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Model Validation 

To validate our numerical model, we compare our simulation to the analytical solution presented by Kedem et 

al.1, and developed by Rozenbaum et al.2 for low energy flashing ratchets (compared to the thermal energy). 

The analytical solution uses a biharmonic potential distribution, given in eq. (S1):  

𝑉(𝑥) = 𝑉1 sin(2𝜋𝑥/𝐿) + 𝑉2 sin(4𝜋𝑥/𝐿) (S1) 

The amplitudes are defined as 𝑉1 = 𝑉𝑚𝑎𝑥 and 𝑉2 = 𝑉𝑚𝑎𝑥/5 to get a spatially asymmetric potential that is 

similar in shape to a sawtooth. The particles net velocity is calculated by eq. (S2)1: 
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(S2) 

To compare our numerical model to the analytical model, simulations are performed with the potential 

distribution defined by eq. (S1). Supplementary Fig. 1 shows a comparison of the normalized net velocity as a 

function of the normalized frequency, calculated with both models, for different potential amplitudes. The two 

models agree well for low amplitudes, i.e., 𝛽𝑉𝑚𝑎𝑥 < 1 (𝑉𝑚𝑎𝑥 < 25.7 mV, @25℃), while for higher 

amplitudes the models diverge and the analytical solution over-estimates the ratchet performance. This result 

is to be expected since the analytical model was developed assuming low energy inputs. Since ion transport 
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problems usually require higher potentials to drive a sufficient current, this emphasizes the need for a numerical 

solution. 

 

Supplementary Fig. 1 | Model validation. Numerical vs. analytical solution for a potential distribution described by eq. (S1). 

Ratchet parameters:  𝐿 = 10 μm, 𝛼 = −0.75, 𝛿 = 0.25, and 𝛽𝑉𝑚𝑎𝑥  between 0.5 to 2 (a), and 𝛽𝑉𝑚𝑎𝑥 between 5 to 11 (b). 

 

Instantaneous velocity analysis 

The instantaneous average ion velocity, �̅�(𝜏), is defined as the spatial average ion flux, �̅�(𝜏) = ∫
𝑁(𝑥,𝜏)

𝐿
 𝑑𝑥

𝐿

0
, 

divided by the reference concertation, 𝑐0. Supplementary Fig. 2a shows the variation of the instantaneous 

average velocity over a single time-period for the low D and high D ions, which are presented in Fig. 2b-d, 

with same ratchet parameters, and at a signal frequency 𝑓 = 83 kHz. The inset shows the integral of �̅�(𝜏) up 

to a point 𝜏, divided by the time-period T. This value represents the contribution to the net velocity up to a time 

point 𝜏. Supplementary Fig. 2b-g shows the ions concentration and potential distribution at selected time 

points. Collectively, these figures allow to analyze and assess the contribution of different parts of the time-

period to the net velocity. Closely after the beginning of the cycle, there is a short period in which different 

groups of ions are traveling in opposite directions, as shown in (c), resulting in an overall positive flux, due to 

the higher flux of the groups that are travelling in the high field section of the sawtooth. At point (d), there is 

only movement in the negative direction in the low field section, resulting in a negative flux. Overall, up to 

the potential switch at 𝜏 = 0.25𝑇 (point (e)), the total contribution to the net velocity is negative for both ions, 

but for the high D ion it is more negative, as can be seen in the inset of Supplementary Fig. 2a, mainly due to 

their higher mobility. After the potential switch, there is again a short period in which different groups of ions 

are traveling in opposite directions, as shown in (f). For the high D ion, this is accompanied by considerable 

injection of ions from the low to high field section of the sawtooth (see discussion on the injection phenomenon 

in the main article), leading to a dip in �̅�(𝜏), and an additional contribution to the net negative velocity, as 

shown in the inset. At the same time, most of the high D ion population is traveling in the positive direction 

under the influence of the low field, and although there is another group traveling in the opposite direction, 

this group is much smaller, so the overall flux is positive. The final period, represented by point (g), shows 

both ions traveling in the positive direction in the low field section. Interestingly, the instantaneous average 

velocity for both ions are equal, although they have different diffusion coefficients, due to the larger population 

of the low D ions. As a result of this, and of the fact that the high D ions reach the potential minimum at about 
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𝜏 = 0.75𝑇, the contribution of this final period to the net velocity is more positive for the high D ion. Taken 

together, these results show the contribution of each part in the time-period and explain why the overall net 

velocity of the low D ion is positive, and of the high D ion negative. Note that the value of the curves in the 

inset of Supplementary Fig. 2a, at 𝜏 = 𝑇, is exactly the net velocity, as defined by eq. (5). 

