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Featured Application: This work describes the design for testability and the industrialized func-
tional test methods of an insulin micropump for type 1 diabetes care.

Abstract: The test in the production of microfluidic devices dedicated to medical applications poses
several challenges in terms of contamination, reliability, and cost. The present article describes the
Design-for-Testability approach used to make an insulin MEMS micropump that can be fully tested in
production in a few seconds. Each key functional parameter of a positive displacement micropump
with check valves is described together with detailed pneumatic test methods. The typical failure
modes of the device are considered and tested experimentally to show that these methods can also be
used for failure analysis and process control. A simplified Built-In-Self-Test is also presented. Finally,
advanced methods to characterize the piezoelectric actuator are also described and tested.

Keywords: Design-for-Testability; piezoelectric micropump; MEMS; insulin delivery; dry tests;
integrated pressure sensor; modeling; failure detection

1. Introduction

The development of high throughput and low-cost testing methods and equipment
for MEMS-based products has become a strategic topic to penetrate the consumer market.
In addition, the Design-for-Testability approach is of great interest to reduce the cost of the
test and to enable a built-in self-test where applicable. Due to the complexity of MEMS
structures compared to ICs, the cost of the test in production can represent up to 30% of
the end product price [1–4]. MEMS devices exploit multiple domains (electrical, chemical,
optical, mechanical, thermal, biological, fluidic, etc.) that require the development of
specific test methods [5]. Depending on the production yield, tests are performed at
different stages: at the wafer level (e.g., Electrical Wafer Sorting) using Automatic Test
Equipment (ATE), after singulation and wire bonding, or after packaging to verify the
overall device functionality. The goal of this approach is to reject a defective device
in the earliest stage because the packaging of MEMS often represents 50% of the total
manufacturing costs [3–5]. During the final test of MEMS in production, physical, electrical,
or any other stimuli are submitted to the system, and the device output is monitored to
determine conformity to product requirements and to calibrate some key parameters. The
test strategy is based on the analysis of the key output parameters and the failure modes of
the device [5–7]. MEMS inertial sensors are, for instance, submitted to an acceleration that
is representative of their use in the field (low-g consumer applications or high-g automotive
domain). Zero-g level and sensor sensitivity are also calibrated during the test. RF MEMS
devices require spectrum analyzers connected to a probe station [8,9]. The self-functional
test of piezoresistive pressure sensors consist of the generation of the mechanical stimuli
to the sensor membrane through a pneumatic actuation [10]. The air inside the pressure
sensor cavity is heated by Joule effect that results from the generation of an electrical pulse
to a resistor.

BioMEMS, which refers, in its wider acceptance, to any biomedical device that is partly
or fully made using any microfabrication process and which therefore has at least one
micrometric or submicrometric feature, presents difficulties related to risks of contamination
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and loss of sterility during the postproduction tests. Examples of bioMEMS devices include
micropumps, lab-on-a-chip, organ-on-a-chip, DNA microarray, chemical sensor array,
retina array, neuroMEMS, cell chips, droplet sorting devices using Electro-conjugate Fluid
micropumps, etc. [11–13].

A BioMEMS for drug delivery should ideally be tested with a liquid to evaluate the
effectiveness of the device. However, this method, which is difficult to implement and
costly due to interconnection, drying, pollution, and sterility issues, can often be considered
destructive except if the liquid remains in the system. In implantable applications, when
the cost of the test does not matter, the pumping device can be filled near to capacity
with sterile water and tested in production. This method was used by Medtronic for
Synchromed II, the most implanted device in the USA for pain and spasticity [14,15]. So,
one of the first end-user operations is to empty the reservoir before the transfer of the drug
into the pump reservoir. This procedure is cumbersome and impacts the concentration
of the drug due to the presence of some residual sterile water in the reservoir. Priming
the pump in production may also be considered if the system is not self-priming, but this
option is costly and requires specific storage conditions. In addition, a device prefilled
with a drug or biologic is a combination product regulated as a medicinal product [16].
This option has therefore an important impact on the time-to-market and the development
cost. Alternatively, functional testing with gas is an attractive approach for several types
of microfluidic devices, notably passive flow regulators [17], micropumps [18,19], gas
sensing [20,21], or gas flow sensors [22,23]. The functional testing of BioMEMS can be
therefore a critical risk for the project, and the associated cost may be not compatible
with the reimbursement strategy of the medical device. Determining the functional test
approach during the early development phase can be a determinant factor to market the
device. An interesting example is the functional testing approach for pin-constrained
biochips. Indeed, the increase in density and surface area of biochips generates, as for
integrated circuits, higher defect densities, which reinforce the need for postproduction tests.
Xu et al. developed innovative techniques that address fundamental biochip operations,
such as droplet dispensing, droplet transportation, mixing, splitting, and capacitive sensing.
Functional testing is performed through parallel droplet pathways and leads to qualified
regions where synthesis tools can map microfluidic functional modules [24].

The present paper describes the Design-for-Testability of an insulin micropump ded-
icated to type 1 diabetes care. Diabetes is a chronic, metabolic disorder characterized by
high blood sugar levels (hyperglycemia), which leads to severe damage over time. Type 1
diabetes, also known as insulin-dependent diabetes, is a chronic condition in which the
beta cells of the pancreas produce little or no insulin. For people with type 1 diabetes, daily
insulin administration is essential for their survival. Traditionally, the most common route
of insulin administration in patients with diabetes is by subcutaneous injection using an
insulin syringe or a pen. The most advanced insulin delivery systems are patch pumps that
deliver, through a thin cannula placed subcutaneously, rapid-acting insulin 24 h a day to
match body requirements. These pumps can be programmed to deliver basal and bolus
insulin doses. The rates of basal insulin delivery can be programmed based on individual
patient requirements. Insulin pumps can also deliver bolus insulin to minimize postmeal
high blood sugar level excursions [25]. Recent trends include connectivity to a Continuous
Glucose Monitoring system (CGM) that transmits glucose readings to the device. The
artificial pancreas or closed-loop system consists of an automated insulin delivery system,
a CGM, and an insulin delivery algorithm. Such a system aims to deliver a continuous
and precise dose of insulin to mimic physiologic insulin secretion by the pancreatic beta
cells [26]. Hemoglobin A1C and glucose control are better controlled, and the daily insulin
dosage is reduced together with hypoglycemia risk and glycemic variability to ultimately
improve patient satisfaction and quality of life.

