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Abstract—Microfluidic large-scale integration (mLSI) is a
promising lab-on-a-chip platform for high-throughput bio-
applications. Due to the high integration scale and the small fea-
ture size, control channels on mLSI chips are prone to blockage
and leakage defects, which may lead to faulty behavior of valves
and erroneous experimental results. Thus, mLSI chips need to be
tested before usage. Current mLSI-tests are mostly performed in
a straightforward way by testing each valve individually, which is
very time-consuming and error-prone. As the integration scale of
mLSI chips keeps increasing, there is a pressing demand for more
efficient test approaches. This work proposes the first built-in-
self-test (BIST) method for mLSI with an integrated test module
design. Instead of testing individual valves, the proposed method
directly tests the control channels and thus greatly improves
the test efficiency. Only n

2
and ⌈log2(n+1)⌉ test operations are

required to test the blockage and leakage defects, respectively,
of n control channels. The proposed test module consumes
moderate area overhead and the test method is easy to operate.
Neither specialized software nor external pressure sensors are
required for carrying out the tests. Experiments show that our
test approach is sensitive enough to detect defects that have a
feature size as small as 10µm and that are several centimeters
away from the test module.

Index Terms—Testing, Microfluidic large-Scale integration,
Continuous-flow microfluidics, mLSI, BIST, Design for testability.

I. INTRODUCTION

Microfluidic large-scale integration (mLSI) is an emerging
platform for high-throughput chemical and biological appli-
cations such as protein analysis [1], gene sequencing [2]
and synthetic biology [3]. Compared to other lab-on-a-chip
platforms, mLSI stands out by integrating a large number
of elastomeric valves into a miniaturized chip, which allows
various fluid manipulation operations to be performed with
different reagents at nanoliter scale in parallel in a sensitive
and precise manner [4].

An mLSI chip consists of two layers: a flow layer for fluid
transportation and a control layer for pressure transportation.
A valve is formed with channel segments from both layers
and a membrane in-between. Pressurizing and depressurizing
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Figure 1: Pressurizing valves blocks the fluid movement.

the control channel segment of a valve will lead to a shape
change of the membrane, which will thus seal and unseal the
corresponding flow channel segment, respectively.

With channels and valves, complex microfluidic components
such as chambers, mixers and fluid switching elements can
be constructed [5]. For example, Figure 1 shows a peristaltic
pump consisting of four valves which are sequentially con-
nected by a single control channel1. When the control channel
is pressurized, pressure will propagate to each of the four
valves one by one, pushing the fluid in the corresponding
flow channel from left to right. Such pumps are important
components of rotary mixers [6]. By rapidly pressurizing and
depressurizing the control channel, a circulation flow can be
generated inside the mixer which enables efficient mixing
operations.

Compared to flow channels which have a typical width
of 100µm, the width of a control channel (excluding valve
segments) is usually less than 30µm to avoid forming valves
at unwanted locations [7]. Due to the high integration scale and
the small feature size, control channels are prone to defects.
Commonly-seen control channel defects can be modeled as
blockage and leakage [8]:

• Blockage refers to the situation that a control channel
is broken or blocked, and thus pressure cannot be trans-
ported to related valves properly, i.e. the valves cannot
be pressurized.

• Leakage refers to the situation that two control channels
connect improperly such that pressure in one control
channel leaks to the other channel, i.e. valves in the other
channel will be pressurized unintentionally.

To avoid erroneous experimental results and waste of pre-
cious samples, biologists/chemists need to test their mLSI
chips before executing the assays. Currently, mLSI tests are

1Alternatively, valves in a peristaltic pump can be connected to multiple
control channels so that each valve is controlled individually. In this case, the
corresponding control channels need to be sequentially (de)pressurized.
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Figure 2: A blockage defect that cannot be detected with the
functional test method. The blockage occurs between the first
and the second valves of a peristaltic pump such that only
the first valve can properly be pressurized, making the pump
unable to work. Despite that, the pressure status at the right
end of the flow channel still meets the expectation, i.e. the
faulty behavior of the three valves on the right is masked by
the correct behavior of the leftmost valve.
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Figure 3: A leakage defect that cannot be detected with the
functional test method. The leakage occurs in one of the
control channels connected to a peristaltic pump, leading the
rightmost valve in the pump to be pressurized unexpectedly.
Thus, when the pump is actuated, fluid flow will stop at the
rightmost valve and cannot form the required circulation for
efficient mixing. However, pressure can still propagate through
the bottom ring to the right end of the flow channel and result
in correct pressure status, i.e. the faulty behavior of the valve
is masked by the flow-layer structure.

usually performed by manually inspecting the valve actuation
under the microscope. In order to obtain enough resolution
to judge the valve behavior, only a small chip area can be
inspected each time, which makes it very difficult to detect
the leakage defects. As the integration scale of mLSI chips
keeps increasing, the time-consuming and error-prone manual
tests can hardly satisfy the demand. Thus, it is necessary to
develop advanced mLSI test approaches.

