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Table S1 Parameter values used in simulations suggested in Fig. 1d, e

Variable Value
𝑃𝑆𝑆 30 𝑘𝑃𝑎
𝑃𝐺𝑆 30 𝑘𝑃𝑎
𝑃𝑖 0~30 𝑘𝑃𝑎
𝑅𝐺 3.63 × 102 𝑘𝑃𝑎 ⋅ 𝑚𝑖𝑛/𝜇𝐿
𝑅𝐷 1.44 𝑘𝑃𝑎 ⋅ 𝑚𝑖𝑛/𝜇𝐿
𝑡 30 𝜇𝑚
𝐸 2.61 𝑀𝑃𝑎
𝜈 0.5
𝜇 1.00 × 10 ‒ 3 𝑃𝑎 ⋅ 𝑠

𝑎𝑉𝑀 300 𝜇𝑚
𝑎𝑉𝑅 150 𝜇𝑚
𝑎𝐶 600 𝜇𝑚

𝐿𝑉𝑀 70 𝜇𝑚
𝐿𝑉𝑅 35 𝜇𝑚
𝜎𝑥 0 𝑘𝑃𝑎
𝜎𝑦 0 𝑘𝑃𝑎

1. Membrane capacitor and valve model for simulation

We modeled deflection of the capacitor membrane (Fig. S1a) by applying a third-order approximation of a 
square membrane deflection[S1]: 
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where  is differential pressure across the membrane,  is membrane thickness,  is maximum deflection Δ𝑃 𝑡 𝛿0

along z-axis,  is length of one side,  is the elastic modulus of the membrane and  is its Poisson’s ratio, and 𝑎 𝐸 𝜈

 and  are residual stresses. In the derivation of eq (S1), the membrane deflection is assumed to be 𝜎𝑥 𝜎𝑦

parabolic[S1]:
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The total liquid volume stored in the chamber due to the deflection is obtained by integrating the deflection as

𝑉 = (8𝑎
15)2𝛿0.

The rate of liquid inflow into the capacitor is obtained by calculating the time derivative of the volume:
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Eqs (S1) and (S2) complete the relationship between pressure difference across the membrane and liquid inflow; 
the membrane capacitor is modeled based on these equations.

In the case of membrane valve (Fig. S1b), liquid flows from source to drain when the membrane is deflected. 
The exact flowrate is extremely difficult to calculate, because the cross section is not constant along the valve 
and the passage is short. However, because we conducted the simulation just to check rough behavior of the 
circuit, we crudely estimated the flowrate by approximating the resistance of passage with parabolic channel 
resistance[S2]:
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where  is dynamic viscosity of liquid and  is length of passage generated due to membrane deflection.𝜇 𝐿

Fig. S1 Side view of (a) membrane capacitor and (b) membrane valve.

2. Simulation of timer unit

Using the capacitor and valve model described above, we built timer unit circuits (Fig. S2) with 
MATLAB/Simulink. We used the simulation parameters in Table S1 for simulation in Fig. 1d, e.

Fig. S2 Electric circuit diagram of simulated timer units (a) without relief valve and (b) with relief valve



Fig. S3 A High-resolution image of the entire chip used to demonstrate fully-embedded automation of a multi-
step liquid handling process.

Video S1. Full video of droplet color changing process in Fig. 5. The video shows self-driven six-step process of 
loading droplets, separating, injecting sample, incubating, clearing and unloading.
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