The device considered here is a disposable MEMS micropump powered by a piezo
actuator. The system is a membrane micropump with two passive check valves. Due to the
high potency of insulin, the production test will verify that the system presents any risks of
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over- and under-delivery during use. Figure 1 presents an exploded view of the volumetric
piezoelectric micropump with two passive check valves considered here to illustrate the
Design-for-Testability method [27,28]. The micropump can deliver basal insulin in incre-
ments of 0.02 units (U) of U100 insulin per hour with high accuracy. Each pump stroke
infuses 0.2 microliters of insulin with a maximum error of 3%, making it compatible with
a highly concentrated insulin formulation (up to 500 U/mL (U-500) insulin). The device
is made of a triple stack of wafers bonded together by Au–Au thermocompression: one
silicon-on-insulator plate with the micromachined pump and valve structures and top and
cover silicon plates with through holes (see Figure 1). Two square silicon membranes com-
prising piezoresistive strain gauges obtained by boron implantation are used to measure
the pressure in the pumping chamber and at the outlet of the micropump. The yellow lines
represent the sealing and bonding structures. The references [27–29] provide a detailed
description of the system. The fluid pathway is shown in Figure 2. The features related to
testability are discussed in the following sections. The opening thresholds of the passive
check valves (i.e., valve pretensions) are equal to 100 mbar.
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pathway is indicated by yellow arrows. A rectangular glass cover is glued above the outlet valve
to connect fluidically the outer detector and to allow the outlet port to be on the same side as the
inlet port.
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A brief review of the Critical-to-Quality parameters of an insulin MEMS micropump
and some key features of the system considered in this study are provided first, including
notably the Design-for-Testability features. Generic test methods with air that enable fast
and reliable functional testing in production are then described in detail. The experimental
pressure profiles of micropumps exhibiting various failure modes are shown, and advanced
test methods used in process control to monitor and characterize the piezo actuator assem-
bly are described and tested experimentally. Finally, a simplified Built-in Self-Test that is
performed before the positioning of the system onto the patient is also discussed.

2. Materials and Methods
2.1. Design Description
2.1.1. MEMS Membrane Micropump

The present article investigates means to test MEMS membrane micropumps in pro-
duction, considering the important constraints in terms of sterility, contamination, cost,
and reliability. A membrane micropump consists of a variable volume pumping chamber,
a movable membrane, an actuator, and, at the inlet and the outlet of the pumping chamber,
flow-rectifying elements that can be holes, nozzles, or passive check valves [19,30]. The
membrane micropump is built around the reciprocating concept: a cyclic movement of the
membrane is obtained with an actuator, and the resulting volume changes in the pumping
chamber lead to two alternate pumping phases:

1. Supply phase: the upward movement of the membrane leads to an increase in the
pumping chamber volume and a lowering of the pressure; thus, liquid enters from
the inlet toward the pumping chamber.

2. Infusion phase: the downward movement of the membrane lowers the pumping
chamber volume and increases the pressure; thus, liquid flows from the pumping
chamber toward the outlet.

The two phases of the actuation cycle of a membrane micropump with check valves are
illustrated in Figure 3. The stroke volume VS is the volume displaced during an actuation
cycle. The minimum pumping chamber volume (at the end of the infusion phase) is the
dead volume VD. Therefore, the volume of the pumping chamber varies alternatively
between VD (at the end of the infusion phase) and V0 +VS (at the end of the supply phase).
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The compression ratio ε is defined by:

ε =
VS
VD

(1)

2.1.2. Critical-to-Quality Parameters and Basic Outputs

The determination of the Critical-to-Quality parameters of an insulin micropump
is part of the risk management activity. A functional test in production is implemented
to check the essential performances of the system and mitigate the two main patient
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risks, namely over- and under-deliveries. Both failure modes can be due to a pumping
cavity out-of-specification. Valve leakage is another typical root cause of under-delivery
and eventually over-delivery in the case of free flow conditions. In addition to standard
electrical or wireless self-tests performed in the production, the functional test that mimics
the micropump action in the field consists of pumping fluid. Below is a list of parameters
or characteristics that can ideally be evaluated during this test:

• Compression ratio;
• Stroke volume;
• Pumping cavity tightness;
• Valve tightness;
• Valve pretension (opening threshold);
• Pressure sensor functionality (calibration/offset);
• Outlet fluid path tightness;
• Maximum pumping pressure;
• Actuator functionality.

Additional nice-to-have characteristics can also be monitored for process control and
process setup, including:

• Membrane offset;
• Pumping mechanism stiffness;
• Actuator blocking force.

2.1.3. Design-for-Testability

Functional tests can be performed at the wafer level and the end of the packaging. A
focus here is on the final test in production, but some insights about wafer-level tests will
be addressed too.

As discussed previously, testing with a liquid could only be considered for a few
limited numbers of applications and prefilled devices. A micropump is ideally tested
with nitrogen, dry air, or any other inactive gas to prevent any risk of valve stiction,
contamination, change of the surface properties, uncontrolled bioburden, etc. For a pulsatile
micropump, performing accuracy tests with water turns out to be a complex task. As an
example, the integration time of microflowmeters can prevent the correct determination
of the stroke volume, and weighing tests are usually preferred [31]. With gas, the use of a
flowmeter is even more challenging except if the device includes embedded flow-sensing
elements. The monitoring of the pressure inside the pumping cavity during air pumping
is an interesting option that offers numerous advantages including high sensitivity, fast
response, and a large signal-to-noise ratio.

