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Abstract: This paper presents a portable automated teardrop microinjection system as a practical
solution for patients suffering from severe dry eye. The electronic device for the controlled and
continuous injection of artificial tears is designed, assembled, and tested for performance and
stability. It is controlled via Wi-Fi from an Android programmable device. Its design is based on the
physicochemical properties of artificial tears, and with both production costs and portability in mind.
The system was modeled according to the V methodology of the association for professional German
engineers VDI 2206 standard. The microinjector handles a wide range of internal variables such as
tears flow rate (0.13 to 60 puL/min), tears viscosity (up to 600 Pa-s), temperature (up to 60 °C), injected
volume of tears, and time between consecutive injections. For evaluation purposes, a comprehensive
set of experimental tests were carried out to the system, comparing the actually delivered amount of
tears, flow rate, and prescribed time vs. programmed values, the error was ~0.2% for commercially
available artificial tears.

Keywords: dry eye syndrome; microinjector; artificial tears
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1. Introduction

Dry eye syndrome occurs when the lachrymal system loses its capacity to lubricate the ocular
surface. Several symptoms are then observed, which range from continuous ocular globe burning to
(in some cases) severe decreasing of visual capabilities [1,2]. It has been estimated that between 5%
and 30% of the population suffers from dry eye [3], the Asian population being the most susceptible.
Along the years there have been many efforts to generate reliable statistics on the prevalence of dry eye
syndrome, unfortunately with significant differences between them. It is possible to find reports for
Europe [4], United Sates of America [5,6], Africa [7], China [8], India [9], Ecuador [10], Canada [11],
Japan [12], and Germany [13], among other countries. Unfortunately most countries remains poorly
studied. In 2017 an international epidemiology subcommittee of the Tear Film and Ocular Surface
Society summarized all available information and statistics related to dry eye [14], some general trends
are common to the different studies, the prevalence of dry eye increases with age, above 50 years old
women are more prone than men (~70% vs. ~30%), being a part of the Asian population, with around
32% of incidence in adult age is more susceptible than Caucasian (1% to 20%). Some countries in
Africa have an incidence above 40%. Hispanics have an incidence 1.8 times higher than Caucasians.
Dry eye disease currently has no cure [15]; a generalized palliative remedy worldwide is the manual
drop application of artificial tears [16] to keep the ocular surface wet. Indeed, the manual drip method
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is very simple and effective in most cases, however some drawbacks may occur, as in some patients
it is not possible to place drops of artificial tears with the same frequency [17], which dismisses the
efficiency of the treatment and becomes a tedious practice. German et al. [18] obtained evidence that
droppers are not a very reliable method for applying artificial tears. Different tips of droppers have
different dimensions and, therefore, deliver different volumes of medication. This variation can cause
treatment inefficiency or side effects. Because there is no standard implemented for the amount of
drops volume that should be dispensed by the tip of a dropper, the droppers are not completely reliable
for the treatment of ocular dryness disease. Additionally, some approaches dispense an inaccurate
amount of drops in the prescribed time [19]. Self-administration is also difficult for elderly people,
children, and patients suffering from mobility medical disorders, like Parkinson’s disease or arthritis.
As a consequence, the irregularity in patient compliance with medical instructions may compromise
the effectiveness of the treatment.

In healthy individuals, the human tear system lubricates the eye at flow rates from 2 to
5 pL/min [20-22], with tear film breaking down at times normally lasting from 10 to 15 s [23,24].
In individuals suffering of severe dry eye syndrome, the tear film tends to evaporate in less than
a second [23,25], causing a permanent burning sensation, and consequently a critical decrease in
vision and life quality. There are devices allowing patients to self-administer artificial tears easily
and semi-automatically, they include implants inserted under the skin [26] and devices placed in the
conjunctival sac of the eye [27]. Nevertheless, such devices are invasive, prone to contaminates, and
may become impractical. In this study, an alternative noninvasive microinjection system of artificial
tears is presented, with significant advantages for the disabled, the arthritic, people with Parkinson’s
disease, the elderly, people immobilized temporarily or permanently by different medical situations
or diseases, extreme cases of people with amputated hands or fingers, etc., and even for individuals
having no problems using the manual drop, but find the device useful to improve their quality of
life. It combines a set of mechanical, electronic, and software components that allow the user the
automated administration of tears according to his personal needs. The user controls every variable,
like the volume of tears to be injected and the injection frequency, from his Android-based cell phone.
Essentially, the piston of a toothed syringe containing artificial tears is coupled to a stepper motor
through gears, which pushes the syringe content through a biocompatible silicone cylindrical capillary
to the patient’s eyelids commissure. The engine is controlled through a programmable microprocessor
that has a Wi-Fi module for wireless control. The proposed system guarantees the injection of artificial
tears without altering its medical characteristics, it is useful to treat eye diseases that require continuous
and controlled tears injection. The main application is then focused on patients suffering severe dry
eye syndrome and/or people with motor disabilities.

