testing the permeability of the asymmetric pH-responsive material 752 

The asymmetric pH-responsive material was initially expanded in a pH 2 solution. It was 753 

then used in a two-chamber experimental setup for studying the permeability of the 754 

asymmetric pH-responsive material (Fig. 3E). The two-chamber setup consisted of a Petri 755 

dish with a separator in the middle of the dish for creating the two chambers of liquid on 756 

either side of the separator. The separator consisted of two glass slides and the asymmetric 757 

pH-responsive material. Each of the two pieces of glass slides was first adhered (i.e., with 758 

New Orland Adhesive 63) to one side of the boundary of the Petri dish as shown in Fig. 759 

3E. The asymmetric pH-responsive material was then adhered to the two pieces of glass 760 

slide such that it was right in the center of the Petri dish. In this way, the separator that 761 

consisted of the glass slides and the asymmetric pH-responsive material separated the 762 
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Petri dish into two chambers. The surface of the pH-responsive hydrogel faced one of the 763 

chambers, whereas the surface coated with the layer of elastomer faced the other chamber. 764 

For the chamber that the pH-responsive hydrogel faced, we filled it with a pH 2 solution to 765 

keep the hydrogel in its expanded state. For the chamber that the elastomer faced, we 766 

filled it with a dye (i.e., Orange G) solution. The setup was monitored for 24 h. No 767 

diffusion of dye across the asymmetric pH-responsive material to the other chamber was 768 

observed even when the hydrogel was at its expanded state. On the other hand, dye passed 769 

through readily for the case when the pH-responsive hydrogel was not coated with the 770 

layer of elastomer.   771 

 772 

Testing the reversibility of the changes in size of the hydrogel 773 

After fabricating the pH-responsive hydrogel, it was expanded in a pH 2 solution. The 774 

hydrogel was then cut into the dimensions of 5 mm × 2 mm × 0.16 mm while it was in the 775 

expanded state. The longest dimension of the pH-responsive hydrogel (i.e., 5 mm) was 776 

defined as the expanded length, Lexpanded. Subsequently, the hydrogel was contracted in a 777 

pH 12 solution for 8 h to ensure that the hydrogel was fully contracted. The longest 778 

dimension of the pH-responsive hydrogel at equilibrium, L, was measured using a 779 

stereomicroscope (Leica DMS 1000). The hydrogel was then expanded fully in a pH 12 780 

solution for 8 h; its dimension equilibrium was again measured. The cycles were repeated 781 

for 15 times. The contraction ratio of the hydrogel at different pH was calculated by the 782 

formula L/Lexpanded. 783 

 784 

Fabrication of the smart tablet for controlled delivery 785 

The smart tablet consisted of a reservoir containing a dye solution and the asymmetric pH-786 

responsive material that controlled the release of the dye. The smart tablet was fabricated 787 
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by first printing a rectangular block of polymer (ABS) of dimensions 2 mm × 1 mm × 2 788 

mm using a 3D printer as the template for the reservoir. This block of ABS was then 789 

adhered onto the bottom of a Petri dish with double-sided tape. Prepolymer liquid PDMS 790 

was poured into the Petri dish and was cured at 75 °C overnight. After curing, the 791 

polymerized PDMS was separated from the Petri dish, and the block of ABS was removed 792 

from the PDMS. The cavity left behind by the block of ABS in the PDMS served as the 793 

reservoir. The solid PDMS was cut into the dimensions of 9 mm × 5 mm × 3 mm. A 794 

solution of rhodamine B dye was prepared by mixing 0.105 g of the dye in 7 mL of 795 

deionized water; it was then filled into the reservoir to the brim. In a separate step, the 796 

asymmetric pH-responsive material in the expanded state was cut to a size of 5 mm × 3 797 

mm. The materials were then soaked in a solution of specific pH, depending on the type of 798 

test performed (as stated in the next section on testing the tablet). It was then placed over 799 

the reservoir such that the impermeable elastomer was in contact with the dye solution and 800 

fully covered the top opening (2 mm × 1 mm) of the reservoir. A cleaned thin layer of 801 

PDMS was used to wrap and secure one end of the asymmetric pH-responsive material 802 