 

Supplementary Fig. 2 | Instantaneous velocity analysis. a, Instantaneous average ion velocity, �̅�(𝜏), along a time-period. The inset 

shows the integral of �̅�(𝜏) up to a point 𝜏, divided by the time-period T. b-g, Ion concentration (left axis) and ratchet potential (right 

axis) at various points along the time-period, marked in (a). All graphs show curves for two monovalent ions (𝑧 = 1) with diffusion 

coefficients 𝐷 = 1.2 ∙ 10−5 𝑐𝑚2/𝑠 , and  𝐷 = 2 ∙ 10−5 𝑐𝑚2/𝑠. The ratchet parameters are: 𝐿 = 1 𝜇𝑚, 𝑥𝑐 = 0.7, 𝑉𝑚𝑎𝑥 = 2.5 𝑉, 𝛿 =

0.25, 𝛼 = −0.5, and signal frequency is 𝑓 = 83 𝑘𝐻𝑧. 

 

Analysis of the moderately high normalized frequency regime 

Ratchets driven with a moderately high normalized frequency drive ions with a mechanism similar to the one 

shown in Fig. 1. The input signal frequency is low enough to allow ions to cross the high field section of the 

sawtooth potential before the potential switch, but high enough such that they cannot cross the low field 

section. An example for this kind of behavior is demonstrated in Fig. 2c. It was shown that within this regime, 

the net velocity direction is opposite to the sign of the time-averaged potential, �̅� = 𝛿𝑉𝑚𝑎𝑥 + (1 − 𝛿)𝛼𝑉𝑚𝑎𝑥. 

When �̅� < 0 the ions are on average closer to the sawtooth tip (𝑥 = 𝑥𝑐𝐿), and therefore most ions do not reach 

the sawtooth bases (𝑥 = 0, 𝐿) at any point in time. As a result, there is no significant injection, and the net 

velocity is positive, as demonstrated in Fig. 2c. When �̅� > 0 the ions are on average closer to the sawtooth 

bases (𝑥 = 0, 𝐿), and as a result there is significant injection, leading ions to diffuse over the barrier at 𝑥𝑐, 

resulting in a negative net velocity. Note that in the case where 𝑥𝑐 < 0.5,  the sign of the net velocity follows 

that of the time-averaged potential, i.e., the net velocity is positive for �̅� > 0 , and it is negative when �̅� < 0.   

 

Velocity reversal in the presence of concentration gradients 

To analyze the ratchet operation in the presence of a concentration gradient, ratchets with either 3 or 5 spatial 

periods were modeled. A diagram of the model is shown in Supplementary Fig. 3a. The concentration at the 

external boundaries is fixed, to simulate two infinitely large ion reservoirs beyond the simulation domain, with 
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𝐶𝐿 and 𝐶𝑅 being the ion concentration on the left and right boundaries, respectively. The ratchet region is 

defined by a periodic sawtooth potential, as expressed in eq. (4), and a period length 𝐿 = 1 μm. Between the 

ratchet and the boundaries are two regions, each with a width of 1.5𝐿, where the potential is set to 0. These 

regions are termed the diffusion regions. The concentration ratio 𝐶𝐿/𝐶𝑅 is defined, such that the ion 

concentration on the side with the lower concentration is set to 1 mol/m3. The initial concentration in the 

diffusion regions is set to be equal to the concentration at the adjacent boundaries and is linear along the ratchet 

itself. The transient continuity equation (eq. (1)-(2)) is solved numerically using COMSOL® Multiphysics 

v5.5. The time-dependent simulation is solved over many temporal periods, until the per period net ion flux at 

the boundaries converges to a steady state value, and the ratchet operation is independent of its initial condition. 

The ratchet parameters are: 𝑥𝑐 = 0.7, 𝑉𝑚𝑎𝑥 = 1 V, 𝛿 = 0.25, 𝛼 = −0.5, and 𝑓 = 20, 40 kHz. The ion 

properties are: 𝑧 = 1, 𝐷 = 1 ∙ 10−5 cm2/s. 

