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Liquid seal for compact micropiston actuation at

the capillary tip

Antoine Barbot'*, Maura Power’, Florent Seichepine', Guang-Zhong Yang?*

Actuators at the tip of a submillimetric catheter could facilitate in vivo interventional procedures at cellular scales
by enabling tissue biopsy and manipulation or supporting active micro-optics. However, the dominance of fric-
tional forces at this scale makes classical mechanism problematic. Here, we report the design of a microscale piston,
with a maximum dimension of 150 pm, fabricated with two-photon lithography onto the tip of 140-pum-diameter
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capillaries. An oil drop method is used to create a seal between the piston and the cylinder that prevents any
leakage below 185-mbar pressure difference while providing lubricated friction between moving parts. This piston
generates forces that increase linearly with pressure up to 130 pN without breaking the liquid seal. The practical
value of the design is demonstrated with its integration with a microgripper that can grasp, move, and release
50-pm microspheres. Such a mechanism opens the way to micrometer-size catheter actuation.

INTRODUCTION

With increasing demand for targeted therapy and cell-based inter-
vention, there is a growing interest in the development of new
microtools that can be used for in situ and in vitro applications (I).
Scaling down and assembling conventional tendon-driven surgical
tools become infeasible when below a few hundred micrometers due
to increasing surface friction forces. On the other hand, microscale
tools with electromechanical actuators necessitate a large actuator
footprint compared to the end effector and can have a relatively low
output power. Alternative solutions have, therefore, been proposed
to bring actuation to microscale tethered tools. Stimuli-responsive
materials, such as light-actuated polymers, have been demonstrated
to create grippers that can be placed at the end of optical fibers (2).
Magnetic forces have also been used to actuate catheters and other
medical tools with an external magnetic field. An electromagnet em-
bedded at the tip of a 5-mm catheter to actuate a millimetric gripper
has been demonstrated (3). One major drawback of the magnetic
approaches is the rapid decay of the field gradient with distance,
which requires electromagnets of several centimeters (4) placed close
to the gripper or within a magnetic resonance imaging machine (5)
to achieve sufficient force at smaller scales. Moreover, the forces
generated by electromagnets and shape-memory materials scale
down with the volume of the material and, thus, these forces become
negligible for smaller designs compared to surface-based forces such
as pressure or friction. More efficient pneumatic-based actuators
compared to the previously mentioned technologies have been re-
ported at micrometer and millimeter scales with a larger force output
of two to three orders of magnitude (6). To provide actuation at the
scale of a few hundreds of micrometers, we propose the combina-
tion of pneumatic actuation and surface tension to drive a piston that
is attached to the distal end of a 140-um-diameter glass capillary.
The translational motion of the piston could serve as the basis of
many different micromechanisms such as biopsy grippers (7),
targeted delivery systems, and single-cell manipulation or for the
orientation of micro-optics on microcatheter tips. A microgripper
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is chosen in this work to demonstrate the usability of the micropiston.
One advantage of pneumatic actuation is that the achievable forces
remain relatively large at microscales. Pressure forces depend on the
surface and they scale down by a power of 2, whereas volumetric
forces, such as magnetism, heat, or light, scale down by a power of
3. However, scaling down from mesoscale to microscale itself raises
many challenges. Namely, to design a basic piston capable of gener-
ating mechanical force and consequently induce a displacement, a
pressure differential needs to be maintained. One approach to this
is to maintain a small clearance between the piston and cylinder.
This solution was proposed for a microscale actuator design where
the piston is enclosed in a compartment filled with fluid. However,
leakages occur at the location where the moving parts go out of this
compartment (8), thus preventing its use for medical applications.
Moreover, such mechanism requires two pressure connections on
both sides of the piston, which can complicate the system design or
require the use of a fluid resonator (9). For practical deployment, it is
desirable to find an approach with a seal between the outer cylinder
and the piston of the pneumatic mechanism. In certain cases, this
can be achieved by using inflatable and deformable parts (10-12),
but their design with micrometric precision at the tip of a capillary
remains highly challenging. Therefore, we choose to use surface ten-
sion forces between air and gas to provide the seal. Surface tension
effects scale linearly with size and are therefore desirable when con-
sidering micrometer-sized features. Unlike friction forces, they pro-
vide smooth and well-modeled forces and have been used for the
control (13) and propelling (14) of floating microrobots. Moreover,
capillary force actuation also provides compliance, which is useful
against shocks and for interaction with soft substrates. This liquid
seal approach was used previously at the millimeter scale for actuators
fabricated by subtractive manufacturing (15) and was also integrated
into two-dimensional (2D) substrates (16, 17). In this work, we pro-
pose a compact micropiston designed at the tip of a 140-pm flexible
capillary to allow the use of such actuators for microcatheter-based
interventions.

