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Abstract We have fabricated a pipette system driven by a
carbon nanotube (CNT) electroactive polymer (EAP) actu-
ator, equipped with commercially available two- and three-
way solenoid valves and experimentally estimate the suc-
tion/discharge/dropping performance for pure liquid water.
The droplets were reproducibly dispensed with an RSD %
of less than 2 % in their volume. The pipetting precision is
within the maximum permissible error defined by the ISO
8655 standard. This work shows an example of one of the
practical uses of CNT-based actuators.

1 Introduction

Automated pipette robots are generally used in medical
facilities or laboratories to transfer liquid samples between
preselected groups of containers such as PCR tubes (http://
www.tecnorama.it/en/lab-dispensing/dosorama; http:/www.
zinsserna.com/lissy2002.htm). Commercially available
pipette robots are able to perform various operations (col-
lect, weigh, inject, etc.) on liquid samples or reagent by
manipulating micro pipettes equipped. Other operations can
be performed by installing additional actuator arm/sensor
combinations, although this inevitably increases the size and
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complexity of the system. Taking a close look at a pipetting
mechanism to handle liquid materials, well-established air
displacement micropipettes have achieved widespread use.
However, even these devices do not meet the recent require-
ments of point of care testing (POCT) or in situ analysis.
POCT or in situ analysis requires characteristics that satisfy
easy handling for user, low operating voltage and downward
scalability.

Micro/nano-structured materials that can generate large
amounts of mechanical energy, such as carbon nanotubes
(CNTs), piezo ceramics (Nguyen and Truong 2004), and
shape-memory alloys (Benard et al. 1998), have been devel-
oped and put into practical use. In particular, CNT actua-
tors have several advantages over the materials currently in
use. For example, they can perform more work per cycle
than actuators based on conventional technologies and
have much higher mechanical strength. Additionally, CNTs
can be activated using a very low driving voltage of 1-3 V
(Asaka et al. 2013), which for many applications is their
greatest advantage. Other benefits include the direct conver-
sion of electrical energy into mechanical energy with reduc-
ing energy loss, high actuation strain, high strength, and
high elastic modulus. Finally, CNTs are light and durable.
These features can be utilized in applications such as micro
pumps, molecular motors, or nano robots. CNT actuators
are also considered to be attractive candidates for a wide
range of applications in fields such as medicine and robotics
due to their low operating voltage, large bending amplitude,
metal-free composition, and downward scalability.

AIST Kansai was the first to publish results on the
development of so-called “dry” CNT-EAP actuators (Asaka
et al. 2009, 2013; Sugino et al. 2009; Torop et al. 2014),
whereas Fraunhofer IPA was the first to report a functional
model demonstrating the applicability of those actuators in
macroscale devices (Addinall et al. 2014). The first device
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Fig. 1 CNT-based actuator pump. a Left to right CNT actuator, PCB cover, PCB base with flow channel, and actuator pump. b Dimensions of
flow channel. ¢ Schematic drawing of the pump. d Cross-sectional view showing the pumping scheme

resulting from a collaboration between these two institutes
was a miniaturized CNT-EAP actuator pump (Fig. 1) (Add-
inall et al. 2014) into which the carbon nanotube actuator
developed by AIST Kansai was integrated by Fraunhofer
IPA with the help of finite element method simulations
and printed circuit board (PCB) manufacturing methods
(Fig. la, c). The device was based on the concept that if
a small volume of air can be displaced by an integrated
actuator when an external electrical voltage is applied, the
change in volume (and thus pressure) within a connected
channel (Fig. 2b, d) will enable the movement (sucking and
release) of liquid.

In this paper, we at AIST Shikoku describe the fabrica-
tion of a CNT-EAP actuator driven pipette system equipped
with commercially available two- and three-way solenoid
valves and experimentally estimate the suction/discharge/
dropping performance for pure liquid water. The data
obtained show that the device operates within the maxi-
mum permissible error defined by the ISO 8655 pipetting
standard, by that the liquid discharge operated with the
CNT actuator was controlled based on voltage characteris-
tics (Kruusamée et al. 2014) and the liquid discharge could
be simply controlled by the applied voltage. This study
demonstrates one of the practical applications of CNT-
based actuators.
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2 CNT actuator driving system