So far, few mLSI test approaches have been proposed.
Specifically, the functional test approaches proposed by Hu
et al. [9], [10] represent the state of the art. These approaches
connect the fluid inlets and outlets of a to-be-tested chip to
external pressure sources and pressure sensors, respectively. A
commercial automatic test pattern generation (ATPG) tool is
then applied to generate test patterns for pressurizing the flow
channels. For each test pattern, the ATPG tool calculates a set
of expected pressure states at the outlets. If the results from
the sensors do not match the calculation, one can conclude
that there are some channel defects.

There are three major drawbacks of this functional test
approach:

• First, the functional test approach measures control chan-
nel defects indirectly via the flow channels, which may

Figure 4: The photo of an mLSI chip integrated with a test
module. Control channels, flow channels in the main circuit
and flow channels in the test module are filled with green, red
and blue food dye, respectively. In particular, the width and
spacing of control channels between the main circuit and the
test module are enlarged to make these channels more robust
against defects.

lead to some defects being masked, such as the blockage
and the leakage defects shown in Figure 2 and Figure 3,
respectively.

• Second, the test results can only be gathered from fluid in-
/outlets, the number of which is usually limited on current
mLSI chips, which further leads to a limited number of
available test patterns and thus limited fault-coverage.

• Third, the functional test method requires extra equipment
(pressure sources and sensors) and a commercial ATPG
tool to generate the test patterns, which implies additional
costs and puts high demands on the test skills of the
operator. Thus, it is hard for the end-users of mLSI chips,
who do not necessarily have expertise in engineering, to
carry out the test operations.

Targeting the present deficiencies, this work proposes an
integrated test module design for mLSI, which allows to
directly test the control channels. Since the number of control
channels is usually much smaller than the number of valves,
the number of test operations is greatly reduced compared
to inspecting valves. Besides, the area overhead of the test
module is moderate. Compared to the functional test approach,
the proposed method does not depend on the flow layer
structure, and thus prevents the blockage and leakage defects
from being masked. The test protocols are simple, and the test
patterns can be derived intuitively. Neither specialized software
nor external pressure sensors are required for carrying out the
tests.

II. PROTOTYPE DESIGN

In this work, we propose to integrate test modules onto
mLSI chips to perform mLSI tests. We refer to mLSI designs
integrated with test modules as testable designs.

A testable design consists of two parts: a main circuit for
assay execution, and a test module with an independent flow
circuit for testing. Figure 4 shows the photo of a testable
mLSI chip, the main circuit of which contains two rotary
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Figure 5: A prototype design of the test module.

mixers for efficient mixing of fluids2. In particular, there are
two leakage defects between the control channels in the main
circuit. The key idea of our test method is to let pressure
propagate from control channels in the main circuit to valves
in the test module, so that control channel defects in the main
circuit can be reflected by faulty behavior of valves in the test
module.

Figure 5 shows a prototype design of the test module for
testing 8 control channels. As shown in the figure, this module
consists of 8 flow channels aligned in parallel, each of which
is integrated with a valve connected to a to-be-tested control
channel. A test operation consists of three steps:

1) Pressurize the control channels following a test pattern.
We denote a test pattern p as a sequence of binary
digits, each of which indicates the pressure status in a
to-be-tested control channel. Specifically, 0 represents
not pressurized and 1 represents pressurized. We refer
to the ith bit in p as pi. For example, p=00000001 is a
test pattern that pressurizes the 8th control channel, i.e.
p1=0, ···, p7=0, p8=1.

2) Send fluids such as food dye from a fluid inlet through
the test module.

