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Abstract 

The memory of our brain, stored in soft matter, is dynamic, and it forgets spontaneously 

to filter unimportant information. By contrast, the existing manmade memory, made 

from hard materials, is static, and it does not forget without external stimuli. Here we 

propose a principle for developing dynamic memory from soft hydrogels with 

temperature-sensitive dynamic bonds. The memorizing-forgetting behavior is achieved 

based on fast water uptake and slow water release upon thermal stimulus, as well as 

thermal-history dependent transparency change of these gels. The forgetting time is 

proportional to the thermal learning time, in analogy to the behavior of brain. The 

memory is stable against temperature fluctuation and large stretching; moreover, the 

forgetting process is programmable. This novel principle may inspire future research 

on dynamic memory based on the nonequilibrium process of soft matter. 

 

Significance 

Life provides the best demonstration of complex and adaptive nonequilibrium system, 

which executes biological functions through nonequilibrium structure transformation. 

Creating lifelike materials to achieve part of or full biological functions is a grand 

challenge. Traditional memories from hard and dry materials are static, with no ability 

of forgetting; here we propose to use soft and wet hydrogels to achieve dynamic 

memories with spontaneous but learning-strength-dependent forgetting ability by using 

nonequilibrium structure transformation, in analogy to the human brain. We believe the 
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concept of dynamic memorizing-forgetting behavior proposed here inspires further 

research on developing life-like materials based on the nonequilibrium process of soft 

matter. 

 

Introduction 

The memorizing-forgetting behavior in the human brains, stored in soft and wet matter, 

is a dynamic and nonequilibrium process (1-4). The acquisition of information, or 

learning, forms cellular memory traces in the brain, and the traces spontaneously decay 

over time (5,6). It is considered that forgetting may be the default mode of the brain, 

which filters out noise and unimportant information to achieve high efficiency4. In this 

dynamic process, certain mediators such as dopamine and proteins are essential in 

structuring cellular memory traces (Scheme 1A) (5). By contrast, the existing manmade 

memories, made from hard and dry materials, work in equilibrium manner, through a 

quick switch between two phases induced by external energy, such as electric (7) or 

magnetic energy (8). Different from the brains, no exchange of substances with 

externals occurs in manmade memories. Consequently, these memories can store 

information with accuracy and stability, but they are static, with no ability of 

spontaneous forgetting. 

Creating dynamic memory based on out of equilibrium process of soft matter, 

similar to the brains, is a grand challenge. So far, only several attempts were made along 

this line, mainly in solutions, utilizing sophisticated chemistry and experimental setup 
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(9-12). In this work, we propose a very simple approach to develop dynamic memory 

that exhibits memorizing-forgetting behavior by utilizing hydrogels, in analogy to the 

human brain. We show that the hydrogels containing dynamic bonds can encode two-

dimensional (2D) information through thermal learning and the information 

spontaneously forgets at a forgetting time that is proportional to the learning strength 

(learning time and temperature). The principle of memorizing-forgetting is based on 

asymmetric water absorption and release of dynamic bond hydrogels in response to 

thermal stimulus. 

 

Design principle 

The cognitive view divides the memory process of brain into three stages: encoding, 

storage, and retrieval (13), while the nature of forgetting is the decay of encoded 

memory trace (4). To achieve dynamic memorizing-forgetting behavior, our strategy is 

utilizing asymmetric and spontaneous structure transformation process of soft materials. 

When a soft material in equilibrium state is applied with a stimulus (learning), the 

change of thermodynamic environment results in the formation of an excited state 

(encoding information). When the stimulus is removed, the excited state returns to the 

initial equilibrium structure (forgetting by decaying of stored information, Scheme 1B). 

To apply such a general stimuli-responsive process for dynamic memorizing-forgetting, 

we require a strongly asymmetric but correlated kinetics between encoding and 

forgetting. That is, a relatively faster kinetics to form the excited structure (encoding or 

learning time) and a slower kinetics to recover to the original structure (storage or 
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forgetting time); the recovery time (forgetting time) needs to be dependent on stimulus 

strength (learning strength). Moreover, a mechanism is necessary to facilely retrieve 

the stored information that decays with time. 