The remainder of the paper is organized as follows: Section 2 presents the mathematical
foundations of fluids mechanics relevant to microinjection in cylindrical capillaries. Section 3 describes
the technical characteristics of the used electronic components, materials, and methods. Section 4
presents the design and assembly of the device as well as the user-friendly interactive Android-based
interface. Section 5 explains how the device should be set up by the users. Section 6 discusses the
results of the performance and functionality tests. Finally Section 7 provides some final conclusions.

2. Foundations

The physicochemical variables of the tear film that have been reported to change in dry eye
patients are: (a) zero-shear viscosity values of 4.4, 7.1, and 8.3 mPa-s for normal tears, and 27.1 and
31.1 mPa-s for dry-eye tears [28]; (b) pH, 7.51 & 0.18 for normal eye vs. 7.62 &= 0.19 for dry eye [29];
(c) surface tension, for normal eyes 43.6 = 2.7 mN/m and for dry eyes 49.6 &= 2.2 mN/m [30]; (d)
osmolarity, 296.5 4 9.8 Osm/m? for normal eye, increasing gradually to 318 Osm/m? for severe dry
eye [31]. From these variables, the effect of the viscosity of artificial tears and its relevance to dry eye
has been the most studied [32], and it is the only one relevant to the design of the device.
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The presented microinjector pushes the viscous artificial tears from an internal reservoir up to
patients eyes through a cylindrical capillary of constant length L and diameter d. The viscosity of
different commercially available formulas of artificial tears was reported [32], it varies within a width
range of values, from 1 up to 600 Pa-s, which are generally higher than 1.5 x 102 Pa-s, the viscosity
for natural tears measured originally by Tiffany et al. [28]. This wide variation in viscosity imposes a
problem of power estimation that the electromechanical device must provide to be able to manage the
tear flows required by the patient. The minimum working power delivered by the microinjector can be
theoretically estimated solving the Navier-Stokes equations. Fortunately the problem of viscous fluids
dynamics in cylindrical capillaries has an exact analytical solution and may be found elsewhere [33,34].
Given the relevance of delivered power in the design of electromechanical devices the calculus is
presented below, the selected engine needs to at least deliver this power to overcome the viscous forces.

2.1. Hagen—Poiseuille Flow

Artificial tears density, viscosity, and Reynolds numbers are the properties relevant for the design
of the microinjector. The density of artificial tears is practically the same as water since they are aqueous
solutions with different soluble molecules at very low concentrations (e.g., 0.02%). For practical
purposes and theoretical estimations, it is taken as 1.0 gr/cm®.

Artificial tears viscosity, unlike density, is highly dependent on chemical composition and varies
considerably between different commercial formulas. Bhojwani et al. [32] reported measured values
from 1 up to ~600 Pa-s of dynamic viscosity for common high viscosity and low viscosity artificial
tears at temperatures from 25 to 37 °C. Lievens et al. [35] and Bhojwani et al. [32] presented studies
to determine the effect of tears viscosity on well-being in dry eye patients, and reported a slight
improvement with the increase of viscosity, while some others reported no improvements at all.

The present microinjector emulates the flow produced by the human tear system, normally
ranging from 2 to 7 mL/day of organic lubricant [36]. Taking into account the range of experimental
viscosities reported by Bhojwani [32], the flows handled by the microinjector, the density of artificial
tears, and the internal diameter of convenient commercially available capillaries (~275 to ~800 um),
the Reynolds numbers involved are very small, ~5.0 x 1077 to ~3.0 x 1074, so the flow of artificial
tears from our microinjection system is laminar.

In the microinjector, the shape of all tubes and capillaries involved are cylindrical and the flow is
pressure driven only. Under these conditions, the flow of artificial tears is described by the well known
Hagen-Poiseuille flow. The solution in cylindrical coordinates (7, 6, z) of the Navier-Stokes equations
for this flow may be found elsewhere [33,37]. The radial and angular components of the velocity are
independent of both 6 and z and null, then v, (r) =0, vy (r) = 0and v, = v, (r). Velocity gradients
in 6 and z are also zero. Under these conditions, the final result for v, () and the pressure driven flow,
Q, are:

_ loprn o
UZ__@g (R —r) 1)
and
7R% 9p
Q*—Wg (2)

where p is the dynamic viscosity, p is pressure, R is the capillary radius, and dp/dz is the pressure
gradient. This is the well known result empirically found by Poiseuille [38] and Hagen [39].