3) Inspect the fluid status in the test module under micro-
scope. The inspection result is recorded as a sequence
s of binary numbers, each of which indicates the fluid
status in a flow channel of the test module. Specifically,
0 represents that fluids are blocked by the valve in the
corresponding channel and 1 represents that fluids pass
through the valve in the corresponding channel. We refer
to the ith element in s as si. Using this prototype, the
faultless inspection result for a test pattern p is always
p̄. For example, for p=00000001, we expect s to be
0̄0̄0̄0̄0̄0̄0̄1̄=11111110, i.e. fluids pass through valves in
all flow channels except for the bottom one.

Test for blockage

Blockage in a control channel i can be detected if the
channel is pressurized but fails to block the fluids, i.e. pi=1
but si=1 ̸=1̄. Blockage in all control channels can be tested
using this prototype with only one operation.

2To note is that the control channels between the main circuit and the
test module can be shortened. In this design, we intentionally prolonged the
control channels to demonstrate that the testability is not influenced by the
channel length.

Figure 6: (a) The faultless result of the test for blockage. (b) If
a blockage happens prior to a leakage, the leakage dominates.
Thus, the defects will be detected in the leakage tests. (c)
A blockage alone will result in faulty inspection results. (d)
A blockage that happens posterior to a leakage will result in
faulty inspection results.

• Test pattern: p=11111111.
• If the result is faultless, either there is no blockage, as

shown in Figure 6(a), or the blockage exists prior to a
leakage in the same channel, as shown in Figure 6(b).

• If si=1 ̸= p̄i for any 1≤ i≤8, there is blockage in the ith

control channel, as shown in Figure 6(c) and (d).
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Test for leakage
Leakage between control channels i and j can be detected if

only one of the two channels is pressurized but both channels
block the fluids, i.e. pi ̸=pj but si=sj =0. In other words,
to detect leakage between any two control channels i and j,
there must be a test pattern p so that pi ̸=pj .

To this end, we build a matrix where each column is the
binary representation of a control channel, and each row is a
test pattern. Thus, the matrix for testing n control channels is
of size ⌈log2(n)⌉×n. For example, to test leakage of 8 control
channels using the prototype, we build a 3×8 matrix:

• Test patterns:

1 2 3 4 5 6 7 8
p1: 0 0 0 0 1 1 1 1
p2: 0 0 1 1 0 0 1 1
p3: 0 1 0 1 0 1 0 1

,

where the first channel is represented as 000, as shown
in the first column, and the second channel is represented
as 001, etc. Correspondingly, the first test pattern is
00001111, which can be read from the first row, and
the second test pattern is 00110011, etc. We denote the
pressure status of the ith channel in the kth test pattern as
pki , which represents the entry in the ith column and in
the kth row. Since each column represents a unique binary
number, we can ensure that any two channels i ̸=j differ
in at least one bit. Thus, there is at least one test pattern
pk where the ith and the jth bits have different binary
values, i.e. pki ̸=pkj .
Proof by contradiction: assume that ∀k : pki =pkj ⇒ p1i p

2
i p

3
i ≡

p1jp
2
jp

3
j ⇒ channel i and channel j have the same binary

representation ⇒ i=j ⇒ Contradiction.
Thus, leakage between any two of n control channels can
be tested with ⌈log2(n)⌉ test operations.

• If the results of all test operations are faultless, either
there is no leakage, as shown in Figure 7(a), or the
leakage exists prior to a blockage in the same channel,
as shown in Figure 7(b).

• If for test pattern pk, there exists ski =0 ̸=0̄ for any pki =0,
there is a leakage between the ith control channel and
other channels, as shown in Figure 7(c) and (d).

Analysis of the prototype design
• Fault coverage: full coverage of the blockage and leakage

defects in the main circuit. In case that there are multiple
defects in the same control channel, the defects will lead
to faulty inspection results in either the blockage or the
leakage tests.

• Efficiency for testing n control channels:
for blockage for leakage

Number of operations 1 ⌈log2(n)⌉
• Resource overhead for testing n control channels:

inlets flow channels
Number of components 2 n

III. ENHANCED DESIGN TO REDUCE RESOURCE
OVERHEAD

The prototype design of the test module allows for ex-
tremely efficient mLSI tests. However, since n flow channels

Figure 7: (a) The third test pattern and the faultless result for
testing leakage defects. (b) If a leakage happens prior to a
blockage, the blockage dominates. Thus, the defects will be
detected in the blockage test. (c) A leakage alone will result in
faulty inspection result. (d) A leakage that happens posterior
to a blockage will result in faulty inspection results.

are needed for testing n control channels, the prototype design
can occupy much chip area. To reduce resource overhead, we
enhance the design so that only ⌈log2(n+1)⌉ flow channels
are needed for testing n control channels.