For a micrometer-scale pneumatic actuator using liquid to close
the gap between the piston and cylinder, a high-pressure difference
is necessary to deform the liquid/gas interface. Below this threshold
pressure difference, the liquid acts as a seal for the piston, as shown in
Fig. 1A. Similar phenomena have been used for removing bubbles
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Fig. 1. Principle of operation of the proposed micropiston. (A) Schematic of the microscale physical interaction at the seal formed by surface tension between gas and
liquid. (B) Microscopic pictures of the micropiston actuation. The corresponding actuation video is available in movie S1. (C) The SEM picture of a micropiston integrated
into a compliant gripper. (D) Demonstration of the gripper while grasping a microsphere.

in microfluidic chips (18), passive pressure difference valves (19),
and microactuators using electrowetting (20). In this article, we
propose a monolithic fabrication approach based on two-photon
polymerization (2PP) to create a microscale tool capable of fitting
within a 150-um cube space and controlled by a pneumatic actuator
that relies on a liquid seal made with silicone oil (SYLGARD 184
Silicone Elastomer). To ensure biocompatibility of the micro-
actuators, both the photoresist (21) and the silicone oil (22) used
to fabricate the device are noncytotoxic materials. Figure 1B gives
an overview of the piston actuation. We first propose a model of the
liquid seal to derive the relationship between the maximal pressure
difference to the surface energy between the liquid and the 2PP
photoresist. This model was then used to design and fabricate an
appropriate geometry, which was used for experimental measurements
to compare with theoretical predictions of pressure required to break
the oil seal. We then characterized the piston’s mechanical behavior
by measuring the relationship between displacement and force due
to varying applied pressure amplitudes and frequencies. The durability
of the devices was then assessed by repeatedly testing under cyclic
pressure loading and unloading. Last, we show how this micropiston
fabrication method can be integrated into a more complex microsystem
by actuating a compliant microgripper at the capillary tip, as shown
in the SEM image in Fig. 1C. As a case study, we demonstrate its
functionality by grasping, transporting, and releasing a 50-um
microsphere, as shown in Fig. 1C. Preliminary work on the fabrica-
tion of air micropiston actuated air underwater has been presented
at the International Conference on Manipulation, Automation and
Robotics at Small Scales (MARSS) 2018 as an oral presentation.
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RESULT

Surface tension seal model

At a liquid/gas interface, there is a difference between the strong
cohesion force of the liquid molecules with other liquid molecules
and the weak forces between the liquid molecules and gas molecules.
This induces a pressure difference between the two phases. The
Laplace equation describes this pressure difference as a function of
the curvature of the interface

ol h)

with o representing the surface tension between the liquid and the
gas, and r; and r, denoting the two principal minimal radii of cur-
vature of the gas/water interface.

We are interested in the case where a liquid volume forms a seal
in a micropiston gap. In this configuration, the liquid seal remains
intact as long as the pressure difference (Ap) on the two sides of the
piston does not exceed the threshold to push the gas through the
cylinder piston gap. The wetting state of the piston and cylinder sur-
face imposes the following two scenarios.