Our idea is to use thermal swelling hydrogels to construct soft and dynamic 

memory. Hydrogels have similar soft and wet nature as well as permeability to small 

molecules as biological tissues (14), and these materials have been used to mimic 

muscle growth (15) and associative learning (9). The most common feature specific to 

hydrogels is the reversible swelling and shrinking in response to various stimuli, such 

as pH and temperature (16-18). To demonstrate this principle, we consider the swelling 

and shrinking kinetics of a hydrogel of thickness d in response to thermal stimulus. We 

use two water baths of different temperatures, TL and TF, for thermal learning and 

forgetting, respectively, where TL > TF. The gel is initially equilibrated in the cold bath; 

then it is moved to the hot bath for a thermal learning time tL; finally, it is moved back 

to the cold bath. Hereafter we denote this thermal learning process as TL-tL-TF. When 

placed in the hot bath, the gel swells by absorbing water, and it shrinks when being 

moved back to the cold bath by releasing water. The kinetics of swelling and shrinking 

are governed by the cooperative diffusion coefficients of hydrogel, Dsw and Dsh, 

respectively. The time for gel to reach swelling equilibrium in the hot bath is τe ≈ 

d2/4Dsw (19,20). When thermal learning time tL is shorter than τe, the gel does not reach 

swelling equilibrium, and water absorption only occurs in the surface layers of sample 

with thickness dsw (< d/2). Therefore, only these layers shrink at cooling. Under such a 

condition, the time for swelling in the hot bath tL and shrinking in the cold bath tF are 
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correlated through dsw by tL ≈ 
2

sw swd / D  and tF ≈ 
2

sw shd / D . The water releasing time in 

the cold bath can be considered as the forgetting time tF of sample with thermal learning. 

Accordingly, the ratio of forgetting time to learning time is 

tF/tL = Dsw/Dsh (tL < τe).      (1) 

Equation (1) indicates that, if a hydrogel has a strong asymmetric swelling/shrinking 

kinetics by thermal stimulus (Dsw/Dsh >> 1), it might show a memorizing-forgetting 

behavior, with a forgetting time (shrinking time) proportional to but much longer than 

the thermal learning time (swelling time) (tF/tL >> 1). The ratio tF/tL can be considered 

as the learning efficiency. In principle, Equation (1) only holds before reaching the 

learning saturation time (tL < τe). When the learning time tL is longer than τe, the 

memory saturates and the longest forgetting time is about d2/4Dsh, independent of the 

learning time. The saturated learning time and longest forgetting time can be tuned by 

sample thickness d. 

To achieve the strongly asymmetric water absorption-release kinetics in 

response to thermal stimulus, we adopt hydrogels containing physical interactions, like 

hydrogen bonds and Coulombic interactions (21-24). Different from the common 

chemical gels that do not contain physical bonds and show no observable size and 

appearance change with temperature (SI Appendix, Fig. S1), many of these physical 

gels swell at heating and shrink at cooling, and the shrinking kinetics is slower than the 

swelling kinetics (25,26). As the thermal conduction rate is significantly faster than the 

water diffusion rate, abrupt cooling induces a large-scale frustrated structure in these 

physical gels, which often appears as an immediate transparent-to-opaque change in the 
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gels by cooling (27). That is, the gel is transparent when being equilibrated in the cold 

bath or being suddenly put in the hot bath (Scheme 1C(i, ii)), but immediately turns 

opaque when being placed back to the cold bath owing to the large-scale frustrated 

structure formation (Scheme 1C(iii)). The turbidity of the opaque state decays with time 

in accompany with water release (Scheme 1C(iv)), and finally recovers to transparent 

when reaching the equilibrium again. Thus, the thermal-stimulus encoded information 

can be retrieved from the opaque state of gels, and the forgetting time corresponds to 

the time recovers to transparent. The learning temperature TL and forgetting 

temperature TF can be arbitrarily chosen, independent of the specific chemical structure 

of hydrogels. 