To encode the test results with a reduced number of flow
channels, we connect different control channels to valves in
different flow channels in the test module, so that for any two
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Figure 8: The enhanced design of the test module.

Figure 9: The expected faultless result of pressurizing the first
(i.e. 0001) and the third (i.e. 0011) control channels is s=
1100, which can be achieved as long as there is no blockage
in channel 0010. Blockage in channel 0001 is thus masked.

different control channels i and j, pressurizing i will block a
different set of flow channels than pressurizing j.

Figure 8 shows the enhanced design of the test module
consisting of 4 flow channels, which can be used to test at most
15 (i.e. 24−1) control channels. Specifically, we represent
the index of a to-be-tested control channel as a 4-bit binary
expression in the range of 0001 to 1111. For example, the 5th

control channel is indexed by 0101. For each control channel,
if the kth bit of its index is 1, we connect it to a valve on
the kth flow channel in the test module. For example, control
channel 0101 is connected to valves on the second and the
fourth flow channels.

Test for blockage

In blockage tests, we need to carefully select test patterns to
prevent blockage defects from being masked. For example, as
shown in Figure 9, if we pressurize the first (i.e. 0001) and the
third (i.e. 0011) control channels together in one test operation,
as long as there is no blockage in the third channel, the test
results will always be correct, regardless of whether there is
any blockage in the first control channel or not. In other words,
blockage in the first control channel will be masked by the
correct behavior of the third control channel.

Specifically, blockage in a control channel i may be masked
by the correct behavior of another control channel j, if every
bit in the binary expression of i is smaller than every bit in
the binary expression of j.

• Test pattern: to ensure full fault coverage, we pressurize
two control channels with sequential indices i and i+1 in
each test operation, where i is an odd number. Since i is
odd, the least significant bit of i must be 1 and the least

Figure 10: (a) Test pattern and the faultless result for testing
blockage defects in the 13th (1101) and the 14th (1110) control
channels. (b) Blockage in control channel 1101 results in faulty
inspection results in the 4th flow channel. (c) Blockage in
control channel 1110 results in faulty inspection results in the
3rd flow channel.

significant bit of i+1 must be 0. Since 1> 0, defects
in control channel i will not be masked by the correct
behavior of control channel i+1. On the other hand, since
i+1>i, there must be a bit in the binary expression of
i+1 that is larger than the bit in the binary expression
of i. Thus, defects in control channel i+1 will not be
masked by the correct behavior of control channel i.

• For a test operation that tests control channels i and j, the
faultless inspection result is the bitwise NOR of i and j.
E.g., the faultless result for testing control channels 1101
and 1110 is (1∨1)(1∨1)(0∨1)(1∨0), i.e. 0000, as shown
in Figure 10(a). If the result is faultless, either there is
no blockage or the blockage is dominated by a leakage.
Otherwise, if the kth bit of the test result is faulty, we can
derive that the blockage occurs in the control channel
with the kth bit of the index equal to 1, as shown in
Figure 10(b) and (c).

Test for leakage

Test for leakage with the enhanced test module design is
similar to test for leakage with the prototype design.

• Test pattern: we need to ensure that for any two control
channels i and j, there exists a test pattern p where i and
j have different pressure status, i.e. pi ̸=pj . To this end,
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Figure 11: (a) The matrix that encodes the test pattern. (b) The
first test pattern and the faultless results. (c) Leakage between
any two control channels in different groups results in faulty
inspection results in the first flow channel.

we build a matrix where each column is the complement
of the binary representation of a control channel index,
and each row is a test pattern. Thus, the matrix for testing
n control channels is of size ⌈log2(n+1)⌉×n.
For example, to test leakage between 15 control channels
using the design shown in Figure 8, we build a 4×15
matrix, as shown in Figure 11(a), where the first column
is 0̄0̄0̄1̄, i.e., the complement of channel index 0001; the
second column is 0̄0̄1̄0̄, etc. Similarly, the first test pattern
is 0̄0̄0̄0̄0̄0̄0̄1̄1̄1̄1̄1̄1̄1̄1̄, as can be read from the first row,
the second test pattern is 0̄0̄0̄1̄1̄1̄1̄0̄0̄0̄0̄1̄1̄1̄1̄, etc.
As each column of the matrix is a unique binary represen-
tation, any two columns i and j differ in at least one bit,
i.e. there is at least one row (test pattern) where the ith and
the jth columns (control channels) have different binary
entries (pressure status). By complementing the binary
representations, we ensure that in the kth test pattern,
control channels that are not connected to valves in the
kth flow channel are pressurized; and control channels that
are connected to valves in the kth flow channel are not
pressurized. Thus, fluids can pass through the kth flow
channel by default, but if a leakage exists between the
two groups of control channels that are and that are not
connected to valves in the kth flow channel, the kth flow
channel will be blocked.
For example, the first test pattern tests the leakage be-
tween the first seven channels (group of channels that are
not connected to valves in the first flow channel) and the
last eight channels (group of channels that are connected
to valves in the first flow channel). If there is no leakage