For practical purposes, it will be the dry eye patient whom, according to his needs, establishes
the flow Q of artificial tears that he needs to feel better in the microinjector, as noticed, the human
lubricating system works with Q = 1to5 pL/min. Then Equation (2) is useful to calculate the exact
minimum pressure gradient needed to keep the user-required flow, which will be applied by the
engine of the device.
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2.2. Theoretical Determination of Power

The power spent (consumed or delivered) for a viscous liquid is the energy dissipated by the
friction (e.g., heat) per unit of time. For catheters and capillaries the power P is computed by

P=0yQ?% )

where Q) is the hydrodynamic resistance, a parameter that only depends on the shape of the pipe
and the viscosity of the fluid and measures the difficulty for a fluid to circulate through a pipe. For a
cylindrical capillary it is given by Pisano [34]

QH = w/ (4)

where L is the capillary length. Substitution of typical flow rates to be used by patients
(0.13to 60 pL/min), capillary radius (125t0400 pm), and length ( 60 cm) as well as artificial tears
viscosities (1 to 600 Pa-s) in Equation (3) gives viscous power in the order of 16 nW to 3.7 W. In order
to determine the minimum power of the device’s engine, it will be necessary to add to this theoretical
minimum the power required to overcome the rest of mechanical frictional forces, like the one between
the piston and the syringe’s wall. In Section 6 the frictional power due to forces other than viscosity is
measured experimentally.

3. Materials and Methods

3.1. Electronic Components and Accessories

The following electronics, electrical components (Figure 1), and accessories were used for the
construction of the microinjector of artificial tears: the microcontroller ESP8266EX with ESP-12 Wi-Fi
Module, IC Hex-Inverter 74HC04D, Voltage Regulators KIA1117-3.3 and AMS1117-5.0, IC L293DD,
Aiyima 15 Stepping MicroGear Motor, switch button, biocompatible silicone capillary, syringe, user
selected or prescribed glasses, device case, and a 9 V rechargeable battery. The technical specifications
of each components are presented below.

__(b)

Figure 1. Electrical and electronics components. (a) Microcontroller ESP8266EX with ESP-12 Wi-Fi
Module; (b) Integrated circuits Hex Inverter 74HCO04D; (c) Voltage Regulator KIA1117-3.3; (d) Voltage
Regulator AMS1117-5.0; (e) Integrated circuit L293DD; (f) Aiyima 15 Stepping Micro Gear Motor;
(g) switch button.

The Microcontroller ESP8266EX with ESP-12 Wi-Fi Module manufactured by Espressif Systems
(Figure 1a) configures its parameters through a WEB page, which runs in a HOST in the microcontroller,
which also has Wi-Fi capability and host- or client-type configuration. Besides, it includes an antenna,
switches, power amplifiers, low-noise amplifier receivers, and power management modules (technical
specifications are in Table S1 of Supplementary Material).

The L293DD integrated circuit from Texas Instruments (Figure 1e) is designed to drive a wide
array of inductive loads such as relays, solenoids, DC and bipolar stepping motors, as well as other
high-current and high-voltage loads. All inputs are TTL compatible and tolerant up to 7 V. Each output
is a complete totem-pole drive circuit, with a Darlington transistor sink and a pseudo-Darlington
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source. Drivers are enabled in pairs, with drivers 1 and 2 enabled by 1,2EN and drivers 3 and 4 enabled
by 3,4EN. When an enable input is high, the associated drivers are enabled, and their outputs are active
and in phase with their inputs. When the enable input is low, those drivers are disabled, and their
outputs are off and in the high-impedance state. With the proper data inputs, each pair of drivers forms
a full-H (or bridge) reversible drive suitable for solenoid or motor applications. The main features
of the L293DD controller are summarized as follows. An input voltage of 7 V, enable voltage of 7 V,
peak output current of 1.2 A, total power dissipation of 4 W at T = 90 °C, and a storage and junction
temperature from —40 to 150 °C.

The microinjector has components powered at two different voltages 3.3 and 5.0 V (Figure 1c,d).
Therefore, voltage regulators are used to condition the battery voltage at the power level of the
microcontroller and the engine, the technical specifications of these regulators are listed in Table S2 of
Supplementary Material.

The Integrated circuits Hex Inverter 74HC04D (Figure 1b) utilizes advanced silicon-gate CMOS
technology to achieve operating speeds similar to LS-TTL gates with a low power consumption
of standard CMOS integrated circuits. The MM74HCO04 is a triple-buffered inverter. It has high
noise immunity and the ability to drive 10 LS-TTL loads. All inputs are protected from damage
due to static discharge by internal diode clamps to VCC and ground. This circuit has the following
technical specifications: Typical propagation delay: 8 ns; fan out of 10 LS-TTL loads; quiescent
power consumption: 10 pW maximum at room temperature, and low input current: 1 pA maximum.
This circuit helps us reduce the number of pins needed to control the motor (to generate the rotation
sequence) to only 3 pins, otherwise, 5 pins would be required, and the microcontroller would not have
as many available pins.