 

Asymmetric water absorption-release kinetics of polyampholyte hydrogels 

As a model system, we adopted a hydrogel composed of polyampholytes to verify this 

principle. Polyampholytes carry opposite charges on the same polymer chain and form 

hydrogels (PA gels) containing ~45 wt% water by inter- and intra-chain ionic bonding. 

The PA gels are viscoelastic, exhibiting high toughness, self-healing and fatigue 

resistance (22,28). The advantage of using PA gels is that the size change with 

temperature is small while the turbidity change caused by sudden cooling is distinct. 

We first show the thermal-induced swelling/shrinking behavior and turbidity 

change of a PA gel made from sodium p-styrenesulphonate (NaSS) and methyl chloride 

quarternized N,N-dimethylamino ethylacrylate (DMAEA-Q, Fig. 1A). When the gel, of 
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25 mm radius and 1.15 mm thickness, is moved from a 25 °C bath to an 80 °C bath, it 

swells gradually and reaches equilibrium after 0.6 h, showing an increase of only 7 % 

in radius and 17 % in weight (Fig. 1B). By quenching to 25 °C, the gel gradually 

recovers to its original size after a prolonged time by releasing water (Fig. 1B). The gel 

is transparent in the cold bath (TF = 25 °C, Fig. 1C(i)), and it retains the transparency 

when being moved to the hot bath (TL = 80 °C, Fig. 1C(ii)). However, when the gel is 

removed back to the cold bath, the entire sample turns turbid within 4 s (Fig. 1C(iii), 

Movie S1). The transmittance is measured to quantify the turbidity (1 - transmittance) 

of the sample. The turbidity spontaneously decays and the gel becomes transparent 

gradually with releasing water, starting from the surface to the center (Fig. 1C(iv, v)). 

The recoveries of sample size and transparency in the cold bath are strongly coupled 

(Fig. 1B, Movie S2). 

The shrinking time required in the cold bath (tF = 28 h) is much longer than the 

swelling time in the hot bath (tL = 0.6 h). The relatively fast swelling and slow shrinking 

indicate the strong asymmetric diffusion kinetics of water. Indeed, the cooperative 

diffusion coefficient for swelling in the 80 °C bath (Dsw) is measured as 2.3×10-10 m2/s, 

while that for shrinking in the 25 °C bath (Dsh) is 3.8×10-12 m2/s (SI Appendix, Figs. S2-

S5). Therefore, for a temperature difference ΔT = 55 °C, the ratio Dsw/Dsh of the PA gel 

is as high as 61 (Fig. 1D). The slow shrinking process may be caused by the formation 

of more bound water, skin layer, or structure frustration in the turbid gel. Differential 

scanning calorimetry (DSC) results show that the content of bound water is almost the 

same for the transparent gel and the turbid gel (SI Appendix, Fig. S6). The cut cross 
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section of sample totally turns to turbid quickly when being cooled (Fig. 1C(iii)), 

excluding the possibility of the formation of skin layer on the surface of the gel. 

Therefore, the frustrated structure caused by sudden cooling, as seen by the instant 

transparent to opaque change of gel at cooling, should be responsible for the slow 

shrinking kinetics. 

The formation of frustrated structure can be rationalized with the following 

picture. When the sample is heated to TL, the number of associated ionic bonds in the 

gel decreases and the osmotic pressure of gel increases, which leads to the swelling of 

gel. By a sudden cooling to TF, the number of associated bonds increases quickly (the 

average association time of ionic bonds is several microseconds at 25 °C) (29), while 

the absorbed water at TL cannot be expelled out of gel instantly, as the water diffusion 

is much slower than the heat conduction (SI Appendix). Consequently, water is trapped 

between the aggregated polymers to form the transient frustrated structure, leading to a 

slow shrinking process. The asymmetry of swelling/shrinking behavior changes with 

the density of ionic bonds, i.e., the ionic bond strength (SI Appendix, Fig. S7), further 

supporting the above analysis. Scanning electron microscope observation (SEM) 

reveals that the frustrated structure has a characteristic length around 300 nm (SI 

Appendix, Fig. S8), which results in the opaque appearance of gel. The diffusion time 

for local water aggregation with such a length scale is in the order of tens of 

microseconds, much shorter than the thermal conduction time of several seconds 

through the entire sample (SI Appendix, Fig. S9), which results in the instant turbidity 

change by sudden cooling. It is surprising that the formation of such a prominent 
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frustrated structure is caused by a considerably small amount (17 wt%) of extra water 

in the sample. 