In the first scenario, when the liquid is pushed away, the surface
is dry. This is illustrated in Fig. 2 (inset A). In this case, the angle
formed between the air/liquid interface and the solid (6.) needs to
be smaller than the advancing contact angle. By using the notation
used in Fig. 1A, we obtain

(1)
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Fig. 2. Theoretical evolution of seal maximum pressure difference value with
the piston cylinder gap. Scenario with wet and dry surface is shown for water and
the chosen silicone oil.

where d is the gap between the piston and the cylinder. Because, in
this work, r; is more than 10 times larger than r;, we can neglect its
impact on Eq. 1. Therefore, the seal is intact when the following
condition is held

Apary < ZGCZS 0, 3)

In the second scenario when the liquid is pushed away, the sur-
face remains wet. This is illustrated in Fig. 2 (inset B). In this case,
by assuming an infinitesimally small wetting layer, the minimal ra-
dius of curvature (r1) to push the air through the seal gap is

ry> g (4)

and, therefore, the maximum pressure difference (Apyet) conditions is

Apyer < 270 (5)

Figure 2 describes the theoretical relationship between the piston/
cylinder gap versus the maximal pressure difference supported by
the liquid seal for the two different conditions (as described above
and illustrated in the figure insets). For this calculation, the surface
energy of water and silicone oil was considered to be 0.072 N m™"
(23)and 0.035 N m™! (24), respectively. The viscosity of the silicone
oil was 5.1 Pa-s. The contact angle with the piston material (IP-dip)
was measured to be 65° + 3.9° for water and 33° + 3° for silicone oil.

There are two primary trends that can be observed from these
curves. First, the wet condition always results in a larger pressure
difference because the surface curvature radius needs to be smaller
to fit through the gap. Second, the calculation for oil and water
remains identical to the dry condition. Water has a greater surface
energy than silicone oil, but this can be compensated for in Eq. 3 by
water’s large contact angle with the photoresist.

In the following sections, most of the characterization of the piston
was performed with silicone oil. However, we also measured the
breaking threshold of the seal in water for comparison. From this,
we can deduce whether the piston is in the dry or wet condition and
estimate the piston/cylinder gap size during the actuation. It is chal-
lenging to estimate this gap during actuation owing to fabrication
variability, resulting in the likely imperfect concentricity of the piston
and outer cylinder.

Barbot et al., Sci. Adv. 2020; 6 : eaba5660 27 May 2020

Fabrication and experimental setup
A 2PP direct laser writing system (Photonic Professional GT,
Nanoscribe) was used to directly fabricate the micropiston and
microgripper onto the end of the glass capillaries. Figure 3 (A and B)
shows side by side the schematic and scanning electron microscope
picture of the micropiston, respectively.

To prevent the central part of the micropiston structure from
moving during 2PP fabrication, a low-stiffness spring was printed
to link it to the base of the outer cylinder. This spring is shown in
Fig. 3A. After fabrication, the capillary micropiston assembly was
dipped in a 20% silicone 0il/80% isopropyl alcohol solution. By
capillary action, the solution travels inside the capillary through the
piston/cylinder gap. The mechanism was then left to dry for at least
2 min, allowing the alcohol to evaporate and leaving behind oil in
the most confined space located at the piston/cylinder gap. This step
was repeated four to six times until the seal of oil on the piston could
be observed under a microscope by a layer more than 10 um on one
of the sides. Movie S2 shows a recording of this step.

After the fabrication of the oil seal, the assembly was connected to
a pneumatic circuit. This circuit consisted of two pressure reservoirs
connected to a pump and a vacuum generator (Dolomite, Mitos
Fluika pump), respectively, to apply a positive or negative pressure
difference to the piston. A switch allowed the connection of the cap-
illary between these two reservoirs to be swapped as shown in Fig. 3B.
In this experiment, the switch had a maximum operating frequency
of 15 Hz. Figure 3C shows a schematic of this pressure circuit. The
micropiston could then be characterized by either measuring its
displacement or the force generated. For the displacement, a micro-
scope camera (AxioZoom V16, Zeiss) (2 um pixelf1 resolution)
recorded the movement of the piston. This recording was then
analyzed frame by frame by custom software, using OpenCV (25)
for image processing, which tracked the piston position relative to
the cylinder. To measure the piston force, a capacitive force sensor
was used (FEMTO tool FT-S100000 Microforce Sensing Probe).
Both the piston and the sensor were each mounted on the top of a
4-degree of freedom micromanipulator robot (Imina miBot Micro/
Nanomanipulators). The tip of the force sensor was placed close
to the retracted piston, as can be seen on the right of Fig. 3, with a
maximum distance of 5 um.