The Aiyima 15 Stepping Micro-Gear engine shown in Figure 1f was selected due to its small
size and because it has sufficient force to push the plunger of the syringe through its zipper. It is
characterized by a ratio of 18°/step, that is, with 20 steps the gear would turn completely and a gearbox
with a ratio of 150:1 is attached, so the motor rotates 0.12° /step (18° /150 = 0.12°) then to turn the gear,
you would have to take 3000 steps, a phase resistance (winding) 40 (), 5-12 V DC, shaft diameter of
2 mm, 22 mm long, 16 mm width, 10 teeth circular gear of 5.58 mm in diameter 3.3 mm thick, modules
0.5, and weights 17 g.

The switch button shown in Figure 1g allows the system to be powered and restarted.
Its characteristics are: tactile feedback, MAX 50 mA 24 V DC, an insulation resistance of 100 M() at
100 V, operating force of 2.55 & 0.69 N, maximum contact resistance of 100 m(), and an operating and
storage temperature range of —20 to +70 °C.

The tears reservoir is a cylindrical syringe of 17.0 mm of internal diameter with a 2.0 mL capacity
made of biocompatible polypropylene. Its rubber piston was connected to a specially designed toothed
plunger shaft for its coupling to the engine gear. A cylindrical medical grade silicone capillary 0.6 m
long was connected to the open tip of the syringe, the internal diameter of the capillary may be selected
according to patients preferences, advised diameters range from 275 to 800 um. The other end of the
capillary goes directly to the patients eyelids commissure. For its support it is advisable to attach the
capillary to the arms of glasses prescribed or chosen by the user. For its portability and protection the
microinjector may be placed inside a flexible neoprene pocket attached to the arm.

A 9.0V, 400 mAh rechargeable lithium polymer battery was selected for power supply and it can
be recharged at least 3000 times. A PCE-FB 20 precision dynamometer, with an accuracy of 5.0 mN
and a range of 20.0 N was used to measure experimentally relevant involved forces. C language was
used, in combination with libraries written in C and C++ to program the microcontrollers, EAGLE
for the design of electronic circuit, and development of printed circuit boards (PCBs), and the design
program was carried out in Autodesk FUSION 360, for the mechanical design of both the plunger and
the box, in addition to the CURA program for printing.



Appl. Sci. 2020, 10, 1883 6of 17

3.2. Mechatronic V VDI 2206 Methodology

The system was designed using a methodology based on the standard VDI 2206, which describes
the generic procedure for the design of mechatronic systems [40]. First, the operating parameters of the
system are established, then the physical and logical characteristics of how the system should work in
the final stage are defined. The system design is resolved in detail through modular prototyping and
theoretical calculations, which guarantee a functional solution. Once the system design calculations
(mechanical, electronics, and computational) have been resolved, they are integrated into a set to
analyze the modular interconnections and comply with the initial requirements. The phases described
above are simulated using their respective mathematical models. Finally, the prototype previously
designed is tested and evaluated.

4. Tears Microinjector Design and Assembly

4.1. Engine—Plunger Coupling and Mechanical Design

The selected engine must have enough power to push the viscous tears from the reservoir through
the capillary up to the eyes. To accomplish this task, the rubber piston is attached to a computer design
toothed plunger shaft with the shape and dimensions indicated in Figure 2a that engages the engine
gear, see Figure 2b. The shaft was printed in polylactic acid (PLA) using a 3D printer model Ender-3,
itis 5.0 cm long, 17 mm in diameter, and has 25 teeth. When the plunger moves forward, it delivers
tears, and the backward movement is used to refill the reservoir. The transmission of the force through
the plunger is controlled electronically to supply the exact tear dose in the time and cycles specified
by the user. As calculated above, the power needed to overcome viscous forces of highly viscous
artificial tears flowing in medical capillaries is ~3.7 W, (which is shown in Section 6) that the power to
overcome the rest of frictional forces is negligible compared with this value, so the ~14.4 W selected
Aiyima 15 stepping engine assures enough power to keep tears injection for extended periods.

Head line

Primitive line

Footline — AR “j o - Wi

ﬂmm“ﬂffluIﬂlll||'s].| !

(a) (®)

Figure 2. (a) Scheme of the toothed plunger shaft, P = 1.57 mm; H = 1.08 mm; e = 0.78 mm;
c=078mm; L =05mm; o« =20°%r = 0.15mm; T = 042 mm. (b) Engine showing its toothed
circular gear and 3D printed toothed shaft.

4.2. Electronic Design and Assembly

The motor and the microcontroller need 5 V and 3.3 V respectively; the regulators condition
the battery voltage at these levels. A driver (L293DD controller) is used to convert the modulated
signals from the microcontroller to each phase of the motor. The ESP8266EX microcontroller is used to
complete the Wi-Fi connectivity. Due to a reduced number of available pins on the microcontroller,
the inverter 741514 was used to generate the motor steps sequence using only three pins in the
microcontroller. The designed equipment also requires a button to turn the device on and off, as well as
two corresponding LEDs to indicate each state. Once all the components are connected in the scheme,
track routing was carried out using the EAGLE autorouting tool, and for optimization, the components
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must be organized so that the routed tracks are the shortest. Figure 3 shows the electronic circuit
design, which is modeled by the EAGLE program to obtain the PCB. After printing, the electronic
components are welded.