Indeed, when the water absorption is prohibited during heating, for example, by 

sealing the sample with a plastic bag, the gel retains the transparency by sudden cooling 

from TL to TF, indicating no frustrated structure formation. As the water absorption is 

driven by osmotic pressure of polymer, it can also be prohibited by imposing a pressure 

on the sample. For the PA gel used in this work, a nominal stress of 0.10 MPa is 

sufficient to prohibit water absorption (SI Appendix, Fig. S10). This property permits 

us to control the learning regions in PA gels with a relatively sharp spatial resolution. 

 

Thermal learning and memorizing-forgetting behaviors of PA gels 

Based on the asymmetric water absorption-release kinetics and the thermal-history-

dependent turbidity change of the PA gel, we can construct dynamic memory devices. 

To spatially control the thermal learning process, we use a mask with a hollow-out 

pattern featuring 2D information to be memorized. The gel pre-equilibrated in the cold 

bath at TF is sandwiched between two plates with a slight compression, and one of the 

plates is the mask with the hollow-out pattern. Then, the sample is immersed in the hot 

bath for thermal learning at TL. During thermal learning, the gel can only absorb water 

in the hollowed region, which memorizes the 2D information of the mask. After that, 

the sample is moved to the cold bath and taken out from the plates to retrieve the 

memorized information (Fig. 2A). 
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Fig. 2B shows a series of memorized information obtained through an 80 °C-5 

min-25 °C learning process by using different masks, such as a word “GEL,” patterns 

of “umbrella,” “fish,” and “twig”. The memorized information is highly stretchable, 

and the stretched information is fully recoverable after releasing load (Movie S3), 

benefiting from the high stretchability and self-recovery of PA gels (22). As the sample 

becomes opaque whenever experiences a sudden cooling, independent on the specific 

temperature and structure of materials (30), the choice of TL and TF is arbitrary, 

provided the difference between TL and TF is sufficiently large (SI Appendix, Fig. S11). 

For instance, a 3 °C temperature jump, from TL = 28 °C to TF = 25 °C, is enough to 

induce the turbidity change for memorizing and retrieving information (SI Appendix, 

Fig. S11). 

The memorized information in PA gels does not lose when the environmental 

temperature temporarily fluctuates (Fig. 2C), which is similar to the nonvolatility of 

memory materials in computers (7). Fig. 2C(i) exhibits an example of memory 

nonvolatility at a high temperature. A PA gel is initially performed with a 60 °C-10 

min-25 °C learning process to memorize an airplane pattern; then, it was moved to the 

60 °C bath. Within 2 s, the airplane pattern disappears and the entire gel becomes fully 

transparent. After moved back to the 25 °C bath, interestingly, the airplane pattern 

emerges again. This process can be repeated several times (Movie S4). Here we should 

mention that the time for the fluctuation treatment of the gel in the 60 °C bath must be 

very short to have negligible water absorption. Otherwise, the gel would absorb 

considerable amount of water and the entire gel would turn to turbid after moving back 
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to the 25 °C bath. Similarly, Fig. 2C(ii) exhibits an example of memory nonvolatility 

at a low temperature. The airplane pattern is memorized upon 60 °C-3 min-25 °C 

learning process; then, the gel is moved to a 4 °C bath for 20 s. The entire gel becomes 

turbid, which interferes with the airplane pattern. However, after moved back into the 

25 °C bath, this airplane pattern re-appears clearly as the rest parts of gel become 

transparent. 

The memorized information decays spontaneously, without any external stimuli. 

Fig. 3A shows an example of the forgetting process of PA gel after experiencing an 

80 °C-5 min-25 °C learning process. The memorized airplane pattern decays and finally 

disappears within 4.5 h at 25 °C, and the entire gel becomes fully transparent (Movie 

S5). The forgetting time that the memorized information completely disappears 

depends on the learning strength, that is, the learning time and learning temperature. 