Figure 2 shows the (a) pump-valve system and (b) con-
troller board constructed for monitoring the flow perfor-
mance of the CNT actuator pump. The pump-valve system
consists of a CNT actuator (SWCNT/PANI/PVDF-HFP/
EMIBF,, 20 x 20 x 0.345 t mm (Sugino et al. 2012) and
two- and three-way solenoid valves (FV-2-N1F (two-way)
and EXAK-3 (three-way), Takasago Electric, Inc.) to con-
trol the discharge/suction characteristics. The controller
section consists of an embedded single board computer
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Fig. 2 CNT actuator driving pipetting system: a pump-valve combi-
nation, b flow controller
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Fig. 3 Flow diagram of CNT actuator driven pipetting system

(Arduino, ARD-NANO), motor driver (BD62xxF, Switch
Science, Inc.), and transistor array (TD62003APG, Toshiba
Corp.). The signal flow and air flow were designed as
shown in Fig. 3 to simplify the actuator driving process.
The CNT actuator and valves are controlled by the single
board computer through the motor driver and transistor
array, respectively. During suction (discharge), the three-
way valve and a particular two-way valve are open while
the CNT actuator is driven to shrink (or expand).

3 Experimental setup

The experimental setup used to measure the flow during
suction/discharge and dropping is shown in Fig. 4. The
two-way valves are connected with 2-cm silicone tubing
(LABORAN, ID x OD: 1.0 x 2.0 mm, AS ONE, Japan)
to switching valves that are connected to the water sup-
ply. 15-cm silicone tubes are affixed to a base with an
inscribed scale bar of 1 mm to measure the water displace-
ment. 50 uL of pure water supplied via the switching valves
(water inlet) is held in the 15-cm silicone tubes to measure
the air pressure created by actuator ventilation. The flow
pressure (positive/negative) generated by the CNT actuator

Fig. 4 Experimental setup for
measuring ventilation perfor-
mance
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can be indirectly measured by monitoring the water move-
ment with a CMOS digital image sensor. This procedure
allows us to obtain the exact air pressure as long as there
is a certain minimum volume of water in the tube (note that
the inertia resistance and surface friction between the water
and tubing should be taken into account). To measure the
volume of the water droplets produced, a polypropylene
L-shaped nozzle (VFL106, ID x OD: 1.1 x 1.7 mm, AS
ONE, Japan) used as a dispensing nozzle is connected to
the end of the silicone tubing to produce a 90° turn down-
ward. The distance between the tip of the L-shaped nozzle
and a glass sample tray placed on an analytical balance
(AG104, Mettler Toledo) was set as close to 2 cm as pos-
sible to avoid splashing.

CNT actuators reportedly have a non-linear response
to the magnitude and duration of the applied voltage
(Kruusamée et al. 2014). Therefore, the voltages applied to
the actuators used in this study were set to within £2.0 V to
avoid non-linear operation.

4 Results and discussion

To investigate the pipetting performance of the CNT-
based actuator pump, the water displacement d [mm]
was measured for various applied voltage durations Af
of 1-6 s. Figure 5 shows the water displacement during
discharge and suction as a function of At, where the data
points and error bars are the average and standard devia-
tion calculated from 10 replicate measurements, respec-
tively. The displacement monotonically increases with
At, and the displacement during suction was 78 % of that
during discharge. For discharge, the error in the displace-
ment increases with At, possibly because residual pres-
sure accumulated inside the three-way valve, particularly
during discharge. The residual pressure should be released
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Fig. 5 Average water displacement and flow volume as a function of
applied voltage duration
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Fig. 6 Average flow velocity as a function of applied voltage dura-
tion

via valve switching through a software command when
it becomes significantly high. The flow efficiency can be
estimated from a plot of average flow velocity v (mm/s)
vs. At, the graph (Fig. 6) of which is a smooth curve that
peaks at approximately 4.0 mm/s (discharge) and 3.2 mm/s
(suction) at 4.0 s. The flow velocity gradually decreases by
8 % between 4 and 6 s after a remarkable increase from 1
to 4 s. Furthermore, if we consider the water displacement
per second of applied voltage (A#,), the period between
1 and 2 s (A#; (1_3)) shows the maximum displacement of
5.2 mm during discharge (Fig. 7). The displacement vs.
voltage characteristics seem to agree with previous experi-
mental data obtained by AIST Kansai (Kruusamie et al.
2014), which indicate that the peak of actuator bending
occurs between 4 and 6 s, after the maximum increase
between 1 and 4 s.