PROG 7404D

ﬂ?N?mQ_ p$1|T 1ps$2

1 2
-
u2 |
X
RX

RESET
ADC

CHPD  GPIO4
GPIO16  GPIOS

GPIO14  GPIOO |
GPIO12  GPIO2
- GPIO13  GPIOLS

\L— vee GND
+3V:

SW1
sensor 15Wha
B a 9 ‘ 8
GND L293DD GND
a
@ (b) ©
swa OV 1c7 +3V3 +ov 1c8 45V
o 5 REG1117 Y ?_ REG1IT |, 4
] Q—Q--Q 3 viv vour |2 31 vin _vour :§
>
S % 2t % 2] C4 %
% ™~ /-‘-\ % =
~l 9 - N ]
B - L "
GND GND
@

Figure 3. Electronic circuit design using EAGLE: (a) microcontroller, position sensor, programming
connector, and reset buttons; (b) control of pins number; (c) power stages and motor
connector; (d) power source with regulators (5 V and 3.3 V).

Figure 4 shows the obtained PCB, where only two layers were required (i.e., “Top” and “Bottom”).
Some other constraints were included in the routing: the tracks width and length, the distance between
components, and drills. The construction and assembly phase begins by welding the components
in the following order: welding of tracks, set in place of all the resistors, capacitors, push-buttons,
and jumpers, starting with the components of lower height, assembly of integrated circuits, and stepper
motor. ( cf. Figure 5) shows the finished PCB with components. In the final design, all components
were welded on the upper face of the PCB.

| 82.90 mm | | 82.90 mm [

&ﬁ

8
L

42 .90 mm

)

®
EE 50

Figure 4. Printed circuit board of the microinjector. Left: Board top. Right: Board bottom.

The PCB with all the electronic components, the engine, the syringe, and the battery are all
assembled within the housing case, shown in a 3D perspective in Figure 6. It was designed with
FUSION 360 and CURA, and 3D printed in PLA, it has different compartments with the exact
dimensions to firmly place each components. The final weight of the microinjector is 120 g and
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measures 2.5 x 4.5 x 8.5 cm, an ergonomic size for comfortable manual handling, portability, and
storage. The total cost of the elements for its construction is ~US $150 (See Table S3 for components’
cost in the Supplementary Material).

Figure 6. Microinjector with its components placed in their respective compartments.
4.3. Control of the Microinjection System

The microcontroller ESP8266EX is programmed using Arduino’s platform, and crucial parameters
like the time between consecutive engine steps, s, [/ O ports, name, password, and IP of the web
server, controlling algorithm, etc., are loaded to its memory. tsp should be established taking into
account not to force the engine beyond its mechanical or physical capabilities, tsp = 3.0 x 1072 s was
chosen for the present design.

Algorithm Al in Appendix A presents the parameters and sequence of logical operation steps of
the interface by which the user will enter the parameters’ values to interact with the device. The number
of steps is directly related to the requested volume of tears to be injected. The time interval, ¢;,,4,, (in s),
indicates the waiting time between consecutive injections. These parameters are initially loaded to
operate the microinjector, it remains in standby mode until it receives some external user action. It also
can receive instructions to refill or empty the tear reservoir. The setting parameters options is accessible
at any time, even though the system is already running. By pressing the start button, the system
calculates the total time to inject tears. In this sequence, the system continuously checks whether
the number of performed steps is inferior to the maximum, if so it continues injecting, otherwise
the system stops, returning to the start state. Additionally, by pressing the finish button, the system
finishes executing any pending process and returns to the start state.
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The microinjection of tears controlled by the Algorithm A1l follows the continuous pulsed flow
pattern shown in Figure 7. The volume of tears to be injected each time is given by the user through
the number of steps parameter, 1, (n = 357 steps ~ One drop ~ 50 uL), so the microprocessor pushes
the plunger during an injection time, ', given by

t' =1 X tsgep.

The injection time #' is only a fraction of a second, since tstep = 3 X 1073 s. After this, the device
remains quiet until the time interval between consecutive injections ¢, is reached, at this time the
microprocessor injects again. This process repeats periodically until the reservoir is empty or the
user changes the variables. The user may change, at any time, 7 and f;,, to control the amount and
frequency of injections of tears according to his/her needs.

Volume (uL, steps)

—At'e— Time
—7|““ff'mer '|&

Figure 7. Continuous pulsed flow of the microinjector. t;,,,, indicates the time interval (in s) between
consecutive injections, # is the active injection time where the microprocessor pushes the plunger.