Figs. 3B and 3C show the effect of learning time tL on forgetting time tF. TL and TF are 

fixed at 80 and 25 °C, respectively, and tL is changed from 2 to 11 min. For tL = 2 min, 

the initial memorized airplane pattern is translucent, indicating a relatively weak 

memory. By contrast, the initial memorized airplane pattern for tL = 9 min is opaque, 

suggesting a relatively strong memory. The forgetting time increases almost linearly 

with learning time, from 115 to 715 min by increasing learning time from 2 to 11 min. 

The measured ratio of forgetting time to learning time, tF/tL, keeps almost constant value 

of 63, independent of learning time tL (tL < τe = 14 min, Fig. S2). This is reasonably 

consistent with the ratio Dsw/Dsh = 61 (Fig. 1D), confirming the validity of Equation (1). 

Figs. 3D and 3E show that the forgetting time increases with the learning temperature, 
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for fixed tL = 5 min and TF = 25 °C. tF/tL increases with the increase of TL for a fixed 

TF, due to the increase of temperature difference. These results show that learning with 

longer tL or learning at higher TL and retrieving at lower TF leads to a stronger memory 

and vice versa. This behavior is similar to the memory in the human brain, where the 

memory strength or forgetting time increases with learning time (31) or/and the 

magnitude of emotional stimulus (32). 

The dependence of memory on learning time and learning temperature allows 

us to program the memorizing-forgetting process in PA gels. Fig. 4 gives two typical 

examples to demonstrate sequential forgetting by programing learning time and 

learning temperature. We set TL = 60 °C and TF = 25 °C, and endow the learning time 

of letters “G,” “E,” and “L” for 26, 18, and 12 min, respectively. This is achieved by 

supplying water for different time during thermal learning (Fig. 4A(i)): The hollowed-

out areas of “E” and “L” are initially covered by a plate, and only the letter “G” can 

contact with water at TL = 60 °C for 8 min; then, both “G” and “E” are allowed to 

contact with water at TL = 60 °C for 6 min; finally, all three letters “G,” “E,” and “L” 

are allowed to contact with water at TL = 60 °C for 12 min. Fig. 4A(ii) shows the 

sequential forgetting process at TF = 25 °C: The letter “L” disappears after about 3.0 h; 

then, “E” disappears after about 5.5 h; finally, “L” disappears after about 8.5 h (Movie 

S6). Using the same method, we set the learning temperature for “G,” “E,” and “L” as 

45, 60, and 80 °C, respectively, while maintaining tL = 20 min and TF = 25 °C (Fig. 

4B(i)), and a sequential forgetting behavior is also achieved (Fig. 4B(ii)). 
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The memorizing-forgetting behavior also allows us to control the drug release 

from the gel (SI Appendix, Fig. S12). We put two pieces of PA gels with the same size 

into a Rhodamine B (RB) solution to reach equilibrium. Then one gel is undergone an 

80 °C-2 h-25 °C learning process while the other is not. After that we put them into 

pure water to observe the release process of RB. The gel with thermal learning has a 

significantly longer RB release process than that of the gel without thermal learning 

even at the same release temperature, benefiting from the formation of frustrated 

structure in thermal learning. 

The principle proposed in this work for constructing dynamic memorizing-

forgetting behavior is universal, as it is applicable to many other hydrogels containing 

dynamic bonds. Indeed, we have confirmed that PA gels made from two other cationic 

and anionic monomer combinations also show similar dynamic memorizing-forgetting 

behavior (SI Appendix, Fig. S13). Furthermore, such behavior is not limited to gels with 

ionic bonds; gels with other dynamic bonds, such as hydrogen bonds, also show 

dynamic memorizing-forgetting behavior (SI Appendix, Fig. S13). 

