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Figure S1. Schematic views from different angles of the 3D-printed chamber used to hold the 
superabsorbent polymer (SAP) in waste extraction experiments. It includes a main chamber 
(approximately 7 mm x 6 mm x 4 mm) interfaced with “top arms” (1 mm x 3 mm x 1 mm) designed 
to extend over the top of the top plate of a DMF device and “bottom arms” (1.5 mm x 5 mm x 0.2 
mm) designed to penetrate the gap between the top and bottom plates of a DMF device. A paper 
wick (not shown) is initially inserted as the bottom layer of the chamber through the 400 m 
opening (illustrated in red in the schematic in the middle) before filling the chamber with SAP. 
The orthogonal vectors indicating the x, y, and z directions refer to the view on the left.

 

Figure S2. Side-view schematics (not to scale) of the three waste collection methods used in this 
study. (a) A waste chamber (gray) filled with SAP (orange) and coupled with a paper wick (green). 
(b) A single layer of paper that serves as the wick and the absorbent. (c) A stack of filter papers. 
The bottom layer forms the wick.
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Figure S3. Plot of densifying electrode-driven bead retention for various bead counts in Design-1 
devices with 1-mm diam. circular densifying electrodes. Error bars represent mean  standard ±
error (n = 3). In these experiments, 130 VRMS was used to move 4 L bead suspension droplets in 
0.01% 90R4 in PBS.

Figure S4. Side-view schematics of the sample reservoir at the DMF top plate edge, illustrating 
the critical step of liquid entry into the DMF gap. Time points 1 and 2 represent the moments just 
before and after the liquid enters the device, respectively. At time point 1, the Laplace pressure 
undergoes a significant increase, causing the liquid entry rate to exceed the waste extraction rate. 
This can result in the liquid spilling over the electrodes adjacent to those dedicated to the virtual 
channel. To address this effect, activation of additional electrodes (those not initially used for the 
virtual channel) is required at this step to maintain control over the liquid flow.



Figure S5. Plot of volume of retained liquid for repeated bead retention experiments for (a) 
densifying electrode and (b) pelleting experiments. In densifying electrode experiments (blue 
bars), a droplet containing a low number of beads (fewer than 5,000 beads) was moved over the 
1-mm round densifying electrode while it was activated. This resulted in an average liquid 
retention of 0.179 µL, with a coefficient of variation of 3%. In contrast, in the conventional 
pelleting experiments (red bars), a droplet containing 1  106 beads was moved across the magnet 
while the densifying electrode was not activated, resulting in a total retention of  0.02 µL, with ~
a coefficient of variation of 30%, comprising both beads and liquid. In these experiments, 0.01% 
Tetronic 90R4 in PBS and 130 VRMS were used.

Table S1. On-chip pelleting on DMF devices from 4 L droplets without actuating the densifying 
electrode. For each condition, at least 6 trials were run. An unsuccessful pelleting means that the 
beads were displaced from the magnetic lens location by the droplet.

Water + 0.5% (w/v) 
Tetronic 90R4

PBS + 0.01% (w/v) 
Tetronic 90R4Number of beads

Successful Unsuccessful Successful Unsuccessful

1 106  

500  103  

250  103  



Table S2. Values used in the mathematical model described in Note S1.

Variable/Parameter 𝜎 (𝑚𝑁/𝑚) 𝑤 (𝑚𝑚) 𝑑 (𝑚𝑚) ℎ (𝑚𝑚) 𝑘

Value 30  70 1.5  3.5 0.02  1.4 0.18 0.5  0.9 

Video S1: This video demonstrates the concept of parallel loading of sub-volumes of 100 µL liquid 
into DMF and the subsequent concentration of Simoa beads, illustrating steps 1-13 in Figure 2a in 
the main text. In some (but not all) of the steps, white overlays are shown (generated automatically 
in the MicroDrop software) to indicate which electrodes are being engaged. 

Video S2: This video shows the concept of stepwise loading of 100 µL liquid into DMF and the 
subsequent concentration Simoa beads, illustrating the steps in Figure 3a of the main text.

Note S1: Mathematical model for liquid retention on the bead densifying electrode

A mathematical model was developed to predict the effects of variations in experimental 
conditions on the pressure difference Δp experienced by a droplet as it is dispensed onto a 
densifying electrode. See main text for details of the system. An inequality condition can 
be expressed as follows:

                                                                                [S1](𝑝2 ‒ 𝑝1) > 0

where  and represent the inner pressures in the necking region and daughter droplet, 𝑝2 𝑝1

respectively (see Figure 4a in the main text). The inequality condition can be further derived 
using the Laplace equation and the principal radii of an elongated droplet:
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Where  represents the interfacial tension, and  and  are the principal radii calculated 𝜎  𝑟' 𝑟''

for each region of the elongated droplet. The expressions for the principal radii are given 
by the following equations:1
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where  and  are the inter-plate gap height and the diameter of the densifying electrode, ℎ 𝑑

respectively, and  and  are the liquid-solid contact angles when the actuation voltage 𝜃0 𝜃𝑉

is  and , respectively. The assumption is that the actuation voltages are high enough for 0 𝑉
the liquid/gas interface to follow the circular shape of the electrode. To find , the following 𝑍
equation is solved:1
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where, , , and  are:𝑎 𝑏 𝑐

                                          [S6]𝑎 = 𝐿4 + 2𝐿2𝐿2
1 + 2𝐿2𝐿2

2 + 𝐿4
1 ‒ 2𝐿2

1𝐿2
2 + 𝐿4

2

         [S7]𝑏 =‒ 4𝐿2𝐿2
2 ‒ 4𝐿2𝐿1𝐿2 ‒ 4𝐿4

2 + 4𝐿1𝐿3
2 + 4𝐿2

1𝐿2
2 ‒ 4𝐿3

1𝐿2

                                                                        [S8]𝑐 = 4𝐿2
1𝐿2

2 ‒ 8𝐿1𝐿3
2 + 4𝐿4

2

, , and  specify the shape of the droplet, which, for our electrode design, are:𝐿1 𝐿2 𝐿
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where w is the width of the driving electrodes.

Eq. [S2] can be further rewritten as:
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where  is the contact angle parameter:𝑘

                                                                                                      [S11]𝑘 = cos 𝜃𝑉 ‒ cos 𝜃0

A higher value of the left-hand side of Eq. [S10] indicates a higher probability of breakup for a 
given electrode diameter.

Since Eq. [S5] results in four solutions for Z, Eq. [S10] gives four values for . Since higher  Δ𝑝 Δ𝑝
values indicate a higher chance of droplet breakup, we focus on the solutions that yield the lowest 

 to identify the most interesting values and to plot them on Fig. 4e-g in the main text. Table S2 Δ𝑝
lists the values used for these plots.
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