5. User Configuration

Figure 8 presents examples of how dry eye patients, either children or adults, may use the tears
microinjector. It may be placed inside a waterproof portable case attached to the arm (like the ones for
cell phones or ipads) with Velcro tape, the shirt pocket, or any other comfortable option chosen by
the user. It is convenient (but not mandatory) to attach the silicon capillary coming from the micro
injector to the arm of comfortable or already prescribed glasses. One end of the capillary is connected
to the syringe reservoir in the microinjector and the other end must be attached to the patient’s eye
commissure, held in place with medical tape. An Android-based cell phone is required to configure
the parameters of the device and to control all processes. To start the microinjection of tears, the user
must follow the next procedure:

1. Turn on the device by pressing on the start button.

To connect his/her Android-based cell phone via Wi-Fi with the ESP8266EX microcontroller
web server. The name and password of the network must be previously assigned when
programming the microcontroller. Easy to remember names are suggested, like “Dry Eye” for the
network’s name.

3. Once connected, a web browser opens at the IP address of the server, and the user-friendly
interface shown in Figure 9 is displayed. This interface is controlled by the Algorithm Al, it has
enter and touch buttons to perform every possible action offered by the microinjector and to
introduce input values.

e Intervals: waiting time between consecutive injections, t;,,so, (number in s).
*  No. Steps: number of steps to be rotated by the engine, n.

. SAVE |: Saves input parameters.
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. START | Starts injection.
. STOP |: Stops/pause injection.

4.  Refill/Empty tears reservoir

d : Moves the plunger forward at maximum engine power. This option may be used
to empty the reservoir.

o : Moves the plunger backwards at maximum engine power. This option is used to
refill the reservoir.

¢ | STOP | stops movement of the plunger.

5. Battery indicator

*  Voltage: Indicates the current voltage of the battery, this value is updated every 10 s
automatically.

Following this intuitive interface, the user controls every variable and request the tears flow he
needs at that precise moment. At maximum power the 2.0 mL tears reservoir refills/empty in ~30 s.

@ (b) ©

Figure 8. Elderly (a) and children (c) controlling and using the tears microinjector (b).

@ 192.168.4.1 @ :

System Configuration

intervals: |5

No. Steps: 500

SAVE
Start/Stop Injection
START | STOP

Adjust motor position

PUSH | PULL sTOP

Battery

Voltage: 9.72 volts

Figure 9. Android-based user-friendly interface to control the microinjector.
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6. Results of Functionality and Performance Tests

A set of experimental test were done prior and after the assembly of the microinjector. The engine
power must overcome the theoretically calculated viscous forces plus the power to overcome other
friction forces, mainly the one between the rubber piston and the syringe wall. Frictional forces were
measured experimentally using the dynamometer PCE-FB 20. Figure 10 shows typical results of the
experimental forces observed, and Figure 10a shows the behavior of the friction force between the
rubber piston and the wall for an air filled reservoir at 25 °C with an established flow of 13 uL/s
in a 1.0 mL syringe (piston displacement of 1.0 cm in 60 s). Due to the friction between the rubber
and the plastic wall, the force is not constant, it jumps between 0.0 N up to a slightly variable
maximum, | < Fpj,y > | & 1.02 N, in a kind of quasi-periodic behavior, with a general average force
of |[Faye| = 0.548 N. The average power applied by the dynamometer is given by

Ppiston /Wall = Favg - Vavg = 0.09 mW, 5)

where v, is the average piston velocity. Figure 10b shows the behavior of the force when the same
syringe is filled with a commercially available formula of artificial tears with a quite low viscosity
of 0.05 Pa-s (Lagricel Ofteno). Essentially, the dynamometer force behaves alike, but having higher
magnitudes, for this case the average of the maximum peaks is | < Fpjy > | = 2.98 N and the general
average |Fayq| = 1.644 N, which corresponds to a total power P = Ppjsson/walr + Pyiscocity = 0.27 mW.
These relatively small values are four orders of magnitude lower that the theoretically calculated
power to push highly viscous tears through the capillary (~3.7 W), so the latter is the one that
should be used as the minimum to be delivered by the selected engine. Combining together this
experimental procedure to calculate the power needed to overcome friction forces (other than viscosity)
with theoretical calculations of viscosity dissipated power assures that the selected engine has enough
power to handle artificial tears with the higher reported viscosity, while being small enough to keep
the size of the microinjector maneuverable. The selected engine Aiyima 15 delivers ~14 W, a value
reasonably higher than the minimum required, but not much higher to avoid wasting resources.
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Figure 10. Experimental pushing force of the syringe using a BD Plastipak Brand syringe. (a) Force
measured with air. (b) Force measured with a commercial ophthalmic solution of 0.054 Pa-s of viscosity.

