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dependency can be used to correlate the measured
impedance value with the volume of fluid remaining in the
chamber.

EI measurements can be carried out under low power
conditions (< 100 uW) and the magnitude of excitation
voltage required is maintained in the “water window” (< 1
V,p)- Therefore all reactions are reversible and hydrolysis of
water does not occur [8].

Interdigitated electrolysis pump electrodes (100 pm
width/spacing) and thin film impedance measurement
electrodes (3 mm x 2 mm) were fabricated on a soda lime
substrate by liftoff (Ti/Pt 300 A/2000 A) and then
potentiostatically cleaned at 0.5 V in 1x phosphate buffered
saline (PBS). 30 awg silver plated copper wires were affixed
to the contact pads of both sets of electrodes using
conductive epoxy to provide electrical connections. The
electrolysis electrodes were coated with Nafion” to increase
electrolysis efficiency [9]. Parylene bellows actuators were
fabricated as detailed in [10], filled with DI water and
attached to the electrolysis electrodes using marine epoxy.
The drug reservoir parts were injection molded from poly
propylene. A  refill port was fashioned from
polydimethylsiloxane (PDMS) in the reservoir cap. Parts
were then assembled and joints reinforced with marine

epoxy (Fig. 2).
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Figure 2: (a): Model of drug delivery pump system with integrated
impedance electrodes for dose tracking, (b) photograph of integrated drug
delivery pump system with impedance electrodes.

III. EXPERIMENTAL METHODS

DI water and 1x PBS were used as aqueous drug analogs.
The fluids were injected into the drug chamber through the
PDMS refill port using a 30 gauge needle.

Electrolysis-based actuation was attained by applying a
constant current value to electrolysis electrodes in the
actuation chamber. A range of flow rates (0.33-141.9
puL/min) were achieved for 0.1-13mA applied current with
<5% error [7]. The delivered volumes were monitored by
either weighing the volume dispensed from catheter opening
(for volumes > 15 pL) or by measuring the dispensed fluid’s
displacement in a 100 pL calibrated micropipette (for
volumes < 15 pL).

Impedance measurements were acquired in real-time
using a precision impedance analyzer connected to the thin
film impedance electrodes and recorded via a LabVIEW
interface. An alternating excitation voltage (1 V,,, and 1 kHz)
was applied. At this voltage level, only completely reversible
chemical processes took place at the electrodes and no
chemical modification of the drug was observed.

IV. RESULTS AND DISCUSSION
A. Electrode Placement Optimization

The drug delivery pump presented here is capable of
delivering volumes from nLs to 100s of upLs. The
complementary electrochemical dose tracking system should
be able to accurately track these doses.

Bohm, et al. reported the placement of the impedance
sensing electrodes within the electrolysis chamber on the
same substrate as the electrolysis electrodes [6]. This
electrochemical configuration is feasible for low delivery
volumes of < 800 nL. However higher flow rates and
delivery volumes require higher applied currents. Under this
regime, the electrolysis electrodes act as a magnetic core in
the magnetic field created by the EI electrodes. This field is
quite small but becomes significant at high frequencies, i.e.
the frequencies at which solution resistance becomes
dominant and the measurements are made. The model circuit
is therefore altered (Fig. 3) and the measurements are no
longer reliable as they are not representative of solution
resistance alone [11]. A series of two-electrode EI
spectroscopies were obtained on thin film EI electrodes
placed inside/outside the electrolysis chamber between
0.005-100 kHz while different current values were applied to
the electrolysis electrodes (data not shown). The results
confirmed that the EI electrodes should not be placed within
the electrolysis chamber for high flow operation. Instead, EI
electrodes should be placed externally with respect to the
electrolysis cell enclosed by the bellows.

Electrode. 1 Electrode 2

Figure 3: High frequency inductance observed when EI electrodes are
placed inside the electrolysis chamber.

The electrodes placement with respect to the bellows
actuator was also investigated. Electrodes were arranged
opposite one another on either side of the bellows actuator or
perpendicularly. Electrode separation from the bellows
actuator was evaluated (3-Smm). The best resolution (230 nL
bolus) was obtained for electrodes placed 3 mm from the
bellows actuator and directly across from one another (data
not shown).

B. Fluid-based Calibration

Two solutions, DI water and 1x PBS, were chosen as
model drugs. Water has rather low conductivity (5.0 x 10
[S/m] at 25 °C), where as 1x PBS is highly conductive (1.9 x
10 [S/m] at 25 °C) by comparison. Each solution was loaded
separately in the drug reservoir, and two-electrode EI
spectroscopy was performed between 0.005 - 100x 10° Hz to
determine the frequency range at which the solution
resistance is dominant (Fig. 4). Based on these results, 1 kHz
and 10 kHz were chosen for water and PBS, respectively.
These values are sufficient to bypass the double layer
electrode capacitance while avoiding parasitic effects
encountered at higher frequencies.
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and the volume in the drug reservoir remains constant. It has
been documented that non-precious metals such as the silver
plated copper wire as well as conductive epoxies can
potentially introduce a considerable amount of noise and
drift to the EI measurement system [13]. Increased electrode
surface area and reduced excitation voltage magnitude have
also been reported to reduce drift [13-14].

In order to minimize drift, 99.9% Pt wire (@ 0.5 mm)
was used as an alternative to the thin film impedance
electrodes previously described. Heat shrink tubing was
introduced as insulation. A 2 mm segment of the tip was
exposed and then sanded to increase surface area. The
electrodes were then electrochemically cleaned and
packaged into the drug reservoir.

El measurements (1 kHz, 1 V) were carried out
following delivery of DI water and compared to the
previously mentioned electrodes to study the system in idle
mode (Fig. 6).
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Figure 6: Normalized impedance response drift (1 V,, 1 kHz) after

fluid delivery comparing thin film electrodes with epoxied wire and Pt wire
electrodes.
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Figure 7: Bolus delivery (6/10 sec On/Off) impedance response (100
mV,,, 1 kHz) . Two 5 pL boluses delivered with 5 mA applied current.

The Pt wire electrodes showed significantly less drift at 1
V. applied excitation voltage following a perturbation to the
system (actuation). Also, while previously system noise
rendered measurements at an excitation voltage below 1 V,,
ineffective (data not shown), with the Pt wire electrodes,

accurate measurements could be made with 100 mV,,
excitation voltage. Reduced magnitude of the excitation
voltage also leads to reduced power requirements for
sensing. Fig. 7 shows On/Off bolus operation detection (100
mV,, 1 kHz). Two 5 uL boluses were delivered (5 mA
current applied for 6 sec followed by 10 sec off). A
corresponding increase of 2.5% was observed in the
impedance magnitude over baseline.

V. CONCLUSION

A fully integrated dose tracking system capable of real-
time delivery tracking and confirmation was presented.
Electrochemical dose tracking is attractive for its simplicity,
sensitivity, and wide-compatibility and can be easily adapted
to other pumping methods. Pure Pt wire electrodes were
shown to considerably reduce drift and voltage requirements
which pave the way for long term use and wireless sensing,
respectively.
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