The measured displacement [mm] can be converted to
water volume V [uL] using the dimensions of the silicone
tube. The pressure force F [Pa] can be also calculated using
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Fig. 7 Average flow distance for one second intervals of applied
voltage

acceleration a, mass m, and the cross-sectional area S of
the liquid water using the general equation:

ma
F== (1)

S

The water displacement, calculated volume, and air pres-
sure are summarized in Table 1. The CNT actuator pump
was found to produce very low pressures because the actua-
tor deformation was unavoidably limited due to the actua-
tor being sandwiched between the PCBs (Fig. 1). It was
therefore difficult to weigh the water that was sucked from
the L-shaped nozzle, because it leaked from the nozzle due
to gravity during suction.

To determine the optimum applied voltage for droplet
formation, the maximum volume of a single droplet cre-
ated on the L-shaped nozzle was measured. It was there-
fore confirmed that the volume of the droplet dispensed
from the nozzle was less than 23 pL for slow discharge.
A droplet experiment was performed based on the results
described above in such a way that a single droplet dis-
pensed from the L-shaped nozzle was weighted by analyti-
cal balance. In order to dispense a 23-pL single droplet on
the tip, we used a combination of two four-second cycles,
which corresponds to 12.6 uL (Table 1) per cycle. Under
these conditions, 10 droplets dispensed from four of the
aforementioned L-shaped nozzles, denoted N1-N4, were
weighed using an analytical balance. The results are shown
in Fig. 8 and summarized in the table inset. Each of the 10
dots in Fig. 8 correspond to a droplet volume calculated
from the droplet mass measured using the analytical bal-
ance. The rectangular bars with an error bar represent the
averages of the data obtained for each nozzle. The droplets
were confirmed to be reproducibly dispensed by each noz-
zle in accordance with the desired condition, i.e., the drop-
lets only fell from the nozzle tip when they exceeded 23
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Table 1 Summary of water displacement, calculated water volume, and air pressure
Discharge Suction
Time At (s) Is 2s 3s 4s 5s 6s 1s 2s 3s 4s 5s 6s
Displacement d (mm) 1.82 7.03 11.8 16.1 19.5 222 1.33 5.25 9.30 12.8 15.8 18.2
Volume V (uL) 1.43 5.52 9.29 12.6 153 17.4 1.05 4.12 7.30 10.1 12.4 14.3
Air pressure F (Pa) 0.114 0.442 0.744 1.01 1.23 1.39 0.0836 0.330 0.585 0.806 0.993 1.15
25+

&
~
|

g1 4

Droplet volume (L)
SR

(3]
—_
1

20 : : : :
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Dispensing nozzle
Droplet amount (uL)
N1 N2 N3 N4
Average 2332 2358 2373 23.69
Minimum 23.04 23.04 23.04 2324
Maximum 23.84 24.04 24.44 2414

RSD% 1.19 138 177 1.34

Fig. 8 Droplet volume using CNT actuator for four nozzles

pL. It should also be emphasized that the RSD % of the
droplet volume is less than 2 % for every nozzle. Therefore,
pipetting can be performed with precision that satisfies the
ISO 8655 standard using the CNT actuator based device,
even though the ejection cycle is very slow (1 droplet per
8 s).

5 Conclusions

We have fabricated a pipette system driven by a CNT
actuator and demonstrated reproducible droplet forma-
tion for practical applications. The CNT actuator requires
an applied voltage of only 2.0 V to create an air pressure
sufficient for liquid discharge/suction and droplet dispens-
ing. The droplets were reproducibly dispensed under the
two four-second cycles with an RSD % of less than 2 %
in their volume. The pipetting precision of the system is
within the maximum permissible error defined by the ISO

8655 standard. Furthermore, the droplet volume can be eas-
ily and precisely adjusted by varying the duration of the
applied voltage through software, because the fabricated
CNT actuator-based pipetting system operates in a very
low-pressure regime. This study is an example of one of the
practical uses of CNT-based actuators.
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