Design-for-Testability consists in enabling individual pneumatic access to each mi-
cropump membrane, including the pumping membrane, the sensing membranes (pressure
sensors), and the outlet membrane. Pneumatic access is obtained by micromachining of
through holes (DRIE) in the bottom plate and tight sealing between the coupling areas
(SOI wafer backside and bottom wafer front side). The schematic is straightforward for
the pumping membrane and the pressure sensor. The specific outlet valve pneumatic
access is illustrated in Figure 4. Pressurizing the backside of the valve can either force
the valve open or close depending on the test sequence that is described in the following
sections. After the final assembly of the micropump onto the insulin reservoir (see [28]
for a detailed description of the system structure), the backside of the outlet valve is in
pneumatic communication with the reservoir to prevent insulin free flow. In the case of an
increase in the pressure gradient between the reservoir and micropump outlet, the outlet
valve remains closed as the same pressure applies on both surfaces of the valve that is
furthermore normally closed, with an opening threshold of about +100 mbar.
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2.2. Methods

If not specified, absolute pressures are used in the equations.

2.2.1. Compression Ratio and Stroke Volume

The compression ratio is an important micropump characteristic that affects self-
priming, maximum output pressure, and stroke volume.

The pressure applied at the backside of the outlet valve is noted Pvent, and the atmo-
spheric pressure is Patm. The test method—compression test #1—is described hereafter:

• Admission phase

◦ Pull down the pumping membrane;
◦ Set Pvent at low pressure (e.g., <0.3 bar or −0.7 barg) to widely open the outlet

valve and thus fill the pumping chamber with air at the pressure Patm.

• Compression phase:

◦ Set Pvent at high pressure (e.g., >2.1 bar or +1.1 barg) to keep the outlet closed
during the compression of the air in the pumping chamber;

◦ Push up the pumping membrane and compress the gas in the pumping chamber.

During this compression test #1, the pressure sensor signal is monitored.
The pumping chamber volumes before and after compression are VD + VS and VD

respectively, where VS is the stroke volume, and VD is the dead volume.
Due to the dimensions of the system and the nature of the materials (Silicon), it

is assumed that the compression is isothermal. The pumping cavity is assumed to be
tight enough to allow the measurement of the compression ratio. Thus, according to the
Boyle–Mariotte law:

PV = constant (2)

where P is the absolute pressure in the pumping cavity, and V is its volume.
The maximum pressure value Pmax at the end of the compression indicates the com-

pression ratio ε of the micropump:

ε =
VS
VD

=
Pmax

Patm
− 1 =

∆Pmax

Patm
(3)

where ∆Pmax = Pmax − Patm. Because the dead volume of a MEMS micropump is well
controlled during the manufacturing process, it is possible to estimate the stroke volume
VS as follow:

VS =
∆Pmax

Patm
VD (4)
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The embedded pressure sensor is powered by a constant voltage, and there is no
amplifier at the Wheatstone bridge output. Further, high accuracy meter is used to monitor
the bridge voltage.

The output detector signal VS OUT is:

VS OUT = VinSv∆P + VS o f f set (5)

where ∆P is the pressure gradient between both sides of the sensing membranes; Vin is the
input voltage; Sv is the detector sensitivity in V/V/bar, and VS o f f set is the pressure sensor
offset. The total measurement error includes therefore errors due to the input voltage, the
pressure sensor (sensitivity, linearity, calibration, and offset), the method itself (directly
linked here to the error on the compression ratio and therefore the dead volume), and
finally the measurement of the absolute pressure and the temperature if the sensor has
no compensation. Because the value of the atmospheric pressure Patm matters, a careful
measurement of this value during the final test of the micropump is therefore mandatory
to obtain the accuracy of the stroke volume estimation better than 5%.

In the case of valve leakage, Equation (2) is not applicable. This compression test will
therefore be performed together with a leak test to improve the measurement reliability.
This topic is discussed in the next subsection.

2.2.2. Valve Leakage

The micropump status during a compression test is schematically represented in
Figure 5. The inlet and outlet valves are in the closed position, and the residual fluid
pathways can be modeled by fluidic resistance Rin and Rout.
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The equivalent fluidic resistance Req of these two resistances in parallel is:

Req =
RinRout

Rin + Rout
(6)

The Req value is therefore driven by the lowest resistance between Rin and Rout. The
airflow is assumed to be laminar, and the expansion is isothermal. The elasticity of the
pumping chamber when the pumping membrane is pushed, a full compression, against a
mechanical stop is here neglected. In these conditions, the differentiation of the ideal gas
equation leads to:

dP
P

=
dn
n

= − Q
VD

dt (7)

where n is the number of air moles in the pumping cavity, and Q = Qin + Qout is the net
flow from the cavity to the outside.

After the initial compression at t = t0, the pressure in the pumping chamber satisfies
the following differential equation:

dt = −ReqVD
dP

P(P− Patm)
=

ReqVD

Patm

(
1
P
− 1

P− Patm

)
dP (8)
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Solving Equation (8) with the initial condition P = Patm at t = t0 leads to:

P(t) =
Patm

1−
(

1− Patm
Pmax

)
e
− Patm(t−t0)

ReqVD

(9)

The value of Req can be evaluated at each time t:

Req(t) =
Patm(t− t0)

VD ln
[

P(Pmax−Patm)
Pmax(P−Patm)

] (10)

The time τ1/2 necessary to lower the maximum pressure by a factor of two is:

τ1/2 =
ReqVD

Patm
ln
[

1 +
Patm

Pmax

]
(11)

Req and τ1/2 provide useful quantitative characteristics of the pumping cavity’s tight-
ness. A hypothesis about the relative contribution to each valve will be made to estimate
the maximum free flow of the micropump.