A set of other verification and validation tests were done to establish the percentage error between
the volume of fluid and delivery time programmed by an hypothetical user versus the values actually
delivered by the microinjector. These performance tests were done at room conditions using air,
distilled water, and commercial artificial tears of viscosity 0.05 Pa-s as testing fluids. Programmed
volumes range from 120 to 1000 uL and injection times from 2 to 16.33 h. For these tests, a silicon
cylindrical capillary of inner/outer diameter of 600/750 pm and 60 cm long was used. The results are
indicated in Table 1, the first and second columns indicate, respectively, the programmed volumes of
fluid to be delivered and the time to do so. The first result is in the third column “Obtained volume”,
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within experimental error (1 puL), the microinjector delivered, for the three fluids, the programmed
volume without any problem. Regarding the time, the fourth and fifth columns globally titled as
“Air”, indicate, respectively, the time taken to the microinjector to deliver the programmed volume
and the percentage error. Once again, within experimental error (1.0 s), there is no perceptible delay.
For the case of distilled water, the sixth column indicates that a measurable delay is now present.
The top row indicates, for example, that 1.0 mL was programmed to be delivered in 16 h with 20 min,
however the microinjector took 1 min 3 s longer, the time error being around 0.11%. As the viscosity
increases the time delay is longer, as the last two columns for artificial tears show. For this case it
took 1 min 30 s longer than the time programmed to inject 1.0 mL. These kinds of experiments were
repeated with all artificial tears available in Mexican drug stores, for the most viscous, # = 80 Pa:s,
the time error was 2.2%. For practical purposes, this time error represents no major problem, since the
user may easily get the flow he/she needs by proportionally decreasing the value of ¢;,;,,. In general
terms, the microinjector will deliver without any problem any requested flow within normal ranges
of lubrication.

Table 1. Microinjection system performance tests with air, distilled water, and Lagricel Ofteno .

Lagricel Ofteno

Programmed Programmed Obtained Air Distilled Water (Ophthalmic
Volume Time Volume Solution 0.4%)
(uL) (h-m-s) (uL) Real Time Time Error Real Time Time Error Real Time Time Error
(h-m-s) (%) (h-m-s) (%) (h-m-s) (%)
1000 16-20-00 1000 16-20-00 0.000 16-21-03 0.100 16-21-30 0.153
960 16-00-00 960 16-00-00 0.000 16-00-43 0.070 16-01-31 0.157
780 13-00-00 780 13-00-00 0.000 13-00-37 0.070 13-01-16 0.162
600 10-00-00 600 10-00-00 0.000 10-00-29 0.080 10-01-07 0.186
360 06-00-00 360 06-00-01 0.004 06-00-32 0.140 06-00-51 0.236
120 02-00-00 120 02-00-04 0.055 02-00-07 0.090 02-00-18 0.249

There are at least two parameters that the user must specify to obtain a desired dose of tears
according to his/her needs, the most natural may be to specify a volume of tears and the time to be
injected, let us say for example 1.0 mL in 5 h, while another way may be to specify 1 drop (~50 uL)
every 15 s. Ultimately, the user is specifying the average flow of tears he/she needs to feel better. From
that flow, the number of steps the engine must rotate and the time to do so must be determined. The
volume of tears injected by each engine step depends on the mechanical design of the toothed plunger,
gears coupling, and syringe diameter, in any design it should be corroborated experimentally. For
the present case, the injection of 1.0 mL takes the microinjector 7500 steps (0.133 pL/step). Taking
as a common approach the practical medical equivalence of 20 drops equivalent to 1.0 mL, then it is
necessary to rotate the engine ~375 steps to have 1 drop of tears. For example, if the user needs half a
drop every 15 s, he/she needs to enter into the Android interactive display n = 188 and ;. = 15s.
The engine will take 0.56 s to inject the fluid. This operation will be repeated periodically every 15 s
until the user stops the device. In case the user needs a larger volume of fluid he/she can double or
triple the dose whenever he/she needs by increasing or decreasing the number of steps. Equivalently,
the user may choose to increase or decrease the time interval between injections, it can be done anytime.
The minimum possible volume of tears to inject is the equivalent to 1 engine step (=0.133 uL), the
maximum is the total volume of the syringe (2.0 mL).