Micropiston characterization
By operating the switch between the pressurized reservoir at regular
intervals, a square wave pressure input was applied on the inner side
of the piston with a 50% duty cycle. In the following section, we
quantify this signal by considering the difference between the applied
pressure and ambient pressure, which correspond to Ap in the pre-
vious equations. Therefore, we first characterized the displacement
amplitude of the piston for an applied square wave pressure differ-
ence. The position of the piston was analyzed by tracking the piston
tip and the cylinder edge on recorded microscope view. More details
on the tracking are available in Materials and Methods and section S2.
Figure 4A shows this result for a frequency up to 8 Hz and an
input pressure difference with amplitudes ranging from 100 mbar
(50 to =50 mbar) to 400 mbar (200 to —200 mbar). For frequency
lower than 2 Hz and pressure difference higher than 100 mbar, the
maximum achievable displacement was 35 um. For higher frequencies,
this displacement was reduced. This damping is mainly due to viscous
drag of the oil seal moving in between the piston and the cylinder.
The characterization of the force amplitude for a square wave input
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Fig. 3. Micropiston fabrication and setup. (A) Cross-sectional view of the micropiston design. (B) SEM image of the piston printed by 2PP directly on the tip of a glass
capillary. (C) Pneumatic circuit and imaging setup for the proposed micropiston actuation. The figure displays the two possible configurations: one to study the displace-
ment of the piston and the other to study the corresponding force.

175
—— Loading
35 1504 — Unloading
5_30' 1251
‘ézs— 3100—
o) Breaking of the
g_ | =¥ +150/-150 mbar £ surface tension seal
@ 157 - +200/-200 mbar 504
a
101
25
5 |
o1
1 2 3 4 5 6 8 0 50 100 150 200 250
Frequency (Hz) Pressure (mbar)
A B
140
1204 1h7) | A\ \oEr2 M Norl N fang /
100 W T ] [\ ]
: - T A
. . T Y W
S a0 || Ll [ \ ]
2 || [ [ |/
0 ] N \/
010 015 le 1j5 ZjO 010 011 0;2 0j3 0.‘00 0.‘05 O.iO 0.‘15 OAIOO 0.‘05 0.‘10
Time (s) Time (s) Time (s) Time (s)
C

Fig. 4. Displacement and force characterization of the micropiston for different pressure inputs and frequencies. (A) Amplitude of the micropiston at different
frequencies and with different supplied pressure differences. Each data point is derived from the average amplitude of five full cycles of actuation, and the associated
error bar of each data point shows the SD. (B) Graph of the force measured at the piston tip during a loading/unloading pressure cycle. (C) Graph of the force measured
at the piston tip actuated by an input pressure with a square waveform at various frequencies (1, 6, 10, and 14 Hz). Intermediate frequency is available in section S1.
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pressure at different frequencies did not show substantial damping,
as can be seen in Fig. 4. Therefore, we can conclude that pressure is
not lost in the pneumatic circuit with increasing frequency. In the
force experiment, the movement of the piston was reduced to a max-
imum of 5 um for the piston to contact the force sensing probe and
thus the viscous drag from the seal movement was reduced. More-
over, the maximum force does not seem to reduce between cycles.

The relationship between the input pressure applied to the piston
and the consequent force applied by the piston to the tip of the sensor
was measured. The input pressure ranged from 0 to 240 mbar in
10-mbar steps, as presented in Fig. 4B. For applied pressures up to
160 mbar, this relationship was linear with a slope of 0.79 mbar uN"".
This slope is less than, but still on the same order of magnitude as,
the theoretical slope based on the assumption that the pressure is
applied on all of the cylinder surfaces, in which case the value would
be 0.95 mbar uN"". At 180 mbar, the oil seal breaks and thus reduces
the pressure difference between the two sides of the piston. This
is reflected in the graph describing the input pressure-to—output
force relationship in Fig. 4B. With the seal broken, the slope reduces
to 0.54 mbar uN .

While cycling the pressure, a hysteresis between these two regimes
was observed as the seal broke between 180 and 190 mbar and was
fully recovered when the pressure was reduced back to under 150 mbar.
A video recording of the breaking of the seal in oil and water is
shown in movie $4, along with microscope images in section S3. The
breaking of the seal was measured on five consecutive experiments
with both oil and water seal. For oil, breaks happened in between
185 and 208 mbar. For experiment in water, the piston was immersed
in a water container to create the seal and breaks happened in be-
tween 357 and 402 mbar.