Supplementary Fig. 3b and Supplementary Fig. 3c show the steady state ion flux due to the ratchet operation, 

as a function of the concentration ratio for 𝑓 = 20 kHz and 𝑓 = 40 kHz, respectively. The solid lines are for 

the two ratchet models described above, with 3 and 5 spatial periods. The 'ratchet off' flux is presented for 

reference (dashed lines). This flux is calculated for the same model domain and boundary conditions, but with 

zero potential applied in the entire simulation domain. Therefore, it represents the steady state diffusion flux 

that would arise between the two reservoirs, in the case that a ratchet potential is not applied. For example, for 

the 5 periods ratchet the 'ratchet off' flux is 𝐷(𝐶𝐿 − 𝐶𝑅) (1.5𝐿 + 5𝐿 + 1.5𝐿)⁄ . At 𝑓 = 20 kHz, which is 

equivalent to a normalized frequency of 𝛤 = 0.5, the ratchet drives a negative flux at 𝐶𝐿/𝐶𝑅 = 1. This result 

is in line with the findings for an infinitely periodic model, as presented in the main text, that predicts a negative 

velocity for the same normalized frequency and ratchet parameters (see Fig. 4a). The ratchet is driving ions in 

the same direction as the concentration gradient when the concentration is higher in the right reservoir 

(𝐶𝐿/𝐶𝑅 < 1). Hence, there is an increase in the flux magnitude compared to the 'ratchet off' flux, as can be 

seen in the inset. On the other hand, when 𝐶𝐿/𝐶𝑅 > 1 the ratchet operation is opposed by the concentration 

gradient. At low concentration ratios the flux is negative, but as the opposing concentration increase, diffusion 

becomes dominant, and the direction of the flux is reversed. It can be seen in Supplementary Fig. 3b that the 

5 periods ratchet can overcome a ratio up to 𝐶𝐿/𝐶𝑅 = 2.3, while the 3 periods ratchet can only overcome a 

modest ratio of 𝐶𝐿/𝐶𝑅 = 1.3. Surprisingly, as the concentration ratio increases further, the flux becomes higher 

than the 'ratchet off' flux, especially with the 3 periods ratchet. The reason is that the ratchet, which is unable 

to oppose the larger concentration on the left, causes a local accumulation of ions in the right diffusion region. 

This accumulation increases the concentration gradient in the right diffusion region, and therefore the flux to 

the right, compared to the 'ratchet off' flux. At 𝑓 = 40 kHz, which is equivalent to a normalized frequency of 

𝛤 = 1, the ratchet drives a positive flux at 𝐶𝐿/𝐶𝑅 = 1. Here too, this result is in line with the infinitely periodic 

model that anticipates a positive velocity for the same ratchet parameters and 𝛤 = 1 (see Fig. 4a). When the 

concentration is higher in the left reservoir (𝐶𝐿 𝐶𝑅⁄ > 1), the gradient and ratchet are acting in the same 

direction, hence there is an increase in flux magnitude relative to the 'ratchet off' flux. When the ratchet 

operation is opposed by the concentration gradient (𝐶𝐿 𝐶𝑅⁄ < 1), it overcomes a significantly larger gradient 

compared to the same ratchet, driven at a frequency of 𝑓 = 20 kHz. As can be seen in Supplementary Fig. 3c, 
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the 3 periods ratchet can pump ions up to a ratio of about 𝐶𝑅/𝐶𝐿 = 300, while the 5 periods ratchet can reach 

a ratio of about 𝐶𝑅/𝐶𝐿 = 10000.  

The maximal flux that can be induced by the ratchet in this model is limited by diffusion in the diffusion 

regions. For example, if the ratchet drive is to the positive direction, as is the case when 𝑓 = 40 kHz, the 

maximal flux is achieved when the concentration at the left edge of the ratchet region is zero, and the limiting 

flux is 𝐷𝐶𝐿 1.5𝐿⁄ . This limiting flux (dotted line) is presented in Supplementary Fig. 3b and Supplementary 

Fig. 3c. It can be seen that the ratchet induced flux matches the limiting flux, and only starts to decrease in 

magnitude at about 𝐶𝑅/𝐶𝐿 = 10, and 𝐶𝑅/𝐶𝐿 = 200, for the 3 and 5 periods ratchet, respectively. Thus, this is 

the opposing concentration ratio, at which the ratchet is no longer the most dominant driving force. It is noted 

that the limiting flux is constant for 𝐶𝐿 𝐶𝑅⁄ < 1, since 𝐶𝐿 is defined as constant in this range. At 𝑓 = 20 kHz 

the limiting flux is never reached, indicating that the flux is limited by the ratchet performance and not by the 

diffusion regions.  

Together these results provide important insights for the design of ion pumping systems. To drive ions against 

a large concentration gradient, one should design a system with as many ratchet spatial periods as possible, 

and work at a moderately high signal frequency, such as the case shown in Supplementary Fig. 3c. 