2.2.3. Maximum Free Flow

The free flow can occur if two conditions are met:

• An open fluid path between the reservoir and the delivery site;
• A pressure gradient to generate the flow.

In a MEMS micropump, the valves are made of hard material (silicon, silicon oxide,
or nitride, etc.), and due to the absence of material compliance, the interface between
the movable part of the valve and its valve seat is never perfectly tight, except in the
case of bonding, but this is not desirable. Through silicon valves in the closed position, a
tiny residual fluidic pathway is always present despite careful process control that limits
contamination, uncontrolled surface roughness, and other manufacturing defects.

A pressure gradient between the reservoir and the delivery site can be observed in
several configurations:

• In the normal condition of use, if the micropump is connected to the patient with a
catheter. As an example, a 1 m connection line can generate a hydrostatic pressure of
up to 100 mbar.

• In a faulty condition of use, if the patient overfills the reservoir or leaves air bubbles in
a rigid reservoir. Air bubbles can indeed expand and pressurize the reservoir in the
case of a temperature increase or change in atmospheric pressure [15].

The valve pretensions are by design large enough to prevent the valve opening in
normal conditions. However, the presence of minute leakage through the valves in the
closed state makes it necessary, especially for very potent drugs, such as insulin, to assess
this maximum free flow during a functional test.

The micropump is placed in between the drug reservoir and the patient. Therefore,
the valves are in a closed state, and the two resistances, Rin and Rout, are now in series. For
a given value of Req, it can be easily demonstrated that the maximum flow rate is observed
when Rin and Rout are both equal to 2Req:

Rin = Rout = 2Req (12)

In this worst case, the maximum free flow Qmax in absence of actuation is:

Qmax =
∆P

4Req
(13)

where the pressure gradient ∆P is equal to ∆P = Preservoir − Ppatient.
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The risk analysis determines, for the highest-risk patient category (usually low-weight
infants if the device is approved for pediatric use), the maximum allowable insulin rate
that leads to a given severity (e.g., severity level two: minor) and the associated pressure
conditions. A value of Req is derived from this analysis and corrected to account for the
lower viscosity of the test medium during the leak test. In the laminar regime, the value
of Req is about 57 times lower for nitrogen than for water or insulin due to their relative
dynamic viscosity values. The final acceptance criteria for Req will also include some
margin to account for measurement errors and repeatability issues.

The combination of the following factors:

• Large generated pressure (up to +1 bar);
• Small cavity (typical dead volume of 200 nL);
• Low viscosity (e.g., 0.0175 mPa.s);
• High-pressure sensor sensitivity (better than 1 mbar).

Leads to very fast pressure decay after compression and outstanding values of insulin
leak rate sensitivity as low as a few nL/h. Such sensitivity cannot be obtained by standard
flow measurement methods [31].

In functioning, the early detection of free flow conditions is also critical to patient
safety because the flow of insulin through the valve may change their residual leak rate
characteristics. The complete derivation of the set of equations and the description of the
related leak detection methods can be found elsewhere [32].

2.2.4. Valve Pretensions

Valve pretensions, or opening thresholds, depending on many process parameters
and the tolerance stack-up lead to a relatively large variability [29]. As an example, the
stiffness of a valve with free-standing arms of length L and thickness t depends on the
ratio t/L to the power 3. Membrane valve stiffness depends on the membrane thickness
and diameter at powers 3 and 4, respectively. Variability of each of these parameters has,
therefore, among other parameters, a strong impact on the pretension value. In addition,
because valve pretension is critical to safety, this parameter will be systematically measured
in production.

The measurement of this parameter is straightforward. The test simply consists in
activating the micropump without any external control of the outlet valve and measuring
the pressure in the pumping chamber during the filling and infusion phases of the pumping
cycle. The pressure values measured just after inlet and outlet valve openings provide a
good estimation of their respective pretensions.

2.2.5. Membrane Offset

The measurement of the membrane rest position after connection to the actuator is
relevant for the push–pull activation scheme. The micropump depicted in Figures 1 and 2
is assembled to a substrate together with a bimorph piezo actuator [28,29]. A pedestal is
used to allow the piezo displacement in both directions. A flexible blade is glued to both
the piezo tip and the pumping membrane to prevent the membrane from being blocked.
The actuator indeed does not push or pull exactly along the symmetry axis of the pumping
membrane, and the flexibility of the blade allows force transmission and compensation of
piezo tip rotation. Figure 6 shows a schematic view of the micropump assembly that forms
a mechanical loop. The closing of the loop is ensured by glue polymerization, which, in
turn, generates shrinkage that pulls the pumping membrane toward the actuator.
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Figure 6. Sketch of the “mechanical loop” with the pedestal, the piezo, the flexible link, the microp-
ump chip, and the substrate.

The rest position of the pumping membrane always exhibits an offset with respect
to its position before piezo assembly (see Figure 7). Offset measurement is mandatory
when optimizing the assembly process and controlling the production because, in addition
to several sources of variability (piezo positioning, ceramic and blade dimensions, blade
tilt, assembly tolerance, etc.), the main physical phenomenon causing the effect—glue
shrinkage—is by nature not entirely predictable. This parameter is critical to quality because
an offset out-of-specifications can lower volume accuracy and modify the pressure signal
shapes. Several nondestructive methods could be used to measure this offset including
IR interferometry [33,34], digital holography [35–37], or vibrometry [38]. Alternatively,
design features can be implemented to measure the membrane position (implanted strain
gauges, capacitive sectors, etc.) [39,40]. A pneumatic method that does not require any
additional equipment or process steps and that can be performed during the functional test
described previously, would be a smart and cost-effective way to estimate the membrane
offset in production.
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Figure 7. Schematic view (not to scale) of the piezo and the pumping membrane at specific positions
defined in the different methods used hereafter. The origin z = 0 was chosen at the pull position
of the membrane. The pumping membrane and the piezo actuator offsets were noted; Mo f f and δ0

correspond to their respective displacement along the z-axis during assembly. The different strokes
δ1 to δ4 correspond to the pumping membrane displacement during the compression tests #1 to #4 (a
detailed description of these tests is provided in the text).
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Figure 7 shows the relative positions of the pumping membrane and the piezo actuator
during the different tests performed to characterize the mechanical loop assembly. The
stroke δ1 corresponds to the total displacement of the pumping membrane from the PULL
and PUSH positions. It is assumed that this stroke is equal to its nominal value thanks to
careful process control at the wafer level.