As water evaporates quickly in air, it is therefore impossible to
form a droplet water seal that can be stable over prolonged periods
of time. To measure the maximum pressure difference of the seal, in
the case of water, the piston was immersed in a container of water.
Therefore, all of the external volume of the piston and the piston/
cylinder gap were filled with water by capillarity. In this experiment,
only one gas/liquid interface was created, allowing an efficient seal
only while pushing with a positive pressure on the inner part of the
piston. A gas/liquid interface can sustain a difference of pressure
owing to the energy change required to expand the liquid front. It is
the base mechanism of most passive microfluidic valves (19). How-
ever, in the case of the piston/cylinder gap, this pressure difference
is smaller than the one required to bend the liquid surface through
the micrometer-scale gap. The pressure difference required to expand
the liquid interface through the piston/cylinder gap was only 5 mbar,
as reported in section S4.

Multiple loading and unloading tests with a 160-mbar pressure
difference were also conducted, with an oil seal piston, to study the
repeatability of the actuation and reproducibility of the force mea-
surements. The same pressure control setup was used for each of
these tests, and the force at the piston tip was measured by the force
sensor. Figure 5 shows a superposition of the measured forces for
80 consecutive tests, as well as the maximum difference and SD be-
tween the tests.

Microgripper

The proposed micropiston offers displacement and force control in
a compact system at the microscale by using a 2PP monolithic fab-
rication approach. This allows the piston design to be integrated at
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the tip of a flexible capillary, hence opening the path to the design of
various piston-based micromechanical tools at the end of the micro-
catheter. To demonstrate this, and to assess the practical value of such
microscale actuator, a pneumatic gripper was designed by linking
the piston and the cylinder to a compliant mechanism.

The compliant structure transforms the axial displacement of
the piston into the closing of a three-finger gripper, as shown in the
cross-sectional view of the design in Fig. 6A. The design and fabri-
cation of a similar mechanism printed by 2PP have previously been
discussed (7).

With this gripper, we successfully performed a task involving the
grasping, transport, and release of a 50-um microsphere as illustrat-
ed in Fig. 6 (B to D). For this experiment, the gripper was fixed to a
three-axis micromanipulator (Thorlab PT3) and held horizontally.
The 50-um bicolored polyethylene microspheres (Cospheric HCMS-
BLK-WHT) were placed on a microscope glass slide. The pattern
on the microsphere allows for better visualization and contrast
during the experiments. The microscope glass slide was fixed 20°
from the vertical to ensure adequate microscope visualization during
the experiment.

DISCUSSION

Here, we have demonstrated the practical usage of a pneumatically
actuated micropiston using a liquid seal technique. The linear be-
havior between the measured force and the pressure input as shown
in Fig. 4B demonstrates a clear advantage of the pneumatic force
solution for microactuators for which a relatively large displacement
is required. This linearity facilitates the prediction of applied force,
hence opening the way for simple and precise automated open-loop
actuation. Moreover, Fig. 5 shows that the force controlled by the
pressure input is repeatable over time with a maximum SD less than
3%. These repeatability experiments show that only less than 15% of
the tests present a bigger error (up to a maximum of 20%) whereas
the rest of them have the same trend as each other. The error of the
outlier tests may be attributed to the automation of the pressure
command as they display a bigger force than the average tests. One
advantage of this micropiston is that it is a compact microactuator
that can produce both large displacement and force. It has a force-
to-volume ratio of around 50 mN mm ™" while being capable of
achieving a displacement of 40 pm. This force-to-volume ratio is
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Fig. 6. Micropiston-based compliant gripper. (A) The design of the compliant gripper on top of the micropiston. (B) A microscope view of 50-um microsphere manipulation
with the pneumatic gripper, demonstrating (C) grasp, (D and E) transport, and (F) release of the microsphere. A video record of the experiment is available in movie S3.