For the mechanical design of the present microinjector, the relationship between the flow Q, t;,sr,
and 7 is given by

o= 0138, <uL> :2.2><103n(uL>‘ ©)

t S t min

Even though the relationship given by Equation (6) can easily be established once the total number
of steps needed to empty the total syringe volume is known, it is through experimental tests that this
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parameter should be firmly established. Figure 11 shows the results of two of these performance tests,
both done at t;,4,, = 15.0 s and n = 15 and 30 respectively, using 1.0 mL of Lagricel Ofteno as testing
tears. Once the microinjector started running, the injected volume and the elapsed time were recorded
and plotted. The figure shows a well defined linear behavior, where square and circle dots represent
experimental data, while the solid line represents a linear fit. Since a linear behavior was expected, the
deviation between the experimental data and the linear fit may be taken as a quantitative parameter
to measure the stability of the microinjector, where the lower the deviation, the higher the stability.
For both cases, the graphs show a significantly high stability of the microinjector along all hours of
operation. If we divide the total time taken for each experiment to supply the whole 1.0 mL, t7,,, by
tinter (15 s) and multiply by n then we get the total number of steps needed to supply the 1.0 mL of
tears, ngy, = 7500 £ 8 steps.
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Figure 11. Injection time behavior of the microinjection system versus volume.

Therefore, this method of continuous pulsated injection of artificial tears is proposed for people
who have dry eye disease and have an Android device capable of connecting to the Wi-Fi network to
automatically and continuously inject medical lubricant drops into the eyes. This method does not
require special effort from the patients and guarantees its effectiveness in the treatment, the selection
of the right flow avoids flooding the eyes and wetting eyelids. The patient may choose from the
plethora of available artificial tears formula. As the drop hits the eyeball, instinctive blinking will
help spread the artificial tear over the eye. As there is no direct contact between the device and the
eyes, the problems of ocular irritation and contamination of the medication are avoided. The reservoir
maintains the fluid at room temperature and is separated from the driving mechanism. The design
is non-invasive and comfortable compared to the traumatic external pumps using a tube installed
subcutaneously to reach the lateral conjunctival sac.

As previously mentioned, the majority of patients with dry eyes belong to the elderly population,
thus, a portable, automatic, and practical microinjection device like the one presented here may palliate
the patient’s physical constraints. The artificial tear microinjection system presented here can have
many other considerable advantages in patients with motor problems, the disabled, the elderly, and
children. It reduces medical costs and increases patient comfort.

A monitored medical study with 30 patients with dry eye syndrome is currently under way. The
patients will use the artificial tears microinjection system for three continuous months, regulating the
flow according to their needs and another three months attending to the problem by manual drip. The
results in which patients establish the difference in their well-being by comparing both methods will be
published shortly. Murubeet al. [26] conducted clinical studies on six severe dry eye patients to whom
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they apply continuously artificial tears to the eye surface using a catheter implanted subcutaneously
and conclude that the ocular surface of all patients improved compared with the manual topical
application of drops. Rubenet al. [41] also conducted pioneer studies of continuous application of
artificial tears, concluding that this method alleviates symptoms in severe dry eye conditions not
alleviated by other methods. These previous reports demonstrate the advantages of the continuous
injection and viability of clinical applications of the present microinjector.

7. Conclusions

An electronic, automated microinjector for the controlled dosage of artificial tears was designed,
manufactured, and tested. The selection of the electronic components took into account the range of
viscosities of artificial tears and the natural range of the eyes’ lubricants’ flow. The user controls in
real time and via Wi-Fi all the functions of the injector using a user-friendly interface programmed for
Android devices, mainly the volume of tears to be dosed, and the time interval between injections.
The method is suitable and promising to deliver artificial tears mainly for patients with severe dry
eye syndrome, patients suffering mobility problems, the elderly, children, hospitalized patients, and
whoever needs a continuous and efficient long-term treatment. For patients who typically request
assistance, the costs of hospital care can be reduced. It can also be used by any dry eye patient who
wishes to improve the dosage regularity and accuracy of artificial tears in an automated and simple
way. The method is not invasive and does not require any mechanical action by the patient.
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Appendix A

Algorithm A1 Microinjector sequence control.

1: Start

2: Read_EEPROM(No_Steps, Time_interval

3: Initialize_Variables (No_Steps, Time_interval)
4: Start_Server()

5: Set_Ports_I/O()

6: Continuous_Cycle()

7. if Web_Client_Request then

8 if Save_Button then

9 Read_Web_Page (No_Steps, Time_interval)

10: Save_in_EEPROM (No_Steps, Time_interval )

11: Initialize_Variables (No_Steps, Time_interval )

12:  if Pull_Button then

13: Rotate_Motor_Right ()

14:  if push_Button then

15: Rotate_Motor_Left ()

16:  if Stop_Button then

17: stop_Motor()

18:  if Start_Button then

19: Flag_Active_Start

20.  if Finish_Button then

21: Flag_Inactive_Start

22:  if Active_Time > 10 Seconds then

23: Update_Battery_voltage()

24: if Flag_Active_Start then

25:  if Interval >= Elapsed_time then

26: Move_Motor (Number_Steps)

27: Save_Data_in_ EEPROM (Number_Steps)

28:  if Number_Steps >= Steps_MAX then

29: Flag_Inactive_Start

30: if Flag_Inactive_Start then

31:  Stop_Motor;

32:  Save_Steps_in_EEPROM,;

33: Finish
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