The thermal-response behavior of our gels containing dynamic bonds is 

distinctly different from conventional thermal-sensitive gels with upper or lower critical 

solution temperature (UCST or LCST) (30,33,34) in which the transparent-to-opaque 

transition only occurs at the critical temperature specific to the materials. These gels, 

also showing an asymmetric swelling/shrinking behavior (26,35), and in principle, can 

act as dynamic memory but only working at their critical temperatures. Moreover, the 
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large volume change (tens or hundreds of times in volume) at the critical temperature 

(36,37) brings difficulty to construct memory devices. 

 

Conclusion 

In summary, we successfully realized dynamic memorizing-forgetting behavior in 

analogy to that in the human brains by utilizing hydrogels containing dynamic bonds. 

The behavior is based on the strongly asymmetric swelling/shrinking kinetics of 

hydrogels due to the formation of frustrated structure at sudden cooling. The distinct 

turbidity change of these hydrogels provides a facile mechanism to retrieve the 

memorized information. Moreover, the small size change with temperature results in 

the easy construction of memory devices, and the high compliance of materials imparts 

high stretchability of the memory. This work opens an opportunity to develop 

intelligent device with brain-like memorizing-forgetting behavior. The dynamic and 

learning-strength dependent turbidity change as well as the asymmetric 

swelling/shrinking process may also find applications in smart display and controllable 

drug release. More importantly, the concept of using soft materials to achieve dynamic 

memorizing-forgetting behavior is expected to inspire further research on developing 

life-like materials based on the nonequilibrium process of soft matter. 
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Methods 

Synthesis of PA hydrogels. PA gels were synthesized by one-step random radical 

copolymerization of anionic and cationic monomers at charge balance point in a 

concentrated aqueous solution, following our previous work (22). The prescribed 

amounts of cationic monomer, anionic monomer, ultraviolet (UV) initiator, and 

chemical crosslinker were dissolved in deionized water; then, the solution was injected 

into a reaction cell consisting of a pair of glass plates with a spacer of varying thickness 

values, and the reaction cell was irradiated with UV lights (∼365 nm) for 10 h under 

argon atmosphere. Subsequently, the as-prepared gels in a platelet shape were 

immersed in a large amount of pure water for 1 month to remove the counterions. The 

gel at equilibrium state has a water content of around 45 wt%. 

 

Transmittance Measurement. The light transmittance of the gel was characterized 

using a Shimadzu UV spectrophotometer (UV-1800) at a wavelength of 550 nm. The 

gel was put into a cell filled with water when performing this measurement. 

All details associated with sample preparations, DSC and SEM measurements are 

available in SI Appendix. 

 

Data Availability. All data are included in the main text and SI Appendix. 
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Scheme 1. Conceptual scheme of dynamic memorizing-forgetting behavior from 

human to soft materials. (A) Memorizing-forgetting behavior in brain. Certain 

mediates such as dopamine and protein are involved in the process of forming memory 

through learning, and the memory decays gradually and spontaneously with time, 

exhibiting a dynamic forgetting. (B) Memorizing-forgetting curve of brain or soft 

materials. The memorizing-forgetting behavior of soft materials is based on its 

nonequilibrium process in response to stimuli. Stimuli-on induces quick formation of 

memory, which gradually decays with time after stimuli-off. (C) Design principle of 

dynamic memorizing-forgetting hydrogels based on thermal stimulus. We use a 

hydrogel containing abundant dynamic bonds. The gel has unique nonequilibrium 

features: It swells fast in a hot bath (learning temperature TL) and shrinks slowly in a 

cold bath (forgetting temperature TF). Moreover, the gel instantly turns from transparent 

to opaque (memory retravel) when being switched from the hot bath to the cold bath 

due to structure frustration. Consequently, the thermal history of the gel can be 

memorized and detected by its opaque appearance. With the shrinking progress toward 

the equilibrium, the gel gradually recovers to transparent, exhibiting a spontaneous and 

slow forgetting of the thermal history. The forgetting time (tF) in the cold bath is 

correlated to the thermal learning time (tL) in the hot bath as tF/tL = Dsw/Dsh, where Dsw 

and Dsh are the cooperative diffusion coefficients corresponding to swelling and 

shrinking, respectively. The fast water absorbing and slow releasing kinetics of the gel, 

corresponding to Dsw/Dsh >> 1, result in the fast learning and slow forgetting behaviors.  
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Fig. 1. Asymmetric water absorption-release kinetics and frustrated structure 

formation in polyampholyte (PA) gels by thermal stimulus. (A) Chemical structures 

of monomers for PA gels. (B) Time profiles of temperature-induced radius and turbidity 

