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Abstract— This paper presents an enhanced

method based on CoDOS, a droplet generation al-

gorithm for DMFB biochips, to efficiently generate

multiple droplet types. By optimizing droplet gen-

eration, our approach reduces reagent usage and op-

erational costs. Compared to manual synthesis and

dilution, our method offers improved automation and

cost-effectiveness. Experimental results demonstrate

approximately a 1% improvement in droplet efficiency.

I. Introduction

In recent years, research and development of biochips
for biochemical experiments has been actively progress-
ing. Biochemical experiments involve processes such as
droplet mixing and dilution, which account for a signifi-
cant portion of the cost and time when performed man-
ually. One of the key objectives of biochip research is
to reduce such costs by replacing manual operations with
automated ones [1][2].
This study focuses on a type of biochip known as a

Digital Microfluidic Biochip (DMFB), which is capable of
performing 1:1 mixing and dilution operations. DMFBs
have been successfully applied in a variety of fields, in-
cluding clinical diagnostics and immunoassays [3][4][5].
To support droplet generation on DMFBs, various al-

gorithms have been developed. This paper focuses on one
such algorithm, CoDOS [6], which was originally designed
to generate a single type of droplet at a specified node.
CoDOS reduces the number of droplets used, their cost,
and the number of waste droplets by identifying and shar-
ing common operations during droplet generation.
Although CoDOS was designed for single-target droplet

generation, it can also be applied to multi-target droplet
generation. However, existing approaches for multi-target
use are essentially extensions of the original single-target
algorithm and lack sufficient optimization.
In this paper, we propose an improved algorithm for

generating multiple types of droplets by enhancing the
scheduling of shared operations. This enhancement re-
sults in a reduction in both the number of droplets used
and the associated costs. Compared to existing methods,
our approach achieves an improvement of approximately

Fig. 1. Structure of DMFB

1% [7].

II. Background Knowledge

A. Digital Microfluidic Biochip (DMFB)

DMFB is a type of biochip that performs droplet dilu-
tion and generation using electrodes arranged in a two-
dimensional array and electrostatic actuation. The struc-
ture of DMFB is shown in Figure 1. Droplets are in-
serted from a designated location, and operations such
as dilution, splitting, and mixing are performed on the
two-dimensional array [7].

In DMFB, droplet mixing is performed only in a 1:1
ratio. The result of the mixing is represented as a concen-
tration vector, defined as CVn ≡< v1, v2, . . . , vi >. When
CVx and CVy are mixed, the resulting droplet concentra-
tion CVz is calculated as zi =

xi+yi

2 . Additionally, since
each dilution operation mixes one droplet of each type,
two droplets of the same concentration are generated in a
single operation [7][9][11].

Furthermore, for any CVn ≡< vi >, when the number
of droplet types being mixed is N , it always holds that∑N

i=1 vi = 2d.

R2-14 SASIMI 2025 Proceedings

- 154 -



Fig. 2. Dilution graph generated by BS

B. CoDOS (Common Dilution Operation Sharing Algo-
rithm)

This section explains CoDOS (Common Dilution Op-
eration Sharing Algorithm), which forms the foundation
of the method proposed in this paper. CoDOS is one of
the algorithms for biochips that generate a single target
droplet by mixing multiple types of droplets. In the fol-
lowing, we refer to generating a single type of droplet as
the **single-target** case and generating multiple types
as the **multi-target** case.

As an example, let the target concentration vector be
CVn ≡< 5, 5, 6 >. CoDOS first uses the bit-scanning
method (BS), an existing method [8][10]. In BS, each
element of the concentration vector is converted into a
fraction with the total sum 5 + 5 + 6 = 16 = 24 as the
denominator. These fractions are then converted into bi-
nary. In this case, 5

24 ,
5
24 ,

6
24 are converted into binary as

0.01012, 0.01012, 0.01102. A dilution tree is then gener-
ated, with the first digit after the decimal point repre-
senting level 1. A dilution tree schematically represents
the actual operations performed on the biochip. The gen-
erated dilution tree is shown in Figure 2.

The next step is to search for common parts in the di-
lution graph generated by this process. First, identical
combinations of nodes at different levels are explored. In
this example, nodes R1 and R2 exist at levels 2 and 4.
Sharing this part can reduce the number of droplets used.
Figure 3 shows how the arrangement of nodes within the
same level is modified so that the mixing of nodes R1 and
R2 occurs at two locations. Table I shows how the per-
formance is improved by this sharing operation. Improve-
ments are observed in all aspects: the number of droplets
used, the number of waste droplets, and the number of
operations.

The arrangement where the droplet generated by mix-
ing nodes R1 and R2 is represented as node R(1,2) is shown

Fig. 3. Rearrangement of the dilution graph
into a shareable form

Fig. 4. Rearranged dilution graph into a
shareable form

in Figure 4.