(i.e., the extra length of the material that was not covering the opening) onto the solid 803 

PDMS.  804 

 805 

Testing the smart tablet for controlled delivery 806 

After fabrication, the smart tablet was immersed in a (100 mL) beaker filled with 80 mL 807 

of deionized water or a solution of a required pH. The smart tablet was placed on top of a 808 

block of ABS with a height of 3 cm. The liquid was stirred at 450 rpm using a cylindrical 809 

magnetic pellet of 2 cm length and 6 mm diameter at the bottom of the beaker. For one 810 

demonstration, the asymmetric pH-responsive material that was attached on the smart 811 

tablet was pre-soaked in a pH 7 solution. Subsequently, the pH of the solution was 812 
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changed either in a step-wise or gradual manner from pH 7 to pH 11. For the stepwise 813 

change in pH, the change was conducted by injecting pH 12 solution at high flow rate of 814 

25 mL/min directly into the beaker until the medium became pH 11. For the gradual 815 

increase in pH, a syringe pump (KD Scientific, Legato® 100, USA) was used to add a total 816 

of 8 mL of pH 12 solution at a specific flowrate (i.e., 0.15 mL/min, 0.2 mL/min, or 0.25 817 

mL/min) into the solution until the medium became pH 11. A pH probe (Mettler Toledo 818 

Seven Multi, Switzerland) was placed in the beaker to monitor the pH in real-time. A 819 

liquid sample of 250 µL was collected every 2 min until the entire reservoir of dye was 820 

released completely. The fluorescent intensities of the samples were analyzed. For 821 

establishing the calibration curve, the fluorescent intensities of a series of samples with 822 

known concentrations of the dye were measured (see fig. S9). Calculation based on the 823 

calibration plot showed that the final total amount of the dye in the solution after all the 824 

dye fully released was approximately equal to the total amount of the dye in the reservoir 825 

of the controller initially. 826 

Another demonstration involved changing the medium from pH 10 to pH 11.48. In 827 

this case, the asymmetric pH-responsive material that was attached on the smart tablet was 828 

pre-soaked in a pH 10 solution. The pH of the solution was then changed either in a step-829 

wise or gradual manner from pH 10 to pH 11.48 by injecting a pH 12.48 solution at 830 

different flowrates (i.e., 0.15 mL/min, 0.2 mL/min, 0.25 mL/min, or 25 mL/min).  831 

 The smart tablet was tested for whether it leaked or not when there was no change 832 

in pH of the solution (i.e., zero temporal derivative). The asymmetric pH-responsive 833 

material was first pre-soaked in a solution of a specific pH (i.e., pH 10, 11, or 12). It was 834 

then attached to the smart tablet that was filled with dye. Subsequently, this smart tablet 835 

was immersed into a solution that contained the same pH that was used to pre-soak the 836 

asymmetric pH-responsive material. For this control experiment, the solution of the same 837 
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pH was pumped into the beaker at a flowrate of 0.2 mL/min. 250 µL of the liquid was 838 

sampled from the beaker every 5 min. We observed negligible leakage of the dye from the 839 

smart tablet for all the pH tested (i.e., 10, 11, or 12). 840 

 841 

Determining the reversible on-off release of the controller 842 

The asymmetric pH-responsive material was first pre-soaked in a pH 2 solution and 843 

attached onto the reservoir for fabricating the smart tablet. This smart tablet was then 844 

immersed in a pH 2 solution. For determining the reversible on-off controlled release of 845 

the controller, the pH of the solution was first changed to pH 12 by adding 2.5 M of 846 

NaOH solution dropwise. Subsequently, the pH of the solution was changed back to pH 847 

2 by adding a concentrated H2SO4 solution in dropwise manner. The pH of the solution 848 

was monitored using a pH probe throughout the experiment. A sample of the solution was 849 

taken every minute. The sample was analyzed by UV-Vis (Shimadzu UV-1800 850 

UV/Visible Scanning Spectrophotometer) and poured back into the original beaker 851 

immediately after every analysis to ensure that the concentration of the medium was not 852 

changed. 853 

 854 

Comparing response rate with cubic hydrogel 855 

For fabricating the cubic pH-responsive hydrogel, 77.89 mol% HEMA, 19.53 mol% 856 