 

Supplementary Fig. 3 | The Ratchet driving ions against a concentration gradient. a, Model diagram showing the a schematic of 

the potential distribution for a three spatial periods ratchet, and the concentration boundary conditions definition. b,c, Ion flux, N, as a 

function of the concentration ratio between the left and right reservoirs, 𝐶𝐿/𝐶𝑅, with ratchet signal frequencies 𝑓 = 20 𝑘𝐻𝑧 (a), and 

𝑓 = 40 𝑘𝐻𝑧 (b). The insets show the same data set on wider flux and concentration ratio ranges. Ratchet parameters are: 𝐿 = 1 𝜇𝑚,  

𝑥𝑐 = 0.7, 𝑉𝑚𝑎𝑥 = 1 𝑉, 𝛿 = 0.25, and 𝛼 = −0.5. The ion properties are: 𝑧 = 1, 𝐷 = 1 ∙ 10−5 𝑐𝑚2/𝑠. The ion concentration on the 

side with the lower concentration is set to 1 𝑚𝑜𝑙/𝑚3. 
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Anion extraction from water 

Supplementary Fig. 4 shows an example of the separation of common anions in water, with different charge 

numbers. Nitrate (NO3
−, 𝐷 = 1.9 ∙ 10−5 cm2/s), which is a well-known water pollutant,3,4 is to be extracted 

from water with a higher concentration of chloride (Cl−, 𝐷 = 2.03 ∙ 10−5 cm2/s). Carbonate (CO3
2−, 𝐷 =

0.96 ∙ 10−5 cm2/s) is also shown since it has a different charge number, but similar 𝑧𝐷 value as NO3
−, and is 

also found in water.5 In this case, when the ratchet is operated at 47 kHz, which is the stopping frequency of 

Cl−, the separation velocity of the high charge number ion CO3
2− is much higher than of NO3

−. Also note that 

NO3
− and CO3

2− can themselves be separated, even though their 𝑧𝐷 values are very close 

 

Supplementary Fig. 4 | Anion extraction from water. Net velocity of 𝐶𝑙−, 𝐶𝑂3
2−, and 𝑁𝑂3

− as a function of input signal 

frequency. The units for 𝑧𝐷∗ are in (10−5𝑐𝑚2/𝑠). 

 

The 'resonance like' behavior  

The 'resonance like' behavior of ratchets has been shown in Fig. 5b. This behavior is achieved with moderate 

spatial asymmetry, such as 𝑥𝑐 = 0.6, where most normalized frequencies result in a low velocity, but there is 

a relatively narrow 𝛤 range that produces high positive velocities. The resonance like behavior is due a net 

velocity rise at a higher normalized frequency, 𝛤 = 0.6, and a net velocity drop at a lower normalized 

frequency, 𝛤 = 3 (compared for example to velocity rise at 𝛤 = 0.5 and drop at 𝛤 = 5 for 𝑥𝑐 = 0.7). The 

reason for the late rise in net velocity is described in the main text when discussing the separation resolution; 

and has to do with the frequency at which ions do not have enough time to cross the low field section of the 

sawtooth potential. The net velocity drop occurs when the ions do not have enough time to cross also the high 

field section of the sawtooth. Since at 𝑥𝑐 = 0.6 the high field section of the sawtooth potential is longer, this 

happens at relatively low normalized frequency, 𝛤 = 3. 

The 'resonance like' phenomenon can be used when there is a need for high selectivity (not separation), and 

the diffusion coefficients are not very close. For example, in microbial fuel cells (MFCs)6 systems, there is a 

great need to achieve high selectivity for H+ with respect to Na+ and K+. Supplementary Fig. 5 shows the net 

velocity curve of the three ions as a function of the signal frequency. Since H+ have a much higher diffusion 

coefficient, when the ratchet is operated at 𝑓 = 1200 kHz, H+ is at the middle of its 'resonance' range, but for 



7 

Na+ and K+ this is experienced as a very high frequency, and their net velocities are approaching zero. The 

result is a net velocity ratio of 520:1 and 320:1 for H+ with respect to Na+ and K+, respectively. 

 

Supplementary Fig. 5 | 'resonance like' based selectivity. Net velocity of 𝑁𝑎+, 𝐾+, and 𝐻+ as a function of input signal 

frequency. The net velocity curves were calculated from the normalized characteristic curve of 𝑥𝑐 = 0.6, presented in Fig. 5b, using 

the appropriate diffusion coefficient ratio for each ion. 𝑁𝑎+: 𝐷 = 1.33 ∙ 10−5 𝑐𝑚2/𝑠, 𝐾+: 𝐷 = 1.96 ∙ 10−5 𝑐𝑚2/𝑠, 𝐻+: 𝐷 = 9.31 ∙

10−5 𝑐𝑚2/𝑠. 
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