between channels from different groups, fluids can pass
through the first flow channel, i.e. s1=1, as shown in
Figure 11(b). But if there is a leakage between any two
channels from different groups, the first flow channel will
be blocked, i.e. s1=0, as shown in Figure 11(c).

• The faultless result for the kth test pattern is that the kth

flow channel is not blocked, i.e. sk=1. If the inspection
result is faultless, either there is no leakage between the
two tested groups of control channels, or the leakage is
dominated by a blockage. Otherwise, there is a leakage.

• If we do not only want to detect the leakage but also
want to locate the pair of leaky control channels, we need
at most another ⌊n

2 ⌋ test operations. Specifically, if the
result of the kth test pattern is faulty, we can derive that
the indices of the two leaky control channels differ in
the kth bit. Otherwise, the kth bits of the indices of the
two leaky control channels are the same. Thus, with the
results of the leakage tests, as long as we know the index
of one leaky control channel, we can derive the index
of the other leaky control channel. Therefore, to locate
the leakage between two groups of control channels, we
can arbitrarily select a group and pressurize the control
channels in that group one by one.
For example, if the results of all except the first test
pattern are faultless, we can derive that there is a leakage
between the first seven and the last eight control channels
and the indices of the two leaky control channels differ
only in the first bit. Thus, we can locate the leakage
by pressurizing the first seven channels one by one. If
pressurizing channel 0001 leads to a faulty result, we can
identify that the other leaky channel is 1001 (i.e. 0̄001).

Analysis of the enhanced design

• Fault coverage: full coverage of the blockage and leakage
defects in the main circuit. In case that there are multiple
defects in the same control channel, the defects will lead
to faulty inspection results either in the blockage tests or
in the leakage tests.

• Efficiency for testing n control channels:
for blockage for leakage

Number of operations ⌈n
2 ⌉ ⌈log2(n+1)⌉

• Resource overhead for testing n control channels:
inlets flow channels

Number of components 2 ⌈log2(n+1)⌉
• Comparison: compared to the prototype design, the en-

hanced design significantly reduces the resource over-
head, i.e. the number of flow channels needed for testing
n control channels is reduced from n to ⌈log2(n+1)⌉.
Besides, the reduced flow channel requirement is impor-
tant from the imaging point of view. When the number
of to-be-tested control channels is not extremely large, it
is possible to inspect all flow channels in the test module
in one field of view. As a trade-off, the number of test
operations for blockage increases from 1 to ⌈n

2 ⌉. Test
for leakage can still be performed very efficiently with
⌈log2(n+1)⌉ operations.
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Figure 12: (a) An mLSI chip with a blockage defect and a 10µm leakage defect. (b) The result (010) of the 3rd test pattern
(0000110) in blockage tests is faulty (000 is the faultless result). Based on the faulty result, we know that either the 5th or the
6th control channel is blocked and the 2nd bit of the binary index of the blocked channel is 1, i.e., the blockage is in the 6th

control channel. (c) The result (s1=1) of the 1st test pattern (1110000) in leakage tests is faultless. (d) The result (s2=0) of
the 2nd test pattern (1001100) in leakage tests is faulty (s2=1 is the faultless result). (e) The result (s3=0) of the 3rd test
pattern (0101010) in leakage tests is faulty (s3=1 is the faultless result). Based on the faulty results, we know that the binary
indices of the leaky control channels differ in the 2nd and the 3rd bits. Thus, the possible pair of leaky channels is: (001,010),
(100,111) or (101,110), i.e., (1,2), (4,7) or (5,6).