DMAEMA, 1.6 mol% DMPA as the photo-initiator, and 0.98 mol% EGDMA as the cross-857 

linker were first mixed in a 5 mL Eppendorf tube thoroughly using a vortex mixer. The 858 

mixture was then carefully injected into a PDMS mold with a cubic cavity (i.e., 859 

dimensions of 0.5 cm × 0.5 cm × 0.5 cm) until the cavity was completely filled. The 860 

PDMS mold containing the liquid mixture was subsequently polymerized by a 365 nm UV 861 

lamp. After polymerization, the pH-responsive hydrogel was extracted from the mold. It 862 
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was then immersed in a pH 2 solution for approximately 10 h to fully expand the cubic 863 

hydrogel. This large expanded cubic hydrogel was then cut into smaller cubes with sides 864 

of 1.34 mm. The volume of each of these cubic hydrogels was equal to the flat thin piece 865 

of pH-responsive hydrogel used in the asymmetric pH-responsive material in the 866 

expanded state. 867 

 For comparing the rates of response, the asymmetric pH-responsive material and 868 

the cubic pH-responsive hydrogel were each clamped vertically and immersed in 80 mL of 869 

deionized water separately. pH 12 solution was added gradually at a flowrate of 0.25 870 

mL/min using a syringe pump (KD Scientific, Legato® 100) until the pH of the solutions 871 

reached pH 11. Time-lapse images of the bending of the asymmetric pH-responsive 872 

material and the contraction of the cubic pH-responsive hydrogel were captured at every 873 

30 seconds. The images were analysed by Photoshop (Adobe). 874 

 875 

Fluorescent measurement 876 

250 µL of the sample was loaded into the black polystyrene flat-bottomed 96 well plates 877 

(Corning Costar®) and the fluorescence reading was read at Ex/Em 553/627 nm using a 878 

microplate reader (Tecan Infinite M200 Pro, Switzerland).  879 

 880 

Self-regulation using the pH-responsive controller 881 

The controller was the same as the smart tablet except that its reservoir was filled with a 882 

concentrated solution of (98%) sulfuric acid mixed with 2% of rhodamine B instead. The 883 

asymmetric pH-responsive material was pre-soaked in pH 4 before attaching onto the 884 

controller. The controller was then immersed into a beaker filled with 80 mL of a pH 4 885 

solution. A basic solution of pH 12.2 was added into the solution at a flowrate of 0.15 886 

mL/min by a syringe pump via an injection tube as the disturbance. The injection tube was 887 
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positioned close to the controller. Specifically, it was placed 5 mm vertically above the 888 

asymmetric pH-responsive material and 4 mm away from the edge of the asymmetric pH-889 

responsive material (i.e., the side at which the material was adhered to the controller) in 890 

the horizontal direction. A pH probe was immersed in the solution for monitoring the pH. 891 

In order to minimize the disturbance caused by the injection of the basic solution onto the 892 

pH probe, the pH probe was placed on the opposite side of the controller with respect to 893 

the injection tube. Specifically, it was 5 mm vertically above and 5 mm away horizontally 894 

from the asymmetric pH-responsive material (i.e., the side of the material that was not 895 

adhered and free to bend). The controller can be pre-programmed to control the pH of the 896 

medium at different set points via modifications such as changing the type of pH-897 

responsive hydrogel used, the properties of the hydrogel (e.g., amount of cross-linking), 898 

and the concentration of the solution in the reservoir.   899 

900 
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Fig. 1. Asymmetric stimuli-responsive material that senses the temporal derivative of 1048 

a process variable for derivative control. (A) The definition of derivative control. (B) 1049 