comparable to the maximum force of microelectromechanical systems
(MEMS) comb drive actuators with a maximum displacement limited
by a finger spacing of 2 pm (26). Higher displacement is possible,
but the finger spacing is inversely proportional to the force (27). The
measurement of the piston force with a step increase of the pressure
presented in Fig. 4B shows a 17% difference between measured force
and the theoretically calculated force (which assumed that the input
pressure is fully experienced by the piston plate). Part of the sealing
oil remaining on the high-pressure surface of the piston is the main
factor behind this difference. If this air/oil interface stuck on the
piston bends while the pressure increases, a drop in pressure [as
explained by the Laplace equation (Eq. 1)] will reduce the total force
on the piston. Moreover, the contact with the low-stiffness spring
used to fix the piston plate during the printing process also created
two small asperities. These asperities may be filled with oil by capillarity,
thus increasing the pressure drop areas in the inner plate of the piston.
The difference between the measurement of the seal breaking between
water and the silicone oil presented suggests that the micropiston
material is wet in all the cases studied. The measured seal breaking
pressure difference is two times greater for water than oil, which is
the ratio between these two surface tensions. The wet model implies
that the minimal breaking pressure difference depends only on the
surface energy in a linear fashion, as shown in Eq. 6. Local changes
in the wetting condition of the material around the seal may explain
the maximum 12% variation for the different measurements.

By assuming the wet scenario and using Fig. 2, we can deduce
that the maximum piston/cylinder gap is between 3.5 and 4 pm. As
the designed gap was 2 pum, this seems to suggest that the piston is
slightly askew with respect to the outer cylinder. It is likely that one
side of the piston is almost touching the cylinder and, thus, leaving
an approximately 4-um gap on the opposite side. This is confirmed
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by the observation of the liquid seal breaking at a specific location
(as seen in section S3), which probably pushes the piston to one side.

There is no self-alignment of the piston due to the meniscus at
least for the steady state. The two contributing capillary forces, which
are the surface tension of the triple line and the pressure difference,
are both zero on the lateral axis. The surface tension is zero because,
as demonstrated, the system is fully wet and therefore there is no
triple line connected to the piston. The pressure is zero because the
ring around the piston forms a single drop with uniform pressure
that applies the same force on its surface for the alignment or mis-
alignment case. However, when the piston is moving, the meniscus
acts as a lubrication layer and thus provides a higher lift force on the
side of the piston that is closer to the cylinder wall (28), which re-
sults in its alignment.

An important design consideration is the choice of the sealing
material. In this study, we chose silicone oil because it does not
evaporate in our experimental conditions, thus allowing a stable seal
during experiments and even over several months for the same
micropiston. Another motivation behind choosing silicone was that
this material can be used safely in vivo and it is routinely used in
surgery (22). It should be noted that the usage of this type of silicone
oil comes with certain drawbacks in performance. It has a low sur-
face energy and a 2-um seal that can break starting from 185 mbar,
whereas solution with water can withstand pressures up to 360 mbar.
Liquid metal (15) could withstand even higher pressures. Moreover,
the high viscosity of the oil induces a large damping of the displace-
ment due to viscous friction forces. However, the combination of
low surface energy and high viscosity allows both an easy recovery
from the breaking of the seal, as well as a limitation of the airflow
rate while the seal is broken. This can be of a particular interest to
propose a robust design that can “self-heal” in the event of the maximum
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pressure threshold being exceeded. Even after the oil seal is broken,
the piston can still operate at lower actuation frequencies with a slightly
lower pressure-to-force relationship, as demonstrated in Fig. 4B.

In summary, we have presented the design, fabrication, and char-
acterization of a micropiston printed at the tip of a 140-um capillary
capable of 35-um displacement with a maximum output force of
135 pN with a driving pressure of 185 mbar. A key aspect of the pro-
posed design was the use of a liquid seal allowing such a large pressure
difference without a leak between the two sides of the piston. The
method presented is a viable alternative to solid joints, which exhibit
dominant friction force over the actuation force at this scale.

Here, we explained why the silicone oil is a good candidate for
such sealing as it is biocompatible and can recover easily from a break
of the sealing in the event of an excessive pressure difference. How-
ever, applications where high-frequency (>10 Hz) displacement is
required should use a liquid with lower viscosity. Extension of this
work would be to assess the cutoff of the piston displacement by
proposing a model of the liquid seal depending on the geometry
and liquid viscosity and surface tension. The first question will
be to assess whether a spring/damper/mass system is sufficient to
model the seal compartment as for a liquid bridge (29) and under
which consideration.