Because the pumping membrane has a rigid mesa that is large compared to its flexible
part [28], the volume in the pumping cavity is assumed to linearly depend on the distance
between the mesa and the mechanical stops (either PUSH or PULL positions).

To determine the membrane offset Mo f f pneumatically, a compression test will be
performed from a position or over a distance that directly depends on Mo f f .

The isothermal compression between the rest position of the pumping membrane and
the PUSH position is considered here (compression test #2). Equation (2) leads to:

Patm

(
VD +

(
δ1 − δ2

δ1

)
VS

)
= P2VD (14)

where P2 is the pressure after compression; δ1 is the full stroke, and δ2 is the stroke of this
specific compression (see Figure 7). Combining Equations (4) and (14) gives:

δ2

δ1
= 1− ∆P2

∆Pmax
(15)

where
∆Px = Px − Patm (16)

According to Figure 7, the membrane offset is:

Mo f f = δ2 −
δ1

2
(17)

Combining Equations (15) and (17) leads to the expected formula:

Mo f f =
δ1

2

(
1− 2

∆P2

∆Pmax

)
(18)

where the term
(

1− 2 ∆P2
∆Pmax

)
corresponds to the relative displacement of the membrane

during assembly with respect to its original rest position at a distance δ1/2 from the
mechanical stops.

The test procedure is therefore coupled to the compression test since the value of ∆Pmax
is required. From a practical point of view, the micropump cavity is vented by opening
pneumatically the outlet valve. The previously described compression test from the rest
position to the PUSH position is achieved by activating the actuator while forcing the outlet
valve closed by applying high pneumatic pressure to its vent port. The procedure mimics
the one used for the estimation of the compression ratio, and only the initial position of the
pumping membrane changes.

For a pressure sensor having a resolution of 1 mbar and an error in the stroke value of
about 2% at 3σ in production, a submicronic resolution is expected for the estimation of the
membrane offset.

2.2.6. Pumping Mechanism Stiffness

Two main functional characteristics of the piezo actuator are the free deflection and
the blocking force, which is defined as the maximum force the actuator can deliver at zero
deflection. Quality control is performed during piezo manufacturing by sampling. The
actuators are clamped and activated to measure the deflection of the piezo tip in both
directions. The blocking force is evaluated during piezo activation with a fixed-force probe
placed at the end of the bender. After assembly, these two characteristics can no longer
be directly evaluated. Due to the complexity of the mechanical loop, an assessment of the
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piezo actuator performances after assembly is, however, crucial to set up the manufacturing
process and to anticipate any drift in production. Once coupled to the pumping membrane,
the essential performances of the piezo actuator can be formulated a little differently: the
actuator will be able to maintain a force after a given displacement, typically a half stroke.
This force, which allows the desired volume to be delivered whatever the specified pressure
conditions, is indirectly estimated through the measurement of the maximum pressure that
can generate the micropump at the outlet. This test, which is described later, provides a
good indication of the blocking force.

Since the full description of the pumping membrane movement upon actuation is not
required here (see [29]), the system can be significantly simplified to model the blocking
force. The equivalent stiffness keq of the piezo actuator coupled to the pumping membrane
will be calculated first. It is assumed that the stiffnesses of the pumping membrane
and the piezo actuator are constant and noted as km and kp, respectively. The flexible
blade is assumed to fully transmit the piezo force without storing elastic energy in a first
approximation.

For a given position z of the pumping membrane (see Figure 7), the restoring forces of
the pumping membrane Fm and the piezo actuator Fp onto the flexible blade are:

Fm = km

(
δ1

2
− z
)

(19)

And
Fp = kp(δ2 − δ0 − z) (20)

In the presence of a gradient of pressure ∆P between the pumping cavity and the
external environment of the micropump, the sum of the forces onto the blade at equilibrium
is equal to zero:

− ∆PSm + Fm + Fp = 0 (21)

where Sm is the surface of the pumping membrane. This equation can be rewritten as:

∆PSm = −z keq − C (22)

where the equivalent stiffness keq of the system is:

keq = km + kp (23)

And C is a constant equal to:

C = −kq(δ2 − δ0)− km
δ1

2
(24)

Applying a voltage V to the piezo actuator leads to an additional force F(V) that
satisfies, at equilibrium, the following equation:

F(V) = ∆PSm + z keq + C (25)

After assembly, using V = 0, ∆P = 0, and z = δ2, Equation (25) leads to:

km

(
δ1

2
− δ2

)
= kpδ0 (26)

Based on this simple model, compression tests #3 and #4 can be built to derive the
equivalent stiffness keq experimentally.

Compression test #3:

• Activate the piezo to pull down the pumping membrane up to z = 0 (PULL position);
• Apply a vacuum to the outlet valve port to vent the pumping chamber;
• Apply a large pressure (>+ 1 barg) to the outlet valve port to force the valve closed;
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• Set the piezo voltage to V = 0 to release the actuator and compress the air in the
pumping chamber; the pumping membrane moves from position z = 0 to z = δ3.

Compression test #4:

• Activate the piezo to pull down the pumping membrane up to z = 0 (PULL position);
• Apply a vacuum to the outlet valve port to vent the pumping chamber;
• Apply a large pressure (>+ 1 barg) to the outlet valve port to force the valve closed;
• Set the piezo voltage to a value V to move the pumping chamber up to the position

z = δ4.