IV. RESULT

Experimental method

We fabricated mLSI chips with various defects. The widths
of flow channels and control channels are 100µm and 30µm,
respectively. The dimensions of valves are 100µm×300µm
and the applied pressure is 160 kPa. In particular, we produced
leakage defects by connecting a pair of control channels with
small control channel segments of 10µm, 20µm and 30µm
widths. We tested the fabricated chips with the proposed test
method. For each test pattern, we carried out the corresponding
test operation in 4 steps:

1) Depressurize all control channels connected to the test
module;

2) Rinse the test module by sending water from a fluid inlet
through the test module;

3) Pressurize selected control channels according to the test
pattern;

4) Send food dye from the same fluid inlet as in step 2

through the test module and inspect the fluid status in
the test module.

Specifically, the depressurization and pressurization of the
control channels (steps 1 and 3) could be done almost immedi-
ately; sending a type of fluids through the test module (steps 2
and 4) took about 10 to 20 seconds, depending on the number
of blocked flow channels in the test module3. Considering the
additional time to switch between different fluid inputs (food
dye and water) and to inspect the test results, it took about a
minute to carry out one test operation.

Case study 1: Demonstration of the proposed test method

Figure 12 shows the working mechanism of the test module.
Figure 12(a) shows a chip containing 7 control channels. There
is a blockage defect in the 6th control channel and a 10µm

3A flow channel can be blocked by a pressurized valve on that channel.
When a flow channel is blocked, the hydraulic resistance of the test module
will change, which affects the speed of the fluid movement [11].
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Figure 13: (a) Due to leakage 1, when we pressurize the 2nd control channel, not only the middle but also the left flow channel
in the test module is blocked, i.e. the result (001) of the test pattern 0100000 is faulty (101 is the faultless result). (b) Due to
leakage 2, when we pressurize the 4th control channel, not only the right but also the left flow channel in the test module is
blocked, i.e. the result (010) of the test pattern 0001000 is faulty (110 is the faultless result).

TABLE I: Case study 1 — Test patterns and test results

Type of Defects Test Pattern
Test Result

Expected Inspected Faultless?

Blockage

1100000 000 000 T

0011000 000 000 T

0000110 000 010 F

0000001 000 000 T

Leakage

1110000 s1=1 s1=1 T

1001100 s2=1 s2=0 F

0101010 s3=1 s3=0 F

leakage defect between the 1st and the 2nd control channel. We
performed 4 (i.e. ⌈ 7

2⌉) and 3 (i.e. ⌈log2(7+1)⌉) test operations
to test for the blockage and the leakage defects, respectively.
Table I shows the corresponding test patterns and test results.

• In the tests for blockage, we got faultless results for all
except the 3rd test pattern, as shown in Table I and in
Figure 12(b). Specifically, when we pressurized the 5th

and the 6th control channels, they failed to block the
second flow channel in the test module. Thus, a blockage
defect was detected.

• In the tests for leakage, we got faultless result for the
1st test pattern and faulty results for the 2nd and the 3rd

test patterns, as shown in Table I and in Figure 12(c), (d)
and (e). Specifically, for the nth test pattern, fluids were
expected to pass through the nth flow channel in the test
module. Since only the 1st pattern worked as expected, a
leakage defect was detected.

Case study 2: Defects at different positions

Figure 13 shows an mLSI chip with two 30µm leakage
defects between control channels (2,3) and (4,5), respectively.
In particular, leakage 1 is close to the pressure inlet, and
leakage 2 is far from the pressure inlet. Besides, we prolonged
the control channels between the main circuit and the test
module so that both defects are far from the test module.

To show that channel defects in the main circuit will lead
to faulty behavior of valves in the test module regardless of
the positions of the defects, we individually pressurized the
2nd and the 4th control channel.

• Specifically, since the 2nd control channel is only con-
nected to the valve in the middle flow channel of the
test module, pressurizing it should only lead to blockage
of the middle flow channel. However, due to leakage 1,
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Figure 14: (a) Due to leakage 1, when we pressurize the 1st control channel, not only the left but also the middle flow channel
in the test module is blocked, i.e. the result (001) of the test pattern 1000000 is faulty (011 is the faultless result). (b) Due
to leakage 2, when we pressurize the 3rd control channel, not only the left and the middle, but also the right flow channel in
the test module is blocked, i.e. the result (000) of the test pattern 0010000 is faulty (001 is the faultless result). (c) Due to
leakage 3, when we pressurize the 6th control channel, not only the middle and the right but also the left flow channel in the
test module is blocked, i.e. the result (000) of the test pattern 0000010 is faulty (100 is the faultless result).

i.e. the leakage close to the pressure inlet, as shown in
Figure 13(a), we observed that not only the middle, but
also the left flow channel of the test module was blocked.
The faulty result indicates that there is a leakage defect.