Biocompatibility and patient safety of the mechanism will need
to be validated for different in vivo applications. When used for endo-
vascular applications, traces of silicone oil could be problematic
in the bloodstream, and the potential for embolisms would need to
be investigated as well as the use of alternative biodegradable oils.
However, for natural orifice surgeries, where the oil will be washed
away by natural secretion, the use of silicone oil should not pose a
major problem. For tissue insertion, a small quantity of silicone may
remain inside the tissue. This has already been proven to be safe for
the eye (22) but would need to be investigated for other organs. Air
leakage is another concern for endovascular applications and par-
ticularly inside the arterial system. This should be prevented by
avoiding pressures close to the seal’s breaking threshold. In organ
tissues, a small air quantity will slowly dissolve in the bloodstream
and bubbles in the venous system will be filtered by the lung (30).
This quantity needs to remain small [the lethal air dose in the
venous system is around 200 ml for an adult (31)], and a leak detec-
tion system should be implemented in any case to stop the airflow.
Overall, we have demonstrated that such micropiston could provide
the actuation mechanism to drive a microtool at the tip of a catheter.
We realized a compliant gripper and demonstrated the grasping,
transport, and release of a 50-um microsphere. Such pneumatic
mechanisms could find many applications for microcatheters in
surgery. Their relatively high force compared to their size makes
them a good candidate for microbiopsy tools or active micro-optics
mechanism. It would be beneficial to examine the fabrication of
selective hydrophobic regions to control the wetting condition. This
would allow more control over the droplet position and its topology,
so that they can be used as compliant fluid joints in more complex
and self-aligned mechanisms.

MATERIALS AND METHODS

Piston printing

A 2PP direct laser writing system (Photonic Professional GT, Nano-
scribe) was used to fabricate the micropiston and gripper onto
the end of the glass capillary. The outer diameter of the capillary
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(TSP100170, Polymicro Technologies) without cladding was 140 pm,
and the inner diameter was 100 um. IP-Dip photoresist was used
following the same protocol as described in previous work (7). The
main modification to the printing technique was the temporary use
of ultraviolet-curable glue to plug the proximal end of the capillary to
prevent the photoresist from traveling too far up the hollow channel,
thus impeding the removal of the viscous photoresist during the first
step of the development in PGMEA for 45 min. To ensure a proper
development of the part between the capillary tip and the piston,
2-um holes were included in the design. These holes were then
blocked by the silicone oil and could theoretically withstand a pres-
sure difference two times larger than the pressure difference withstood
by the liquid seal between the piston and the cylinder as explained
in Eq. 1. The proximal end of the capillary was then cut and the
PGMEA was pumped in through the capillary for 20 min. Isopropyl
alcohol was then pumped through the capillary for 5 min to rinse
the structure.

Contact angle measurement

To measure the contact angle between the water or silicone oil and
polymerized IP-Dip, we first printed, by 2PP, a circle of photoresist
with a radius of 3 mm and a thickness of 1 um. The contact angle
with a 5-pl droplet of deionized water and the silicone oil was mea-
sured on a Keyence digital microscope VHX 2000 calculated using
spherical approximation (Image]J, plugin Contact Angle).

Piston displacement tracking

The tracking of the piston tip of the video was performed by using
the OpenCV library. To automatically determine the displacement
of the moving piston with respect to the outer cylinder, a custom
OpenCV-based program was written. This program analyzes videos
of the cycling piston frame by frame to track its movement over time.
A uniform white background behind the printed structure facilitates
identification of the edges of the structure using a grayscale threshold.
The user defines a grayscale threshold value and selects on the image
two horizontal lines (denoted by red and green solid lines in section
S2) along which to search for the edge of the piston and cylinder.
The program searches for the rightmost point at which the user-
defined pixel threshold is exceeded, and the identified edge is marked
with a black circle. The horizontal difference between these two detected
edges corresponds to the piston displacement for a given frame.
Figure S2 (A and B) shows the piston at the two extreme positions of
its stroke. The tracking program’s source code, with a video example,
is available at https://github.com/micropoz/line_tracking.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/22/eaba5660/DC1
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