At the end of compression #3, the pumping membrane moves from position z = 0 to
z = δ3 (see Figure 7). During compression #4, the piezo voltage will allow a movement of
the piezo membrane up to an intermediate position z = δ4 with δ2 < δ4 < δ1 as illustrated
in Figure 7.

The detailed calculation of the expression of keq that only depends on measurable
pressures or parameters that are well controlled in MEMS fabrication is provided in Ap-
pendix A.

Finally, the equivalent stiffness keq of the system can be written as:

keq =
∆P3Sm

δ2 − δ1γ
(27)

where

γ =

∆P3
P3

∆Pmax
Pmax

(28)

2.2.7. Actuator Blocking Force

The actuator blocking force can be evaluated by analyzing further the compression
#4 test. A voltage is applied to move the pumping membrane to an intermediate position
z = δ4 with δ2 < δ4 < δ1. A voltage V = Vmax/2 , where Vmax is the maximum voltage
applied on the piezo electrodes during functioning was chosen here according to the
characteristics of the actuator [28,29].

Hence, the active force generated by the piezo at Vmax/2 is equal to Fb/2 where Fb is
the blocking force or the maximum force of the actuator.

After compression #4, Equation (25) becomes:

∆P4Sm + δ4keq + C =
Fb
2

(29)

Combining Equations (A4), (A5)—see Appendix A—with (29) gives:

(∆P4 − ∆P3)Sm +
δ1keq
∆Pmax
Pmax

(
∆P4

P4
− ∆P3

P3

)
=

Fb
2

(30)

By introducing the expression of keq given in Equation (28) into Equation (29), the
blocking force formula can be derived:

Fb = 2Sm

∆P4 + ∆P3

 ∆P4
P4
− ∆P3

P3

∆Pmax
Pmax

(
1− ∆P2

∆Pmax

)
− ∆P3

P3

− 1

 (31)

The blocking force formula is a function of the pressures measured by the integrated
sensors after the four compression tests and the surface of the membrane that is well
defined during the lithography process.
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2.2.8. Maximum Pumping Pressure

The maximum micropump differential pressure ∆POUT max is equal to the maximum
back pressure the micropump can work against. This pressure can be evaluated experimen-
tally by closing the micropump outlet and pumping at full speed until reaching maximum
pressure. The flow rate of a micropump that experiences a back pressure ∆Pmax is equal
to zero.

An alternative parameter is a maximum pressure ∆POUT max
′ the micropump can

generate when the pumping membrane is still able to reach the upper mechanical stop
(PUSH position—see Figure 7) without generating any reaction force. If the following pull
movement of the pumping membrane is fast enough to close the outlet valve instanta-
neously, the micropump is still able, at this pressure, to infuse the nominal stroke volume of
liquid because there is no backflow from the outlet and the pumping membrane performs
a complete stroke. These considerations are valid for an antifree-flow outlet valve having a
reference port vented (see Figure 4).

An estimation of ∆POUT max can be made by writing the equilibrium of forces onto the
pumping membrane submitted to the maximum piezo force Fb:

Fb = ∆POUT max
′ Sm + δ1keq + C (32)

Combining (A6) and (32) yields:

∆POUT max
′ = ∆P3 +

Fb + δ1keq(γ− 1)
Sm

(33)

Equation (32) can be rewritten using only measurable pressures as follow:

Pout MAX
′ = 2∆P4 + ∆P3


2
(

∆P4
P4
− ∆P3

P3

)
(

1− ∆P2
∆Pmax

)
∆Pmax
Pmax

− ∆P3
P3

− 1− 1

1− ∆P2

∆Pmax

1−
∆P3
P3

∆Pmax
Pmax



 (34)

Using standard actuation profiles, with controlled displacements of the piezo actuator,
the back flow will occur through the outlet valve, and volume accuracy is expected to be
reduced at Pout MAX

′. In this later configuration, the value derived in Equation (34) is rather
an estimation of the maximum pressure that can generate the micropump.

2.2.9. Test Setup

The setup used to actuate the piezo, monitor the pressure signals, and control the
pressure of the vent of the outlet valve consists of a custom sample holder, a PCB with spring
contacts to connect the piezo and the micropump electrically, and a pressure controller
PACE5000 (General Electric, Boston, MA, USA). A photo of the sample holder is shown
in Figure 8. Three AA batteries were used to power the pressure sensors, while the high
voltage for piezo actuation was obtained using an amplifier from AA-Lab Systems 400V. Test
automation was performed using DAQ USB-Ni-6221 and Labview (National Instruments,
Austin, TX, USA).
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located beneath the substrate, is not visible here. (b) Sample holder after positioning of the PCB for
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sensors and to control the outlet valve vent port.

3. Results
3.1. Nominal Pressure Profile

The main critical-to-quality parameters of the micropump (see Sections 2.2.1–2.2.4) can
be analyzed in a single test sequence. The bipolar actuation profile of the piezo actuator is
shown in Figure 9. The resulting pressure profile, monitored by the pressure sensor located
inside pumping chamber, is presented in Figure 10. The pumping cavity is first vented
to estimate the reference pressure (here about −10 mbar) for the valve pretensions. The
first actuation cycle (PULL/PUSH) is used to determine the outlet valve pretension that
corresponds to pressure just after the positive peak at t = 2.6 s. An additional PULL allows
the determination of the inlet valve pretension by measuring the pressure after the negative
peak of pressure at t = 4.25 s. The vent of the pumping cavity at t = 6 s is immediately
followed by the application of a large pneumatic pressure to force the outlet valve closed.
Pretension values of +105 and −101 mbar are obtained here. Compression test #1 is then
performed, and the leak test is initiated at about t = 8 s. The maximum pressure is recorded
to derive the value of the compression ratio ε = 0.816 and the stroke volume SV = 201 nL
using Patm = 963 mbar (atmospheric pressure QFE at Lausanne [41]). The pressure at
t = 10 s is compared to a reference value to determine if the leak rate is acceptable or if the
micropump will be discarded. If the leak rate is within the specifications, the measurements
and analysis of the other parameters can be performed. Micropumps showing valve
pretensions or compression ratio out of the acceptance range are discarded too.