• Similarly, since the 4th control channel is only connected
to the valve in the right flow channel of the test module,
pressurizing it should only lead to blockage of the right
flow channel. However, due to leakage 2, i.e. the leakage
far from the pressure inlet, as shown in Figure 13(b),
we observed that not only the right, but also the left flow

channel of the test module was blocked. The faulty result
indicates that there is a leakage defect.

Case study 3: Defects of different feature sizes

Figure 14 shows a similar mLSI chip but with three leakage
defects of 10µm, 20µm and 30µm widths between control
channels (1,2), (3,4) and (6,7), respectively.

To show that channel defects in the main circuit will lead
to faulty behavior of valves in the test module even when the
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defects have small feature sizes, we individually pressurized
the 1st, the 3rd and the 6th control channel.

• Since the 1st control channel is only connected to the
valve in the left flow channel of the test module, pres-
surizing it should only lead to blockage of the left
flow channel. However, due to leakage 1, i.e. the 10µm
leakage, as shown in Figure 14(a), we observed that not
only the left, but also the middle flow channel of the
test module was blocked. The faulty result indicates the
defect.

• Since the 3rd control channel is connected to valves in
the left and the middle flow channels of the test module,
pressurizing it should lead to blockage of the left and the
middle flow channels. However, due to leakage 2, i.e. the
20µm leakage, as shown in Figure 14(b), we observed
that all flow channels were blocked. The faulty result
indicates the defect.

• Since the 6th control channel is connected to valves in the
middle and the right flow channels of the test module,
pressurizing it should lead to blockage of the middle and
the right flow channels. However, due to leakage 3, i.e.
the 30µm leakage, as shown in Figure 14(c), we observed
that all flow channels were blocked. The faulty result
indicates the defect.

V. DISCUSSION

Comparison among different test methods

We compare three test methods: the functional test
method [10] and the two test methods proposed by us based
on the prototype and the enhanced test modules, respectively.
Table II shows the efficiency and resource overhead of these
test methods on three test cases from [10].

TABLE II: Efficiency and overhead of different test methods

Case # n Method # tpblock # tpleak # tp # f

ChIP 28

Func. Test NA NA 30 \
Prototype 1 5 6 28

Enhanced 14 5 19 5

WGA 23

Func. Test NA NA 12 \
Prototype 1 5 6 23

Enhanced 12 5 17 5

Cell
48

Func. Test NA NA 92 \

Culture
Prototype 1 6 7 48

Enhanced 24 6 30 6

#n: the number of control channels in the to-be-tested chip;
#tpblock: the number of test patterns for testing blockage defects;
#tpleak: the number of test patterns for testing leakage defects;
#tp: the number of test patterns in total, i.e. # tp = # tpblock + # tpleak;
#f: the number of flow channels as resource overhead.

• Efficiency: both test methods based on integrated proto-
type/enhanced test modules are very efficient for testing
leakage, while the prototype test module is extremely
efficient for testing blockage. Considering that it takes
about a minute to carry out a test pattern with our test
approach, the leakage tests for each of the three test
cases can be carried out in about 5 to 6 minutes, while

the blockage tests take about one minute and 14−24
minutes with the prototype test module and the enhanced
test module, respectively. For testing a given number of
control channels, the number of test operations applying
our methods is deterministic, while the number of test
operations applying the functional test method is not
deterministic. In general, our methods are significantly
more efficient than the functional test method in terms of
the number of test operations.

• Resource overhead: our methods require integrating extra
flow channels onto the to-be-tested chip. Compared to the
prototype design, the enhanced test module design signif-
icantly reduces the number of the required flow channels,
and thus reduces the area overhead. The functional test
method does not require additional on-chip resources, but
it requires external equipment such as pressure sources,
pressure sensors, and commercial ATPG tools.

• Complexity of the test protocols: it is very simple and
intuitive to generate the test patterns and to analyze
the results for the two test-module based methods. No
specialized equipment or knowledge is required for car-
rying out the tests. On the other hand, the test pattern
generation and result analysis for the functional test
method requires professional software and computational
efforts. As reported in [9], the cost of their testing system
is less than $1000. Besides, knowledge and skills are
required for carrying out the functional tests.

