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Abstract—Single-cell analysis is used to gain insights into
diseases such as cancer. Advances in microfluidic solutions have
enabled the efficient classification and analysis of a heterogeneous
population of cells. Recently, a hybrid microfluidic platform
was proposed for concurrent single-cell analysis on thousands
of heterogeneous cells. In this design, barcoding droplets are
routed using a valve-based routing fabric to label the input cells.
However, prior work overlooked defects that are likely to occur
during chip fabrication and system integration and the fault
tolerance of this routing fabric remains a major concern. We
address the above limitation and introduce a low-overhead design
technique for guaranteeing the tolerance of single faults, while
maintaining the efficiency of the cell-analysis platform. We show
that the proposed method is optimal in that it minimizes the
overhead in terms of fabric size.
Index Terms—Biochips, valve-based microfluidics, routing fabric, fault tolerance, droplet barcoding.

I. I NTRODUCTION
INGLE-CELL analysis is used to advance our understanding of diseases such as cancer [1]. The flow of
a single-cell analysis experiment consists of three steps—
namely cell encapsulation and differentiation [2], droplet
barcoding [3], and type-driven cell analysis [4], [5]. Using
recent advances in microfluidic technologies, thousands of
heterogeneous cells can now be concurrently analyzed in a
high-throughput manner. These miniaturized platforms are typically based on two distinct microfluidic technologies. Flowbased microfluidic platforms consist of microvalves that are
controlled via pneumatic inputs, and channels that are used
to guide liquid flow [6], [7]. On the other hand, in digital
microfluidic biochips (DMFBs), a two-dimensional array of
electrodes is used to manipulate droplets [8].
Microfluidic techniques have recently been developed to
perform each step of the single-cell analysis flow. However,
each of these steps can only be carried out efficiently in a
specific microfluidic technology domain. For example, flowbased platforms are more effective than DMFBs for interfacing
to the external world [9]. In addition, cell encapsulation
can be performed rapidly on flow-based platforms [4], [10],
while DMFBs enable real-time decision making and are more
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suitable for sample processing [11], [12], [13], [14]. Therefore,
to perform single-cell analysis efficiently on a single chip, a
platform integrating these two domains is desirable.
A hybrid platform for single-cell analysis was recently
introduced in [3]. This platform consists of components that
work in different microfluidic domains and are connected to
each other by suitable interfaces. Each of these components is
designed to conduct a specific step of the single-cell analysis.
In this platform, a valve-based routing fabric is used to perform
droplet barcoding. To keep track of the identity of cells in a
single-cell analysis flow, each cell most be labeled using a distinct barcode that corresponds to the cell’s type. A single-cell
experiment may require hundreds of distinct barcodes [15].
The routing fabric is utilized as a crossbar to route barcoding
droplets from the reservoirs that are connected to its input
ports, to the digital microfluidic part that is connected to
its output ports. The barcoding droplets are then mixed with
samples on the digital microfluidic part [5].
To construct the routing fabric, transposers are utilized
and they are connected to each other using channels [16].
Fig. 1 illustrates the layouts and models of full and half
transposers. Each input is connected to both outputs of the full
transposer through valves and channels. For example, in the
full transposer shown in Fig. 1(a), when V1 and V6 are closed
but V2 and V5 are open, input1 is connected to output2 . A
half transposer has only one output but it can be connected
to either input. The connections between the input ports and
output ports of the transposers are represented by straight and
crossed lines in the models. Fig. 2 shows the 3D representation
of a full transposer and its two different configurations. Fig. 3
shows the layout of a 6-to-4 crossbar. As shown in this figure,
transposers are connected to each other using channels. A path
for connecting i1 to o4 and a path for connecting i6 to o2 are
also shown in Fig. 3. The configuration of the transposers and
the location of the barcoding droplets at four different time
steps are shown in Fig. 4. In this example, two barcoding
droplets enter the crossbar at the same time from i1 and i6 .
These droplets are then guided to the requested outputs. Fig. 6
shows the models of a 2-to-2 crossbar and an 8-to-4 crossbar.
It was shown in [3] that this crossbar enables scalable
and high-throughput droplet barcoding and it has a smaller
footprint compared to the alternative of connecting reservoirs
directly to the digital microfluidic part. However, the fault
tolerance of the crossbar is a major concern for this design.
Recent studies show that channels and valves may be blocked
due to physical defects that can occur during fabrication [17],
[18]. Moreover, valves operate reliably only for a limited num-