(1 - transmittance) changes of PA gel. To aid the visual, the time scale in the hot bath 

is enlarged by 10 times. (C) Optical images of the sample at different states: i) in the 

cold bath (TF = 25 °C, equilibrium temperature), ii) in the hot bath (TL = 80 °C, tL = 0.6 

h), iii) after a hot-to-cold jump (80 to 25 °C for 4 s), iv) partial recovery in the cold bath 

(25 °C for 12 h), and v) full recovery in the cold bath (25 °C for 28 h). The gel thickness 

at 25 °C is about 1.15 mm and tL = 0.6 h is sufficient for the gel to reach swelling 

equilibrium at TL = 80 °C. (D) Cooperative diffusion coefficients of PA gel for 

shrinking at 25 °C (Dsh) and swelling at 80 °C (Dsw).  
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Fig. 2. Thermal learning and memory of PA gels. (A) Thermal learning process TL-

tL-TF. i) A PA gel is sandwiched between two plates with a slight compression and one 

plate is a mask having a hollowed-out area featuring the memorized information; ii) the 

sandwiched sample is put into a cold bath of temperature TF for equilibrium; iii) the 

sample is then moved into a hot bath of temperature TL for a time tL for learning 

information, during which the hollow area absorbs water; iv) after thermal learning, the 

two mold plates are removed and the gel is placed into the cold bath to retrieve the 

memorized information. (B) Various memorized information through different masks 

with the same 80 °C-5 min-25 °C learning process. The photos are captured after 

jumping temperature from 80 to 25 °C for 1 min. (C) Results to demonstrate the 

memory nonvolatility against high and low temperature perturbation. i) High 

temperature perturbation. The gel is first performed a 60 °C-10 min-25 °C learning 

process to memorize an airplane pattern. Then, the gel is put into a 60 °C bath and the 

pattern disappears within 2 s. After putting the gel back to the 25 °C bath, the airplane 

pattern remerges again. ii) Low temperature perturbation. The gel is performed a 60 °C-

3 min-25 °C learning process. Then, it is put into a 4 °C bath for 20 s and the 

surrounding region becomes opaque. After putting back to the 25 °C bath, the 

surrounding noise disappears, and the airplane pattern remerges clearly again. All scale 

bars are 1 cm.  
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Fig. 3. Spontaneous forgetting process of PA gels. (A) Example to show spontaneous 

forgetting process of a gel experienced an 80 °C-5 min-25 °C learning process to 

memorize an airplane pattern. The elapsed time after cooling in 25 °C bath is shown in 

the photos. (B, C) Effect of thermal learning time tL on memory strength (B) and 

forgetting time tF (C) for the same TL and TF. The time in the images is the learning 

time tL. (D, E) Effect of thermal learning temperature TL on memory strength (D) and 

forgetting time tF (E) for the same tL and TF. The temperature in the images is the 

learning temperature TL. In all experiments, tL shorter than the equilibrium swelling 

time of sample and the forgetting time tF is determined by the recovery time from 

opaque to transparent. All scale bars are 1 cm. 
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Fig. 4. Programmable forgetting process of PA gels. By using additional plates to 

selectively cover the hollowed-out area for prohibiting water uptake, the gels show 

programmable forgetting behaviors. (A) Sequential forgetting process by tuning the 

thermal learning time. i) The learning times for “G,” “E,” and “L” are 26, 18, and 12 

min, respectively. ii) The optical images of gel during spontaneous sequential forgetting 

in a 25 °C bath. (B) Sequential forgetting process by tuning the thermal learning 

temperature. i) The learning temperatures for “G,” “E,” and “L” are 45, 60, and 80 °C, 

respectively. ii) The optical images of gel during spontaneous sequential forgetting in 

a 25 °C bath. All scale bars are 1 cm. 
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