TABLE III: Area of the main circuit and the test modules

Case # n Aream Type Areat Areat/m

Kinase 15 17.2×15
Prototype 6.9×3 8%

Enhanced 6.9×0.8 2.1%

Nucleic
17 16.3×24.55

Prototype 7.3×3.4 6.2%

Acid Enhanced 7.3×1 1.8%

ChIP
26 14.2×43.5

Prototype 9.1×5.2 7.6%

(4IP) Enhanced 9.1×1 1.4%

mRNA 23 29.1×21.25
Prototype 8.5×4.6 6.3%

Enhanced 8.5×1 1.3%

ChIP
31 47.9×36.45

Prototype 10.1×6.2 3.6%

(10IP) Enhanced 10.1×1 0.6%

Cell-free
24 20×37

Prototype 8.7×4.8 5.6%

bio. net. Enhanced 8.7×1 1.2%

The area is calculated as length × width.
#n: the number of control channels in the to-be-tested chip;
Aream(mm2): the area of the main circuit, i.e. the original chip design.
Areat(mm2): the area of the test module.
Areat/m: the proportion of the area of the test module to the area of the main circuit.

Implementation overhead of the test methods

To investigate the implementation overhead of the proposed
test methods, we calculate the area consumptions of the test
modules for testing six mLSI designs proposed in [12], and
compare them with the area of the original designs. The
calculation follows the same design rules as applied in [12],
where the width of each flow channel and each valve is
100µm, the diameter of each fluid inlet plus a safety margin
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is 1600µm, and the minimum spacing distance between two
channels is 100µm. Besides, we also reserve some additional
length (300µm) to each flow channel of the test module for
the convenience of inspection. Table III shows the results of
the comparison.

As we can see from the table, the area of the test module is
dependent on the number of the to-be-tested control channels.
Compared with the prototype design, the enhanced design has
much fewer flow channels and thus occupies much less area.
In general, the prototype test module causes about 3.6−8%
area overhead, while the enhanced test module causes only
about 0.6−2.1% area overhead, which is quite modest.

Besides, in order to integrate the test module onto the chip,
additional control channel routing efforts will be required,
which also results in additional area overhead. But for mLSI
designs where all control channel ends are connected to the
same chip boundary, e.g. the designs synthesized by Columba
S [13], a state-of-the-art mLSI physical design tool, we can
expect the routing efforts to be fairly small.

For the testing of n control channels, the prototype test
module needs to be integrated with n valves, and the enhanced
test module needs to be integrated with up to ⌈n

2 ⌉⌈log2(n+1)⌉
valves. To note is that prolonging control channels and inte-
grating valves into the test module will not notably increase
the required pressure to drive the valves. Experiments con-
ducted in [14] demonstrated that it is reliable to pressur-
ize/depressurize thousands of valves simultaneously at around
180 and 280 kPa.

VI. FUTURE DIRECTIONS

Automation

Considering that it is still common practice among mLSI
users to test the chips by visual inspection, the proposed
methods do not demand the use of sensors, which may call
for additional equipment costs. But in case that sensors are
available, they can be integrated into the proposed test modules
to automate the test process and thus save the time and efforts
for visual inspection. Compared to naı̈ve mLSI test methods
that directly inspect the valve behavior, our methods do not
require high-resolution images since we can use colored fluids
such as food dye to reflect the channel defects in the test
modules without contaminating the main circuit. Besides, our
methods only require to inspect a small chip area, which makes
it possible to obtain all necessary images without moving the
camera.

False alarm

The proposed test methods focus on the main circuit. If there
is no defect in the main circuit, but there are some defects in
the test module, a false alarm will be caused. Thus, for control
channels outside the main circuit, we can enlarge their width
to reduce the chance of blockage defects, and enlarge their
spacing distance to reduce the chance of leakage defects, as
shown in Figure 4, 13 and 14. To accurately evaluate the false
positive rate, further experiments and quantitative analysis are
required as the next step.

VII. CONCLUSION

This work proposes the first integrated test module designs
for mLSI. Compared to the state-of-the-art functional test
methods, the built-in-self-test methods based on integrated
test modules significantly increase the fault coverage and test
efficiency. Besides, the test protocols are greatly simplified, so
that mLSI users who are not testing experts can carry out the
tests by themselves without costly equipment.
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