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Figure S1: Rapid prototyping process for microfluidic digital logic circuits. (a) Design, 
build, test, learn process enabled through rapid prototyping (b) Fabrication method 
details (c) Alignment and assembly of device layers (d) Side view of assembled device 
during bonding. Devices were clamped between additional pieces of PDMS and glass 
slides for bonding. 
 
 
 
 
  



 
 
Figure S2: Depth control CO2 of laser-fabricated microchannels. (a) Engraving depth vs laser 
power. Data are presented as the average depth at the center of the channel. Dotted lines 
represent linear fits. Speed values are presented as a percent of the maximum raster speed of 
the laser (40 in/sec). Power values are presented as a percent of the maximum power of the laser 
(60W). (b-d) Surface profiles of channels produced by wet etching (250 µm width x 83 µm 
height), CNC micro milling (200 µm x 350 µm), and CO2 laser engraving (200 µm x 100 µm).  



 
Figure S3: Oscillator pump working principle. (a) Each node of a three-inverter ring 
oscillator is connected to pump valves (A,B,C). (b) The ideal waveform output from the 
ring oscillator generates a pattern that produces peristaltic pumping.  



 
 

 
 
Figure S4: Mixing performance was quantified by measuring the distance of the red/blue 
interface from the center of the channel. When pumps are not synchronized, the flows become 
unbalanced when vacuum power is increased. 
 
 
 

 
Figure S5: Parallel and series pump valve arrangements (a) Parallel circuit: The inverter output 
signal is split to connect both a pump valve and the next inverter (b) Series circuit: The inverter 
output signal is routed through the pump valve to connect to the next inverter. 
  



 
 

 
Figure S6: Valve volume measurement. The volume of water displaced by a single valve was 
measured for a shallow valve (150 µm, blue) and a deep valve (450 µm, red). The behavior of 
both valves is similar at low pressures. At higher pressures, shallow valves (blue) become 
limited by the depth of the displacement chamber and approach the maximum volume of the 
chamber at around 50 kPa, while deep valves (red) continue to displace more volume as 
actuation vacuum increases. The maximum volumes were calculated assuming the elastomeric 
membrane fully conforms to the walls of the valve. 
  



 
 

 
Figure S7: Photos of compact experimental setup (a) The droplet system requires only a 
vacuum source and connections to reagents. (b) Using short lengths of tubing, droplets are 
generated  directly from the wells of a 96 well plate. 
 
 



 
Table S1: A selection of design revisions illustrate the progression of the optimization process. 
Channels on the top and bottom layers of the chip are shown in blue and red, respectively. The 
results of each design revision were used to drive incremental changes in the next revision. 
Scale Bar = 3 mm. 
  



 
 
Video S1: Steady state droplet generation from 50 kPa constant vacuum source. The 
oscillator pump droplet system is connected to an electric vacuum pump via a vacuum 
regulator set to 50 kPa. 21 µL droplets are produced at a rate of 2.2 Hz with a 1.1% CV. 
The video is presented in real time. 
 
Video S2: Electricity free droplet generation. A 60 mL locking syringe is directly 
connected to the oscillator pump droplet system. The plunger is pulled and locked at 
the 60 mL mark, generating approximately 90 kPa of vacuum pressure that gradually 
decreases as the droplet pump operates. The system runs for over 14 minutes from this 
vacuum supply, producing 465 droplets. The video is presented in real time. 
 
Video S3: Oscillator pump droplet generator response time. A 70 kPa constant vacuum 
source is connected to the oscillator pump droplet system and switched on and off via 
an external solenoid valve. The system responds almost instantly and resumes steady 
state droplet generation after expelling liquid remaining in the T-junction from the 
previous operation. The video is presented in real time. 
  



 
 
Calculation S1: Hydraulic Resistance 
The hydraulic resistance of a rectangular and square microchannels were calculated using the 
equations S1 and S2.37 
 𝑅 , ≅    (  )( (( .  )  (S1) 

 𝑅 , ≅  .     (S2) 
Where L, w, h are the channel dimensions and 𝜇 = 18.13 𝜇𝑃𝑎 ∗ 𝑠, dynamic viscosity of air at 
20ºC.38  
 
 
Resistor channels: (200 µm x 100 µm): 𝑅 ≅ 1.6  per mm 
Interconnect channels: (400 µm x 400 µm): 𝑅 ≅ 2.0 ∗ 10  per mm 
Power bus channels: (1000 µm x 1000 µm): 𝑅 ≅ 5.1 ∗ 10  per mm 
 
 
 
Calculation S2: Capillary Number 
The capillary number for the continuous phase was calculated using equation S339 𝐶𝑎 =    (S3) 

where 𝜇 = 33 𝑚𝑃𝑎 ∗ 𝑠 is the dynamic viscosity of the continuous phase,40 𝑣  is the mean speed 
of the continuous as phase extracted from video, and 𝛾 = 24.8  is the interfacial tension 
between the continuous and disperse phases.41 