There are also cases where CoDOS can be applied mul-
tiple times. The example in Figure 5 shows an operation
where the mixing portion of R2 and R3 is shared as R(2,3).
This example still allows further application of CoDOS.
Mixing portions of R1 and R(2,3) exist at levels 2 and 3
respectively, which can be shared. The dilution graph af-
ter applying CoDOS again, where the mixed droplet is
represented as node R(1,(2,3)), is shown in Figure 6.

TABLE I
Example of improvement through CoDOS application

BS CoDOS
Number of droplets used 6 4
Number of waste droplets 5 3
Number of operations 5 4
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Fig. 5. Example graph where CoDOS can be
applied multiple times

Fig. 6. Graph after multiple CoDOS
applications

III. Application of CoDOS to Multi-Target
Cases

A. Sharing Order in Existing Methods

In Chapter 2, CoDOS was described as an algorithm
for single-target cases, but it can also be applied to multi-
target scenarios. A multi-target case can be handled by
treating each target as a single-target dilution tree and
performing operations individually. In existing methods,
a dilution tree is generated for each target concentration,
and CoDOS is applied to each of them. After generat-
ing the optimized dilution graph for each target, shared
portions across all graphs are explored, and CoDOS is
applied accordingly. As an example, we use the dilution
graphs for droplets R1, R2, R3, and R4 shown in Figure
7. When CoDOS is applied using the existing method,
the portion enclosed in red boxes in Figure 8 becomes a
shareable section. Once this part is shared, there are no
further shareable sections in each individual graph, so the
operation ends.

B. Changing the Sharing Order of Identical Portions

In the existing method, exploration and sharing are
performed within each individual dilution graph first, fol-
lowed by exploration across all graphs. However, it is con-
sidered that more optimal sharing can be achieved by ex-

Fig. 7. Example of a graph to which the
proposed method is applied

Fig. 8. Shareable portion using existing
method

ploring shareable portions across all dilution graphs from
the beginning. Therefore, we propose an algorithm that
enables such operations.

As an example, we show the sharing between droplets
R1 and R2. The candidate locations for sharing are shown
in Figure 9. When there are more than three candidates,
priority is given to the location with the highest number
of droplets at the same level. If the number of droplets is
also the same, priority is given to the lower-level location.
According to this strategy, the resulting dilution tree af-
ter one sharing operation is shown in Figure 10. In this
example, there is another shareable section, as shown in
Figure 11. Sharing is repeated in this way until no more
shareable sections remain.

Fig. 9. Candidate shareable portions
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Fig. 10. Dilution tree after one sharing
operation

Fig. 11. Second candidate shareable portion

IV. Experimental Results and Discussion

In this section, we present and discuss the experimental
results.

A. Evaluation Method

The number of targets was fixed at 2, while the num-
ber of droplet types and the maximum level were var-
ied. Experiments were conducted with 5 and 7 types of
droplets. The droplets were weighted by cost: {1, 2, 4, 8,
16} for 5 types and {1, 2, 4, 8, 16, 32, 64} for 7 types.
The levels were varied across four patterns: n = 4, 5, 7, 10.
For each condition, 10,000 concentration vectors were ran-
domly generated, and the algorithm was executed on each.
The evaluation metric is the average performance ratio of
the proposed method compared to the existing method,
which is set as 100%. The percentage value indicates how
much of the original cost or droplet count remains using
the proposed method.

B. Experimental Results

The experimental results are shown in Tables II and
III.

C. Discussion

The improvements were limited to at most around 1%,
and thus were not significant. In terms of cost, better

TABLE II
Experimental results for 5 droplet types

Number of Droplets Cost
n = 4 99.9434% 99.2702%
n = 5 99.9572% 99.1211%
n = 7 99.8159% 98.9589%
n = 10 99.5660% 98.9943%

TABLE III
Experimental results for 7 droplet types

Number of Droplets Cost
n = 4 99.8843% 99.2238%
n = 5 99.7932% 98.9854%
n = 7 99.7818% 98.8658%
n = 10 99.3351% 98.6443%

results may be expected when diluting extremely expen-
sive reagents compared to solvents. However, there was
almost no noticeable change in the number of droplets
used. Additionally, a trend was observed where increas-
ing the maximum level yielded slightly better results.

V. Conclusion

In this thesis, we proposed an improved method for
multi-target droplet generation using CoDOS by modify-
ing the procedure for identifying shareable parts within
dilution graphs, aiming to reduce the number of droplets
and the associated cost. As a result, we found that al-
though a slight reduction is possible, the improvement
was minimal. The reductions in droplet count and cost
were limited to around 1% at most, indicating that the
proposed method did not achieve significant improvement
over existing methods.

As discussed, while there may be potential for cost im-
provement in cases where there is a large disparity in
droplet costs―such as when diluting expensive reagents
with solvents―there was no significant difference observed
in the droplet count. As a future direction, although fur-
ther improvement of CoDOS itself may be challenging,
we believe that CoDOS has structural flexibility and po-
tential for integration. Therefore, we aim to explore en-
hancements through combinations with other techniques.
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