The proportional controller. The variable may easily exceed the maximum threshold if the 1050 

response from the controller is directly proportional to the changes in the process variable 1051 

due to the disturbance. (C) The derivative controller: it predicts the future trend and is 1052 

capable of providing a fast corrective response before the process variable reaches 1053 

unhealthy levels. (D) Stimuli-responsive hydrogel coated with a layer of impermeable 1054 

elastomer (i.e., the “asymmetric stimuli-responsive material”) senses the temporal 1055 

derivative of a chemical in the medium and responds by bending. (E) The bending 1056 

actuation of the asymmetric stimuli-responsive material based on the temporal derivative 1057 

can be used as a derivative controller for controlled delivery of a drug or chemical from a 1058 

reservoir and self-regulation. (F) Helichrysum bracteatum is an example from nature that 1059 

has a similar structure (image on the left). It consists of hygro-responsive hinges with 1060 

thicker cuticles on one side that allows it to bend (image on the right). This image is 1061 

reproduced with permission from Oxford University Press (31). 1062 

 1063 
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Fig. 2. A derivative sensor. The asymmetric pH-responsive material bent when the 1066 

medium changed (A) rapidly from deionized water to pH 11, (B) rapidly from deionized 1067 

water to pH 12, (C) with gradual linear increase of pH of 1 unit per 30 minutes, (D) with 1068 

gradual linear increase of pH of 1 unit per 10 minutes, (E) gradually from deionized water 1069 

to pH 11 by adding a pH 12 solution at 0.15 mL/min (or 0.3 M/s), and (F) gradually from 1070 

deionized water to pH 11 by adding a pH 12 solution at 0.25 mL/min (or 0.5 M/s). (G) 1071 

When the pH remained constant with time, the asymmetric pH-responsive material 1072 

remained flat at either pH 2, pH 7, pH 10, pH 11, or pH 12. (H) The asymmetric glucose-1073 

responsive material bent when a solution containing 500 mg/dL of glucose was added at a 1074 

rate of (i) 0.1 mL/min (or 1 M/s) or (ii) 0.3 mL/min (or 3 M/s). Scale bars for all 1075 

images: 5 mm.  1076 

 1077 

  1078 
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Fig. 3. The smart and adaptive asymmetric pH-responsive material. (A) The 1081 

asymmetric pH-responsive material is smart: it responds to the change in pH by changing 1082 

its size. The asymmetric pH-responsive material is adaptive due to its ability to remain flat 1083 

regardless of its size (i.e., expanded or contracted). (B) Plot showing the contraction ratio 1084 

of the asymmetric pH-responsive material at different pH at equilibrium. (C) Stress-strain 1085 

curves of a slab of pH-responsive hydrogel and elastomer. (D) SEM image showed that 1086 

the thickness of the coating of elastomer on the pH-responsive hydrogel was < 1 µm. 1087 

Scale bar: 10 µm (E) The asymmetric pH-responsive material was impermeable to 1088 

diffusion of molecules due to the coating of elastomer. It was used as a barrier for 1089 

separating two reservoirs, one of which contained a yellow dye solution. Even in its 1090 

expanded state at pH 2, it prevented the diffusion of the dye from the reservoir on the left 1091 

to the reservoir on the right. (F) Measurements of the contact angle of water on the surface 1092 

of the pH-responsive hydrogel coated with the elastomer showed that the surface was 1093 

always hydrophobic with approximately the same contact angle regardless of the size of 1094 

the underlying hydrogel (i.e., both the expanded and contracted states). (G) SEM images 1095 

of the surfaces of the slab of asymmetric pH-responsive material. Both the surface of the 1096 

pH-responsive hydrogel (“hydrogel side”) and the surface coated with elastomer on the 1097 

opposite side (“elastomer side”) are shown for the cases when the asymmetric pH-1098 

responsive material was expanded in a pH 2 solution and contracted in a pH 12 solution. 1099 

Scale bars: 200 µm. Photo Credit: Spandhana Gonuguntla & Wei Chun Lim, National 1100 

University of Singapore. 1101 

 1102 

 1103 
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Fig. 4. Modeling the bending of the asymmetric pH-responsive material based on the 1108 

temporal derivative. (A) Scheme illustrating the one-sided unsteady-state reaction-1109 

diffusion of OH- ions from the medium into the asymmetric pH-responsive material that 1110 

caused the bending actuation. Bending of the asymmetric pH-responsive material at 1111 

different times in a medium that changed from pH 7 to pH 11 in two ways: (B) a slower 1112 

rate of injecting a pH 12 solution at 0.15 mL/min and (C) a higher rate of injecting a pH 1113 