Such a test sequence could be achieved in a few seconds and is suitable to detect the
different failure modes of the device. Typical examples of pressure profiles under failure
conditions are provided in the results section.

3.2. Failure Detection

Any failure of an element of the micropump will induce a significant change in the
nominal pressure profile. The careful analysis of the pressure profiles collected using
automated equipment is very useful to determine the yield detractors in production and to
anticipate any potential deviation during manufacturing that could impact the quality of
the devices over time.

Typical pressure profiles that correspond to the main failure modes of a piezoelectric
micropump are provided in Figure 11.

Except in the case of very large leakage that does not allow any pressurization of
the pumping chamber (see Figure 11a), the analysis of the pressure profile enables the
determination of a single failure mode or multiple failure modes. Figure 11b,d,f show a
leaky micropump, a micropump with both valves stuck, and a combination of the two
failure modes, respectively. Figure 11g shows a leaky micropump with a piezo poling issue.
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The application of voltage opposite to poling leads to a movement in the wrong direction
(positive pressure peak instead of negative at t = 1 s) followed by a repolling, at high
voltage, of the piezo along the applied electrical field. Single-valve stiction is observed in
Figure 11c for the inlet and in Figure 11e for the outlet. Finally, a nonfunctional outlet valve
vent port (either clogged or leaking) does not allow the control of the outlet valve, and some
features of the micropump cannot be evaluated during the dry test (e.g., compression ratio).
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Figure 10. Typical pressure profile of a functional micropump during the dry test sequence. Positive
(and negative) peaks of pressure are induced by the push (and pull) movement of the actuator. The
arrows indicate the actions on the outlet valve (venting or pressurization to force the valve closed)
and the measurement points for the estimated parameters. The compression test followed by the
evaluation of the leaks is performed together with the application of a large pressure at the outlet
valve vent to keep it closed. Before this final test, a venting of the pumping chamber at t = 6 s is
performed to improve measurement accuracy.
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Figure 11. Pressure profiles of micropumps that fail during the functional dry test in production.
The vertical axis is the relative pressure in the pumping chamber in bar, while the horizontal axis
is the time in milliseconds. A non-exhaustive list of failure modes is shown here: (a) large leakage;
(b) medium leakage; (c) inlet valve stuck; (d) inlet valve stuck and leakage; (e) outlet valve stuck;
(f) inlet and outlet valves stuck and leakage; (g) leakage and inverted piezo poling that induces a
positive peak of pressure at t = 1 s; (h) vent issue that does not allow the pneumatic control of the
outlet valve during the dry test.
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3.3. Extended Dry Tests for Piezo Actuator Assembly Characterization

The dry test described previously can be extended to determine typical characteristics
of the piezo actuator performances after assembly onto the substrate and coupling to the
pumping membrane. According to the methods described in Sections 2.2.5–2.2.8, a voltage
actuation profile can be built to perform each specific compression test, as illustrated in
Figure 12. Compression test #2 was performed after compressions #3 and #4 to account
for the relative position of the pumping membrane during the test and thus limiting the
test duration. The device under test successfully passed the routine sorting tests in the
front end and back end. The micropump was assembled with a piezo having a certificate of
conformity delivery by the manufacturer. The estimated micropump and piezo actuator
characteristics will be therefore compared to specifications.
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Figure 12. Piezo voltage in bipolar configuration during an extended dry test sequence. A full PUSH
(and PULL) corresponds to an applied voltage of +200 V (and −200 V). From t = 0 s to t = 10 s, the
sequence is equivalent to the dry test sequence shown in Figure 9.

Figure 13 shows a typical experimental pressure profile of the extended dry test of a
functional micropump.

From the pressure data shown in Figure 13, the following parameters can be retrieved
using the formula derived in Sections 2.2.5–2.2.8:

Mo f f = −7.73%

keq = 63615 N/m

Fb = 2.352 N

Pout MAX = 1.255 bar
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The different pressure gradients refer to the compression tests described in the previous sections.
Pval IN and Pval OUT are the inlet and outlet valve pretensions, respectively.

4. Discussion

The combination of a Design-for-Test and specific pneumatic test methods provides
fast, reliable, and quantitative characterization of the micropump after packaging. The
main output parameters of the micropump can be estimated, and the determination of the
device functionality is straightforward: the test results are compared to specifications, and
any deviation leads to a failed test, and the micropump is then discarded.

The data analysis is based on considerations about the micropump dynamics. Exper-
imental results were coupled with numerical simulations to determine, for instance, at
which time of the test sequence the valve pretensions Pval IN and Pval OUT will be evaluated
to match the theoretical value of ±100 mbar [28,29]. Indeed, the first positive peak of
pressure at about t = 2.5 s corresponds to the opening of the outlet valve when the pressure
in the pumping chamber exceeds Pval OUT . The gas flows out of the pumping chamber
during this peak of pressure. The pressure decrease corresponds to a progressive closure
of the outlet valve. A pressure plateau at about 100 mbar follows the peak of pressure.
Valve leakage can be evaluated at this stage (see e.g., the exponential pressure decay in
Figure 11b), but a more reliable estimate is obtained during compression test #1, which
is about 8 times more sensitive due to the larger pressure in the pumping chamber. An
equivalent leak rate as low as a few nL/h of insulin can be measured during this test. From
Figure 10, the estimated inlet and outlet valve pretensions of +105 mbar and −101 mbar,
respectively, together with the compression ratio value of 0.816, indicate that the tested
micropump meets the specifications [28,29].

It is important to note that the purpose of the dry test is not to determine the exact
value of specific mechanical characteristics but rather to verify that the device is safe and
effective. Indeed, the large variability of critical parameters, including the valve pretensions,
is due to manufacturing tolerances (up to ±30% at 3σ). The designer will consider this
variability as a design input so as not to make patient safety conditional on too narrow
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tolerance and thus acceptance criteria for the functional test. As an example, a direct and
noncontact measurement of the membrane displacement upon actuation provides a better
estimate of the stroke volume that its derivation through compression test #1. On the other
hand, the control of the etch process of the pumping cavity, coupled with the dry test
described previously, provides good confidence that the micropump will infuse insulin
with accuracy. However, to improve test accuracy, e.g., for a sake of process control, it is
possible to calibrate in situ the integrated pressure sensors. The outlet valve is forced open,
while a pressure controller generates the test pressure. Pressure sensor offset and linearity
can be measured during this test to make the contribution of these sensors to the overall
dry test error negligible.

The functional dry test can further provide strong evidence of the failure mode as
illustrated in Figure 11. However, this analysis must be performed in a precise order
because some failures can mask others. The presence of a large leakage flattens the pressure
signals, and the test method is no longer effective. In addition, for a micropump that
successfully passes electrical tests, the determination of the compression ratio is only valid
if the leak rate is within specifications, the valves are not stuck, and the pneumatic control
of the outlet valve is operational. Note that electrical failures are discarded prior to the dry
test. Under these conditions, this dry test proves to be a powerful tool in process control to
determine the failure modes.

These remarks apply to the extended dry test that aims at providing quantitative data
about the performance of the piezo actuator after assembly to the substrate and connection
to the micropump. The test sequence includes several compression tests (from #2 to #4.)
that were used to determine the estimations of the pumping membrane offset, the blocking
force, and the maximum pressure at the outlet. From the measured pressure gradients
∆P1 to ∆P4, the formulae described in Sections 2.2.5–2.2.8 lead to numerical values that
are consistent with the specifications of the piezo actuator: blocking a force larger than
2N, membrane offset better than ±40% and maximum outlet pressure of the micropump
(>+1 barg). Again, the objective of this extended dry test is not to determine the exact
value of these parameters but rather to verify that the piezo assembly allows the correct
functioning of the micropump.

Test automation is crucial in mass production. Test equipment able to characterize
four micropumps in parallel was developed by ST Microelectronics. Test duration can be
reduced to only a few seconds (typically 5 s) to ensure that this functional test is not the
bottleneck of production. The means to secure the device traceability were implemented
to comply with FDA 21 CFR Part 820 [42]. The validation of the test equipment included
measurements of functional and nonfunctional micropumps using the test setup described
in the present document and the replication of the test on the automated machine.

The test method is partly used in the field to check, after unpacking the device but
before the filling of the insulin reservoir, that the system is functional. This built-in self-test
consists of performing actuation cycles and monitoring the pressure sensor signals. The
pressure profiles are like a dry test performed in production except for the last compres-
sion test #1, which cannot be performed because the outlet valve is not controlled. The
failure detection algorithm mimics the approach used during the dry test. Since the test is
performed before filling, only the micropump is discarded and no insulin is lost. In use,
the micropump functionality is continuously monitored. Additional failure modes can be
analyzed including air detection, partial or total occlusion, insulin reservoir over or under
pressure, empty reservoir, etc. A detailed description of the pressure profiles during both
basal and bolus modes is provided in the references [28,29].

5. Conclusions

A Design-for-Testability and dry test methods for insulin MEMS micropumps were
presented. Samples were manufactured and tested to demonstrate that the main output
parameters of the device can be measured in a few seconds and without risk of contamina-
tion. It has been shown that these dry tests can determine the device functionality but also
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the nature of the potential defects. Further, a simplified built-in self-test can be performed
to monitor the device functionality in the field. The methods presented here are generic
and can be implemented in mechanical micropumps that include means to monitor the
pressure in the pumping chamber and to control the outlet valve.

This paper focuses on postproduction tests, but pneumatic tests at the wafer level are
also of great interest. Future research includes the generation of pressure by the device
itself or the functionalization of the wafer chuck to enable the pneumatic actuation of the
pumping membrane. The membrane displacement could be obtained using a noncontact
method or through the measurement of the pumping chamber pressure using electric
probes to monitor the pressure sensor signals.
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Appendix A

Detailed derivation of the equivalent stiffness of the system
Applying Equation (2) during compressions #3 and #4 yields:

Patm(VD + VS) = P3

(
VD + VS

(
δ1 − δ3

δ1

))
(A1)

And

Patm(VD + VS) = P4

(
VD + VS

(
δ1 − δ4

δ1

))
(A2)

Using Equation (3), the membrane positions δ3 and δ4 can be expressed as a function
of measurable pressures only:

δ3

δ1
=

∆P3
P3

∆Pmax
Pmax

(A3)

And
δ4

δ1
=

∆P4
P4

∆Pmax
Pmax

(A4)

During compression #3, the piezo actuator is not powered, and F(V) = 0. Thus, at
equilibrium, Equation (25) takes the form:

∆P3Sm + δ3keq + C = 0 (A5)

Combining Equations (A2) and (A5) leads to an expression of the constant C:

C = −∆P3Sm − δ1γkeq (A6)

where

γ =

∆P3
P3

∆Pmax
Pmax

(A7)
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The combination of Equations (24) and (A6) yields:

km

(
γδ1 −

δ1

2

)
+ kp(γδ1 + δ0 − δ2) = −∆P3Sm (A8)

Introducing Equation (26) into (A8) yields:

km

(
γδ1 −

δ1

2

)
+ kp(γδ1 − δ2) + km

(
δ1

2
− δ2

)
= −∆P3Sm (A9)

Simplifying Equation (A9) provides an expression of keq that only depends on measur-
able pressures or parameters that are well controlled in MEMS fabrication:

keq =
∆P3Sm

δ2 − δ1γ
(A10)
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