12 solution at 0.25 mL/min. Numerical solutions of the modeling of the bending of the 1114 

asymmetric pH-responsive material (solid lines) agree with the experimental data (open 1115 

circles). (D) Plot of the velocity of penetration depth, dδ/dt, versus the temporal derivative 1116 

of the concentration of OH- ions in the medium, dcS/dt, derived from the numerical 1117 

solution of the model for different normalized rates of change of concentration. Inset 1118 

shows the plot in logarithmic scale with a slope of one half. (E) Plots of the curvature, κ, 1119 

of the asymmetric pH-responsive material with time derived from the model. The 1120 

differently colored curves represent the trends for different temporal derivative of 1121 

concentration of OH- ions in the medium. The rates indicated in the legend are normalized 1122 

with respect to the maximum temporal derivative of concentration by the injection of 0.25 1123 

mL/min of a pH 12 solution into the medium. (F) Plot of the initial rate of change of the 1124 

curvature, dκ/dt, versus the temporal derivative, dcS/dt, derived from the model for 1125 

different normalized rates of change of concentration. Inset shows the plot in logarithmic 1126 

scale with a slope of one half. This plot thus conveniently serves as the calibration curve: 1127 

through quantifying the rate of bending of the asymmetric stimuli-responsive material at 1128 

initial times experimentally, the temporal gradient of concentration in the medium can be 1129 

determined via referring to this plot. 1130 
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Fig. 5. Derivative controller for controlled delivery. (A) The smart tablet consists of a 1134 

reservoir of drug and the asymmetric pH-responsive material that covers the reservoir. 1135 

When the pH of the medium changes, the asymmetric pH-responsive material bends and 1136 

releases the drug from the reservoir. (B) Reversible on-off controlled release. Fluorescent 1137 

dye released in a pH 12 solution and was blocked from releasing in a pH 2 solution 1138 

reversibly. Dye released when the pH of the medium was changed from (C) pH 7 to pH 11 1139 

or (D) pH 10 to pH 11.48. In both cases, the pH of the medium was increased in four 1140 

ways: pH was changed rapidly (i.e., by injecting a basic solution at a very high flowrate of 1141 

25 mL/min; purple squares) or gradually by injecting a basic solution at a constant 1142 

flowrate of 0.25 mL/min (i.e., 0.5 µM/s for pH 7 to pH 11 and 1.5 µM/s for pH 10 to pH 1143 

11.48; red circles), 0.2 mL/min (i.e., 0.4 µM/s for pH 7 to pH 11 and 1.2 µM/s for pH 10 1144 

to pH 11.48; blue triangles), or 0.15 mL/min (i.e., 0.3 µM/s for pH 7 to pH 10 and 0.9 1145 

µM/s for pH 10 to pH 11.48; green inverted triangles). pH of the medium was not changed 1146 

(orange diamonds). (E) No release of the fluorescent dye when the pH of the medium (i.e., 1147 

either pH 10, 11, or 12) remained unchanged with time regardless of the magnitude of the 1148 

pH. (F) Rates of response of the asymmetric pH-responsive material and a cubic piece of 1149 

pH-responsive hydrogel.  1150 
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Fig. 6. Derivative controller for self-regulation. (A) Feedback mechanism for the self-1152 

regulation of pH of the medium by the controller with the asymmetric stimuli-responsive 1153 

material. (B) The controller regulated the pH of the medium at around pH 4 even when a 1154 

large disturbance (i.e., pH 12.2 solution injected at a flowrate of 0.15 mL/min or 0.5 µM/s) 1155 

was applied continuously for 60 min (red line). When the controller did not contain any 1156 

concentrated acid in its reservoir, the pH of the medium increased due to the disturbance 1157 

as expected (blue line). The leakage from the controller was observed to be negligible 1158 

(black line). (C) Plot with an enlarged y-axis of the red line shown in part (B). (D) 1159 

Experimental images showed that the asymmetric pH-responsive material opened and 1160 

closed the reservoir repeatedly. The red color was due to the dye mixed with the 1161 

concentrated acid in the reservoir. 1162 
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